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Abstract
In an ever‐increasing population, plant virology is a field of growing importance. Understanding key
factors such as virus flow, the transmission properties of native viruses, potential to spread and the
severity of disease caused is crucial for both the conservation of our native habitats, but also
increasing agricultural production in a sustainable fashion.
In order to gain a better understanding of the potential impact that native floral viruses may have on
agricultural crops, we first must identify and characterize the native species present. To this date,
there is very little published literature surrounding the virome of plant species that are neither
ornamental nor used for agricultural purposes. This represents a large knowledge gap as human
activity continues to drive virus emergence in both the natural and managed environments.
A total of 34 samples with putative viral infections were taken from two walking trails in Wellington
Park, the Pipeline trail and the Lenah Valley track. Of these, 18 samples of varying species underwent
RNA extraction and next generation sequencing. Bioinformatic software including Geneious Prime,
Genome Detective and Virusdetect were used to analyse the reads received from sequencing, with
varying success. Using the data gained from the sequence analysis, select samples underwent
electron microscopy and PCR to confirm the presence of the virus species detected by the next
generation sequencing. Some samples were also used to inoculate test subjects to assess the
transmission properties of the viruses causing symptomatic infection within the samples obtained
from Wellington Park.
The sequencing data revealed the potential presence of four viral species. This included Citrus
exocortis Yucatan viroid isolate 15, Pepper cryptic virus 1 (PCV‐1), White clover mosaic virus (WCMV)
and Tobacco mosaic virus (TMV). Of these viruses, the most significant findings were WCMV and
TMV, due to both of these species having the potential to reduce fitness in native and agricultural
species alike. The presence of TMV was first located in sample 14, Bedfordia salicina but PCR
revealed its presence in sample 7, another sample of Bedfordia salicina from a different location.
Using these results, it can be ascertained that B. salicina is susceptible to TMV infection, and it is
present within the native virome of the park. WCMV was detected in both unknown species sample
4, and sample 5 (P. apetala). However, no Potexvirus primers were able to be obtained, so no further
analysis could occur.
In summary, the native environment holds host to many viral species, and as the agro‐ecological
interface continues to be manipulated by the human race, virus emergence will continue. The
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presence of at least one pathogenic viral species in a small sample size is cause for concern, and
highlights the need for further research in the area.
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Tasmanian Plant Viruses and Sequencing
– A Review of Current Literature
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1.1

Scope of the review:

Viruses are a well‐researched and documented area of agriculture and plant pathology. However,
the vast majority of studies exclusively reference viruses of cash crops and feed species. The native
floral virome of not only Tasmania, but the rest of the world is grossly unstudied and poorly
understood. Undiscovered viruses hold the potential to be crop pathogens, have the ability to be
used for biotechnical purposes or provide insight into evolutionary pathways and transmission
habits. Mount Wellington is located in south‐east Tasmania, situated within Wellington Park and is
surrounded by the state’s capital city, Hobart. Mt Wellington is home to many diverse ecosystems
including eucalypt forest, rainforest gully scrub, sub‐alpine woodlands and others. This natural
variation in environmental conditions causes variation in dominant plant species, and by association,
viral species. Wellington Park is a nature reserve and is home to many native plant species, therefore
maintenance, monitoring and conservation of flora is important, and understanding of the viral
pathogens within the native species is crucial to this. To do so, techniques including next generation
sequencing and the use of bioinformatic software must be implemented to locate, identify and
characterize viral particles found within samples.

1.2 Introduction:
Plant virology covers the field of viruses and virus like organisms that have the ability to infect
plants. Plant viruses are second only to fungi in relation to economic loss from crops worldwide
(Wilson, 2014, p.1). As defined by Lodish et al., (2014), viruses are small, infectious particles that are
able to direct cellular machinery within a host cell to facilitate virus replication. Viruses consist of an
outer protein coat that encapsulates genetic material, which can be either RNA or DNA. Some are
also contained within an envelope formed by a phospholipid bilayer and glycoproteins. Plant viruses
almost exclusively contain RNA as their genetic material, and are rarely enveloped (Ibrahim, Odon
and Kormelink, 2019). Due to not being a direct concern to public health, plant viruses are
insignificant to the majority of people, despite the dire implications infections may have within the
agricultural industry. However, not only is the agricultural industry at risk, but also native
populations and ecosystems. The introduction of exotic viruses to native populations can impair the
health of protected species and cause unwanted change within the ecosystem. On the other hand,
native populations may contain novel and/or native virus species which could be of considerable
significance to agricultural crops if they escape into production systems.
In the past, viruses which cause loss of yield within agricultural crops have demanded significantly
more attention than the native virome, due to the direct consequences they may have on the
2

economy and livelihood of the general population. This has led to a lack of knowledge with regards
to the native virome, and therefore this area requires significantly more research (Stobbe and
Roossinck, 2014). The most pressing issue with regards to the native virome is the potential for novel
viruses which possess pathogenic properties. Such novel viruses have the potential to invade and
damage food crops, as climate change progresses and exotic species of plants come into contact
with domestic populations, an increasing number of novel viruses will be introduced to the
agricultural sector. Current examples include Cassava mosaic virus and Cacao swollen shoot virus,
which are both challenging food security in their respective regions of the African continent (Jones,
2020). This interaction between the managed and natural plant ecosystems also invites the
introduction of exotic viruses into the natural ecosystem, which can not only reduce fitness of the
native plants, but the natural environment can then act as a reservoir for exotic viruses (Jones,
2006), causing endemic infections within nearby crops. The presence of novel viruses within the
natural ecosystem may also bring positive outcomes, with the potential for use in biotechnology as
well as being beneficial plant viruses (Shapiro et al., 2013).
Until recent times, sequencing of viral genomes was an expensive and time‐consuming affair, which
is why the vast majority of genomes sequenced were that of viruses known to cause disease in
agricultural and/or horticultural crops (Ma et al., 2019). Within the last decade, full virome
sequencing has become readily available with the use of next generation sequencing and hence the
genomic database has expanded exponentially (Villamor et al., 2019). NGS methods have given the
ability for full virome sequencing of wild and native plants, not just the viruses directly associated
with agricultural economic loss. Doing so has unveiled a vast number of undiscovered virus species
of which wild plants acts as reservoirs (Abrokwah et al., 2016). These new viruses are of interest as
they may be prospective emergent pathogens, or there is potential for their use in other purposes
such as genetic engineering.
The potential impact of novel virus species on the agricultural sector is vast. According to the
Australian Government Department of Agriculture, Water and the Environment (2020), agricultural
production in 2016 was worth $1.6 billion to the Tasmanian economy. Often, significant plant viruses
are only sequenced and studied after they become a problem. By being proactive through gaining a
larger database of potential pathogenic organisms, precautionary measures can be taken to
significantly reduce the impact of these pathogens. Through genome sequencing; reservoirs,
transmission patterns, vectors, origins and evolutionary pathways can be deduced (Maclot et al.,
2020). There is also the possibility of the reverse occurring, that common agricultural viruses will
spread to native and wild populations, which may have dire consequences for natural ecosystems
3

and the environment. Multiple studies, such as the Malmstrom and Alexander (2016) paper indicate
that common crop viruses have the ability to negatively impact the fitness of wild plants. Common
crop virus genera including Luteovirus and Potyvirus have non‐specific virulence factors, which allow
them to infect and inhabit a large variety of plants which include many native and wild species
(Alexander et al., 2013).
Wellington Park, located in south‐east Tasmania, encompasses a diverse range of habitats,
ecosystems and therefore, flora. Included in this are rainforest gully scrub, sub‐alpine woodlands
and shrublands, wet heath, alpine heaths and herb fields, among others (Vegetation of Wellington
Park, 2006). No similar studies have been performed in this area of Tasmania, representing a large
gap in knowledge and literature.

1.3 Mount Wellington and Wellington Park:
Literature surrounding the dominant flora species of Mt. Wellington is scarce, with the most recent
paper available being the Martin (1936) review. Despite the age of this study, the information within
appears relevant and aligns with the current state of the mountain and its flora. Much of the lower
portion of the mountain is residential, with the remaining regularly burnt off for bushfire control.
This interaction with residential home gardens and the natural interface is another contact point
where virus flow may be possible. Either exotic viruses from foreign plants/seeds planted within a
garden, or the transmission of native viruses into the introduced species. Higher up, the mountain is
dominated by eucalyptus forest. There are two significant plant formations on the mountain, with
the summit a part of the Austral‐Montane Formation which is inhabited by small shrubs due to the
extreme conditions. The Eucalyptus Forest Formation encompasses the majority of the mountain
itself. Within the eucalyptus forest, there are protected gullies which offer a more diverse range of
‘gully flora’ in a subantarctic rainforest environment (Martin, 1936). Between the ranges of 3000‐
3600 feet (900‐1100 metres) above sea level, the eucalyptus forest is home to E.coccifera and E.
uruigera mainly, and underneath the canopy, smaller shrubs such as Banera rubiodes, Nothogagus
cunninghami and Leptospermum lanigerum. Below this range, the plant populations are far more
diverse. Orites diversifolia, Richea gunnii, Prostanthera lasianthos and Bedfordia salicina are some of
the more common species found among others (Martin, 1936). These shrub species along with
smaller trees will form the majority of the samples to be analysed for viruses.
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1.4 Impact of Crop Viruses on Wild Populations and Vice Versa:
As the planet undergoes agricultural expansion to support the rising global population, crops are
coming geographically closer wild populations of varying species. In the Rodriguez‐Nevado, Montes
and Pagan (2017) paper, host plant density and physical distance were two key factors in the
infection risk of a novel Potyvirus. Host plant density and infection risk had a positive correlation,
whilst geographical distance and infection risk shared a negative correlation. Interestingly, rainfall
also had a significant impact on infection risk. Increased rainfall negatively impacted infection rate,
most likely due to a response from insect vectors such as aphids (Rodríguez‐Nevado, Montes and
Pagán, 2017). Until the development of NGS technology, nearly all plant virus‐related knowledge
was for viruses that have a negative impact on agricultural output. NGS has shown that the plant
virome of wild ecosystems is far more diverse than their agricultural and domesticated counterparts
(Stobbe and Roossinck, 2014). Therefore, the wild virome represents a large unknown that may
contain emerging pathogens among other viruses, and has only recently begun to have been
investigated. One area that has been highlighted that requires further investigation is the virome of
perennial plants. Studies focused on crop viruses may be overlooking that viruses adapted to such
perennial plants may be able to outcompete crop viruses (Wren et al., 2006). A greater
understanding of epidemiology and evolutionary biology in wild viruses is needed as this increased
diversity in species and hosts may also cause differing infection risk factors which will require
different management strategies should an epidemic arise (Fraile et al., 2017; Burdon and Thrall,
2008).
In the literature, there is little research into the potential impact that crop viruses have may have on
native and wild populations, and none specific to Tasmania. On the opposite side of the
conversation, there is even less research into the ability of the wild virome to impact agricultural
crops. One study which delves into the influence of crop viruses on the wild ecosystem is the
Roossinck (2019) review. One highlight of the review is that the large majority of studies into the
field exclusively reference pathogenic viruses, even though there are number of plant viruses that
provide benefits to the host plant. Such benefits may include drought/cold tolerance (Xu et al.,
2008), as well as influencing interactions between host plants and insect vectors. It has been
recorded those plants which are infected with certain viruses actually reduce their chances of
becoming infected with other pathogens. One such example is present in the Shapiro et al., (2013)
study which found that gourd plants (Cucurbita pepo spp. texana) which were infected with Zucchini
yellow mosaic virus (ZYMV) were at a much lower risk to succumb to a fatal bacterial infection from
Erwinia tracheiphila by repelling the insect vector of the pathogenic bacterium. Interactions such as
these may be utilised and manipulated in the future (in crop plants or endangered species) for
5

human benefit through genetic engineering. There is also evidence that bacteriophages assist in the
control of bacterial populations within plants, both in the rhizosphere and the phyllosphere
(Malmstrom and Alexander, 2016).

Figure 1: E. tracheiphila disease progression in health and ZYMV‐infected plants after high‐dose inoculations (Shapiro et al.,
2013)

There are also many viruses that have a negative impact on the health of the host plant, such as
tobacco mosaic virus (TMV), potato virus Y (PVY) and African cassava mosaic virus (ACMV). Common
signs of infection with pathogenic viruses such as these include stunted growth, necrosis,
mosaicking, mottling and streaking (Wilson, 2014, p83). Virus movement between crops and wild
plants is relatively common, however, viruses that establish symptomatic infections in some plants
can be entirely asymptomatic in others (Roossinck and García‐Arenal, 2015). Prior knowledge of the
evolutionary biology of viruses through sequencing allows for analysis of the origin of detected
viruses. NGS can result in previously unseen and unstudied diseases arising in commercial crops
(Roossinck and García‐Arenal, 2015). Findings in the Roossinck and García‐Arenal (2015) study
corroborated the conclusions of the Jones (2009) paper, in that human influence is one of the major
drivers in crop virus emergence, as environmental changes such as climate change and biodiversity
loss through selective cultivation heavily impact the natural environment. Both of these papers
suggest that there is still limited knowledge of viruses in wild plants, highlighting a need for further
research into the area. This means that there is little insight into the effect on the fitness of wild
6

plants upon infection from common crop viruses such as Potyvirus and Luteovirus spp. Of
information available, there are three common methods used to assess fitness impact on plants. This
includes experimental populations specifically planted to be artificially inoculated, wild populations
with naturally acquired virus infections and experimental populations with naturally acquired
infection, each with their advantages and disadvantages (Roossinck, 2016).
The first described technique offers the benefit of analysing direct relationships between the host
plants, vectors and fitness. It allows for more easily controlled variables to determine host
responses and cause and effect relationships. Disadvantages of this method include the inability to
assess the interactions of the virus and host with ecological factors such as other simultaneous virus
infections, interactions with different plant species and the true behavior of vectors in the natural
environment. Studies of this nature are also inhibited by strict biosafety regulations to ensure
biosecurity. Experimental populations with naturally acquired viral infections allows for the study of
the natural infection process and its associated properties. If the experimental plant population
mimics that of a wild population, important metrics such as virus density and infection rates can be
closely predicted. Conversely, this may negatively impact the study due to time constraints on
analysis potential if infection rates are too high or low. The third method essentially refers to the
analysis of natural lifestyles of both the plant and virus. By not manipulating the natural processes
true data can be taken. However, this data may be skewed by uncontrollable variable such as other
viral infections, weather conditions and non‐random virus infection (Roossinck, 2016). This last point
is referenced in the Seabloom et al., (2009) study which found that vectors may preferentially come
into contact with plants of specific sizes or in certain phases of their lifestyles. In naturally occurring
plant populations, this is difficult to manage or account for.
It is difficult to determine the true influence of viruses which originated from agriculture on the
environment, as there are significantly conflicting views commonly found depending upon the study.
Most agree that the impact is overall negative, but the severity is of some contention. Prendeville et
al., (2012) suggest that due to our poor understanding of viruses that do not cause obvious
symptoms, the impact is underestimated. However, the Roossinck (2016) paper gives the general
consensus that whilst still bad, relatively few crop viruses can be attributed to a loss of fitness in wild
plants, and therefore the impact of crop viruses spreading into native populations is largely neutral.
These two views are common throughout the literature, and both receive significant support. The
view that unapparent infections reduce fitness is supported in the journal article by Remold (2002)
in which she infected B. hordeaceus, S. viridis and S. lutescens with BYVD and measured the impact
on panicle length, which is a marker of fitness. Between the three species, there was no obvious
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impact on B. hordeaceus, at 25% increase in panicle length on S. lutescens and a 50% decrease to S.
viridis. However, these three species are allegedly unaffected by the disease (Remold, 2002), and the
impact was attributed to trait variance within the species. This indicates the difficulty of gaining an
accurate view of the influence of virus species on naturally occurring populations. To make an
accurate judgement on what the exact impact of virus infection (both symptomatic and
asymptomatic) is, far more research is required, and there is likely to be variation both within
species and populations.

1.5 Next Generation Sequencing, Bioinformatics and PCR:
1.5.1 Introduction to NGS:
Initially, plant pathogens were only detected by visual inspection divided into mosaics and chlorosis.
Since then, next generation sequencing (NGS) has been one of the largest progressive steps in the
field of plant virology. NGS has greatly advanced the effectiveness of metagenomic studies which
allows us to gain a better understanding of virus‐virus, virus‐vector and virus‐host interactions,
beyond the disease‐causing organism (Roossinck, 2017). Older methods generally required a
reasonable depth of knowledge about the target virus, and detection was specific for this virus. NGS
is a very generalized sequencing mechanism, and requires no prior knowledge about what may or
may not be in a sample (Pecman et al., 2017).
The first metagenomic studies were performed using shotgun sequencing methods. Since then, NGS
technologies have allowed for more cost‐effective, less time consuming and more efficient
metagenomic sequencing. Essentially, NGS requires the fragmentation of the genetic material,
followed by the addition of adapters, sequencing the fragments and rebuilding the fragments into
longer contigs (Pecman et al., 2017). NGS adapters are used to bind the DNA/RNA fragments to the
sequencing instrument (Integrated DNA Technologies, 2021). Another aspect that increases the
efficiency of NGS processes for plant virus detection is the fact that most (>90%) of plant viruses
contain RNA, and not DNA. This means that DNase can be applied before sequencing to remove
plant genomic DNA (Jones et al., 2017). Literature surrounding the use of deep sequencing methods
is well researched, and covered in significant detail. It’s use in plant virome sequencing is also well
documented, with most studies related to viral sequencing in the last 10‐20 years using NGS
technology as the primary sequencing method. Currently, most studies still primarily use next (or
second) generation sequencing methods, as through years of refinement, they have become
cheaper and more efficient than they were initially. The use of third generation methods is not as
common, due to the fact that they are very expensive, and for many studies are not necessary.
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1.5.2 History of genomic sequencing methods:
The first widely successful method of genomic sequencing was achieved in 1977, with Frederick
Sanger developing the chain termination method (better known as Sanger sequencing) (Totomoch‐
Serra, Marquez and Cervantes‐Barragán, 2017). The Sanger sequencing technique through
complementary synthesis of nucleotide sequences, which incorporate fluorescent
dideoxynucleotides (ddNTPs) as a method for chain termination (Heather and Chain, 2016). As these
ddNTPs are incorporated randomly into the sequence, resulting fragments will be all possible
lengths. By repeating the process for each of the four nucleotides as the ddNTP, the nucleotide
sequence can be deduced (Heather and Chain, 2016). The Sanger method was particularly popular
due to the high accuracy and potential for automation. However, there was room for improvement
as it was only practical for reads of less than 1000 bp (Datta, 2015). Therefore, larger genomes were
very laborious and costly. The Sanger sequencing method is known as a first‐generation sequencing
technique. Over time the Sanger technique has been improved through more effective capillary
electrophoresis instead of gel electrophoresis, but the major principles remained the same
(Swerdlow and Gesteland, 1990).
Second generation sequencing began with the development of a new method that was known as
pyrosequencing. Pyrosequencing relied upon the process of the conversion of pyrophosphate into
ATP by the enzyme ATP sulfurylase, which then becomes a substrate for luciferase (the enzyme
responsible for the oxidation of luciferin, which produces light). From this, the amount of light can
be measured, which is proportional to the initial amount of pyrophosphate present (Nyrén and
Lundin, 1985). As the template DNA was attached to a solid phase in the process, sequence can be
attained by measuring light emission as the nucleotides are washed through. This offered benefits
over first generation techniques such as Sanger sequencing as it does not require the use of ddNTPs,
and was much more time‐efficient (Heather and Chain, 2016). This method was later adapted (with
some minor improvements) to become the first NGS technology. One of these changes was the use
of microbeads, which allowed for higher throughput and better accuracy. The beads are designed so
that one DNA (or RNA) molecule attaches to the bead, and then undergoes PCR to cover the bead in
clones of the aforementioned piece of genetic material (Siqueira, Fouad and Rôças, 2012). The beads
are then washed over a series of wells that fit one bead per well, and each well can be individually
analysed for pyrophosphate production, hence giving a sequence read (Heather and Chain, 2016).
Another significant second‐generation sequencing technology is the Solexa sequencing method.
Solexa uses a method which is termed bridge amplification (Slatko, Gardner and Ausubel, 2018).
Bridge amplification uses genetic material as substrates for repeated amplification. These DNA
molecules are attached to a solid phase such as glass (with adapters ligated to the end) and then
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passed over a series of complementary oligonucleotides which are connected to a flowcell. As the
process continues, groups of clonal DNA form (Slatko, Gardner and Ausubel, 2018). Fluorescent
dNTPs are added to the cycle which act as termination points. The attachment of these dNTPs is
monitored in real‐time due to the fluorescence, therefore a sequence can be formed (Heather and
Chain, 2016). Other methods and techniques exist in the ‘second generation sequencing’ group,
however the two mentioned above are the most commonly used and found most frequently in the
relevant literature.
Third generation techniques involve those being developed at the time of writing, from roughly 2012
to the present time with the advent of single molecule sequencing (SMS). The major step forward
from second to third generation sequencing is the ability to sequence longer pieces of genetic
material (Slatko, Gardner and Ausubel, 2018). This ability to give longer individual reads improves
efficiency by reducing the number of individual reads and contigs that must be pieced together in
order to assemble a sequence from the second‐generation techniques.
The third generation is dominated by two different techniques. One from Pacific Bioscience (PacBio)
and the other from Oxford Nanopore Technologies (ONT) (Midha, Wu and Chiu, 2019). The PacBio
method shares key similarities with the original sanger sequencing method, in that it relies upon a
sequencing‐by‐synthesis mechanism (Midha, Wu and Chiu, 2019). Essentially, a template DNA strand
is used to synthesize another strand to be analysed. This template DNA is known as a SMRTbell,
which is a single stranded circular DNA/RNA that is formed by connecting hairpin adaptors to both
ends of a target DNA/RNA molecule (Rhoads and Au, 2015).

Figure 2: Hairpin adaptors (green) ligated to the target double stranded RNA molecule (Rhoads and Au, 2015)

Once ligated to the target genetic material, the complex diffuses into the sequencing component, a
zero‐mode waveguide (ZMV). The purpose of the ZMV is to act as a chamber which holds one
DNA/RNA molecule for sequencing. In each of the ZMVs, there is a polymerase which allows for
replication with fluorescently labelled nucleotides, and the differing emissions of light allows for
identification of the base that has been added (Midha, Wu and Chiu, 2019; Rhoads and Au, 2015).
This method allows for the entire molecule of DNA/RNA to be read at once, in parallel to other
reactions.
The ONT method is known as nanopore sequencing. Nanopore sequencing works through reading of
electric signals as a piece of DNA/RNA is passed through a nanopore by a motor protein. The protein
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nanopore, which has been modified to be short and narrow (approximately 0.6nm long and 1.2mm
wide), for the purpose of being able to resolve individual nucleotides (Manrao et al., 2012).
originates from a bacterium (Mycobacterium smegmatis) is matrix‐bound in a flow cell. The flow cell
can hold up to 2048 nanopores (Jain et al., 2016). The genetic material is fed through the nanopore,
led by an adapter ligated to the 5’ end, which not only serves the purpose of obtaining the correct
read direction, but also concentrates the DNA/RNA in the vicinity of the nanopores, which increases
efficiency by several orders of magnitude (Jain et al., 2016). As the nucleotides pass through the
nanopore, it causes a change in ionic current. These changes are recorded by their size and duration,
and are converted into short sequences (<10) nucleotides long, which are then used to form a longer
contig (Jain et al., 2016; Manrao et al., 2012).

1.5.3 Applications of Second and Third Generation Sequencing in Plant Virology:
High throughput sequencing methods have been used in plant virology since the mid 2000’s
(Villamor et al., 2019). At this time, these next generation sequencing techniques were being used to
detect known viruses, and incidentally uncovered novel virus species. Reportedly, this was where it
was recognised that HTS may be used for metagenomic studies (Donaire et al., 2009). Since this
point, there has been much investigation into potential application and ways to improve
effectiveness of genetic sequencing. This includes study into types of viral RNA to improve reads,
with the Visser et al., (2016) study concluding that ribo‐depleted RNA is more effective at giving a
higher read coverage of the virus genome than sRNA. The evolution of next generation sequencing
has allowed for the identification of thousands of viruses in agricultural crops, and whilst the
relevance of many is not known, further research will allow for better understanding of the role they
play not only within the host plant, but in the ecosystem as a whole.
The use of next generation sequencing techniques is not exclusively limited to the identification and
characterisation of viruses, HTS can be used to understand the origins and evolutionary history of
viruses which is just as important as their identification. With the development of SMS, more in‐
depth analysis of viral genomes is possible, which will allow for the identification of small genomic
variances within viral population. Villamor et al., (2019) also suggests that this information will be
able to be used for purposes of biosecurity and better virus detection methods. Into the future,
there is the need for simultaneous and instant detections of multiple virus species in real time, and
this is considered one of the limiting factors in plant virus diagnostic techniques (Mehetre et al.,
2021).
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1.5.4 Bioinformatics:
Bioinformatics are a crucial part of the sequencing process. For bioinformatic software to be viable,
there are some key aspects that must be present. Firstly, it must be able read raw data from a
sequencing platform, and be able to trim adaptor sequences, host sequences and low‐quality reads.
It must also be able to identify known viruses, and provide a platform for the analysis of unknown
sequences (Jones et al., 2017). A recent development in the last of those factors is the introduction
of ‘k‐mer profiles’ (Flygare et al., 2016). This method requires sequences generated to be broken
into shorter nucleotide sequences, which are known as k‐mer. The short k‐mer profiles are
compared to known sequences, and each profile has a specific significance which assists in the
assignment of taxonomy (Jones et al., 2017). This method has been shown to be more time‐efficient
that previous alignment methods without an increase in error rates. One of the major problems of
bioinformatic software is that it requires significant processing power to run due to large files from
NGS and the processing of this data against both known sequences and de novo assembly (Jones et
al., 2017). However, as the capabilities of technology continues to advance at a rapid rate, this issue
will likely resolve itself in the near future.
Often, after processing, there will be large gaps in some sequences. For identification confirmation,
the gaps must be filled. This is usually achieved through PCR. Using the known portions of the viral
sequences, PCR primers can be developed which amplify the desired piece of RNA to fill the gap
(Roossinck, 2017). Using PCR in such a way is known as a complementary method, and is also utilized
when the concentration of specific viral sequences is quite low. PCR can be used to amplify the
sequence after it has been isolated for confidence in identification, as well as taxonomic
classification. PCR is recognized as the most widely used diagnostic protocol for the identification of
new viruses. It takes precedence over antibody‐based methods such as ELISA (enzyme‐linked
immunosorbent assay) as it is both more time and cost efficient (Massart et al., 2017).

1.5.5 PCR (polymerase chain reaction):
PCR was developed to amplify a section of DNA. The process occurs through denaturation of dsDNA
via heat application, and as the strands cool, specific oligonucleotides anneal to the desired area of
the DNA strand, and from here the DNA polymerase is able to initiate DNA synthesis (Jeong, Ju and
Noh, 2014). This process is repeated (usually around 35 times) until the genetic material has been
replicated a sufficient number of times. However, this method of conventional PCR does not have a
significant application in plant virology, as the vast majority of plant viruses are RNA viruses. To
combat this, reverse transcriptase PCR (RT‐PCR) is used. As the process of PCR relies upon the use of
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DNA, reverse transcriptase is added to the reaction to synthesize complementary DNA (cDNA),
which is formed by the addition of the complementary strand of RNA. RT‐PCR has been used to
detect viruses such as Cherry green ring mottle virus and Cherry necrotic rusty virus (Li and Hartung,
2007). In addition to the use of RT‐PCR, multiplex assays are also available for plant virus detection.
A multiplex assay is used to amplify more than one sequence in a single reaction by having multiple
primers present. This can be used to detect more than one virus in a sample in the same reaction,
and this method was utilized by Lorenzen at al., (2006) to identify Potato virus y strains within the
same sample, and even to identify mixed‐strain infections.

1.5.6 ELISA (enzyme‐linked immunosorbent assay):
ELISA, and its many sub‐categories, is the most commonly utilized serological method in plant virus
detection and identification. ELISA relies upon the detection of specific proteins through interaction
with antibodies (Mehetre et al., 2021). There have been many adaptations of ELISA developed,
generally for the rapid identification of viruses within a specific plant species, or one virus in
particular. For example, TAS‐ELISA was developed for the detection of Tomato yellow leaf curl
Thailand virus in crops such as tomato, eggplant and okra, whilst PTA‐ELISA was developed to detect
Rice dwarf virus in rice (Mehetre et al., 2021). Some investigations necessitate the use of ELISA
instead of other methods such as PCR due to the specificity required. Galvino‐Costa et al., (2012)
found that ELISA methods are most suitable for identification where the target virus is known, and
the strain must be identified within the early stages of infection. The study specifically references
Potato virus Y, which is known for having a range of recombinant genomes, and ELISA allows for
identification with an acceptable level of accuracy. Another significant bonus with ELISA methods is
that they allow for real‐time semi quantitative analysis so that virus concentration can be calculated.
This is due to the fact that the reaction between the proteins and antibodies is proportionate to the
number of proteins present, and hence the total virus titre (Sakamoto et al., 2017).
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1.6 Properties of Viral Genomes:
Viruses are small obligate parasites; in that they must infect a host in order to replicate. Viruses can
contain DNA and RNA, with the ability to infect nearly all living organisms, including bacteria. Viruses
are obligate parasites due to lacking the organelles such as ribosomes to synthesize proteins
themselves, and therefore cannot replicate without the host cell. By releasing mRNA into the host
cell, the virus is replicated by the host ribosomes as the host would synthesize its own proteins
(Chaitanya, 2019). Both DNA and RNA viruses can be single or double stranded, as well as being
positive or negative sense. Other features of the viral genome which aid in classification are whether
the genetic material is monopartite or multipartite, which simply refers to the number of nucleic
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acid molecules present within the virus, as well as the shape of the nucleic acid molecules, which can
be linear, segmented or circular (Chaitanya, 2019).
Along with plant viruses being primarily RNA‐based genomes, they are generally also single‐stranded
and positive sense. Although, given that there are over 40 genera of plant viruses, there is
considerable variation within the genome (Zaccomer, Haenni and Macaya, 1995). For the
classification of viruses, the organization of open reading frames within the genome as well as the
amino acid sequences are key for accurate classification. Naturally, in a large population of viral
particles, there will be genetic variation within the population. Within a single infection, there will be
a number of separate replicating populations, with slightly differing genetic mutations. These
replicating populations are known as quasispecies (Stobbe and Roossinck, 2016). The origin of the
quasispecies stems from the high levels of mutation within plant viruses. As plant viruses are
predominately RNA viruses, RNA‐dependent polymerases are responsible for replication and RNA
polymerases do not possess proofreading ability which leads to mis‐reads and mutations (Acosta‐
Leal et al., 2011). The high rate of mutation is also influenced by the rate of recombination within
the population. Stobbe and Roossinck (2016) also express that recombination rates are generally
high within RNA‐based viruses. This includes viruses such as Cauliflower mosaic virus (CaMV), in
which recombination occurs so rapidly that in 21 days over half of the population may be
recombinant progeny (Froissart et al., 2005). These mutations may lead to selective advantages over
other members of the population, leading to a genetically fitter population through replication.
Despite the high levels of mutation within plant viruses, there are conserved regions of the genome.
These conserved genes are labelled as virus hallmark genes, and are found within almost all virus
genera. These genes include the RdRp gene, which is the gene which encodes RNA‐dependent RNA
polymerase and the S3H gene, which is responsible for the initiation and elongation during genome
replication (Koonin, 2009). Genes such as this are used to identify virus sequences during NGS.
Hardenbergia mosaic virus (HarMV) is an emergent virus from the Potyvirus genus within Australia.
Originally found in the Hardenberiga comptoniana legume in South‐west Australia, recent reports
have found HarMV to be infecting Lupina species at the managed‐natural vegetation interface
(Kehoe et al., 2014). This poses a threat as Lupina is grown commercially in Australia, and symptoms
of HarMV infection include mosaicking and leaf distortion, both of which can lead to reduce yield.
The analysis of three samples, one from Lupinus consentinii and two from Hardenbergia
comptoniana, found four complete HarMV genomes of which two had undergone recombination
events. HarMV is categorized into clades, based on both coat protein genes and full genome
alignment (Kehoe et al., 2014). A separate study by Wylie and Jones (2011), found two distinct
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HarMV genomes within a sample of H. comptoniana. Both genomes were approximately 9.5 kb in
length, and contained 32.5% adenine, 18.2% cytosine, 23.1% guanine and 26.2% uracil, which is
typical of the Potyvirus family (Wylie and Jones, 2011).
A second viral genome of interest is Donkey Orchid Symptomless Virus (DOSV). DOSV is of particular
intrigue as it is considered by some as a viral ‘platypus’ due to the unusual nature of the genome
(Wylie, Li and Jones, 2013). Samples were taken from two Dirius longifolia plants, and the resulting
NGS revealed seven proteins from vastly different origins. Two different sequences were found, each
approximately 7.5 kb in length. Each sequence contained seven open reading frames, encoding
proteins with matches to Tymoviridae, Alphaflexiviridae, Poxviridae, Salpingoecidae, Bunyaviridae,
Tombusviridae and Virgaviridae families, as well as the 27‐kDa protein, which does not share
structure like any other proteins sequenced previously (Wylie, Li and Jones, 2013). This diversity in
relation to protein origin, and the fact that DOSV infections are symptomless indicates that the virus
originated in Australia, and has co‐evolved with the D. longifolia in a persistent infection.

1.7 Significant plant viruses in Tasmania:
1.7.1 Introduction
As international trade becomes increasingly common, the potential risk for the introduction of plant
viruses increases. Over time, a significant number of virus species have been introduced that have
proven detrimental to the growth and fitness of a variety of native plant species. There are a limited
number of studies on the subject in reference to Australian natives, and none in detail on Tasmanian
native plant species. The vast majority of papers in this field are related specifically to the impact on
cash crops and cultivated plants, whilst the overall impact on plant biodiversity and environmental
impact has been effectively ignored (Vincent, Coutts and Jones, 2014). The Vincent, Coutts and Jones
(2014) paper found that introduced generalist viruses (with the ability to infect a wide variety of host
plants) pose a greater threat to biodiversity and plant fitness than specialist viruses as expected.
However, it was also observed that indigenous viruses were especially virulent when exposed to
native plants that they were not adapted to. In most native plant populations, virus infections are
often endemic, but viral infections are usually asymptomatic. This usually occurs due to co‐evolution
over thousands of years (Jones, 2009). Increases in human activity such as land clearing, agricultural
expansion and general human movement has led to an exponential increase in new virus‐host
interactions. Naturally, some portions of these interactions are detrimental to plant fitness, and
there is concern for the survival of endangered plant species into the future (Jones, 2012). Due to
these factors, there are a variety of commonly found native plant viruses (both introduced and
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native species) which are able to decrease the fitness and competitive ability of native plants in
Australia. Highlighted below are some of the most common and/or severe plant viruses related to
Tasmanian agriculture.

1.7.2 Bean yellow mosaic virus (BYMV):
Bean yellow mosaic virus is from the family Potyvirus, is an introduced virus to Australia and is the
biggest cause of mosaicking and malformation globally (R. Sofy et al., 2020). BYMV is of particular
importance due to its lack of specificity, and can therefore infect a large range of hosts. BYMV is
known to cause a range of symptoms which can decrease yield such as stunting, necrosis, yellow
mosaicking, and distortion of the leaves. BYMV is almost exclusively considered threatening due to
its ability to infect crops worldwide, however, the symptoms mentioned decrease the fitness of wild
and native plants too. The Srithongchai (1990) paper found two strains of BYMV in both Trifolium
subterraneum (clover) and broad beans (Vicia faba). The two strains included BYMV‐F and BYMV‐K.
BYMV has been found inhabit T. subterraneum and the clover acts as a reservoir for the virus (Guy,
Cross and Wilson, 2020). Other studies have shown that the main source of BYMV in agricultural
crops is due to these clover reservoirs in close proximity to the cash crop. Despite clover being an
annual plant, the BYMV persists in the seeds of T. subterraneum and can therefore be present for
multiple growing seasons (Coutts, 2018).
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1.7.3 Alfalfa mosaic virus (AMV):
Alfalfa mosaic virus, which is of the family Bromoviridae, is found globally. AMV not only infects
legumes but also infects potato crops worldwide, causing symptoms such as chlorotic blotching and
mottling of leaves (Abdelkhalek, Al‐Askar and Behiry, 2020). As legumes and potatoes are staple
food groups for much of the world’s population, as well as livestock feed, AMV is one of the most
well researched plant viruses in the world. The Guy, Cross and Wilson (2020) review found that AMV
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had been previously observed in five different Tasmania plant species. This included Medicago sativa
(alfalfa), Pisum sativum (pea), Solanum tuberosum (potato), Trifolium repens (white clover) and
Trifolium subterraneum (subterranean clover). AMV has the ability to have a drastic impact on the
agricultural sector, as infected plants have seen up to 50% herbaceous growth loss, and a decrease
of 15‐30% in seed production (Dall, Randles and Francki, 1989). The presence of AMV in these
significant grazing and food plants highlights the need for further research into the reservoirs and
potential spread between natives and cash crops. Should the virus spread from an infected
agricultural crop to a native plant, there may be substantial consequences on the ecosystem and
environment. And vice‐versa, should a native plant be a host for the virus, control measures will
need to be implemented to ensure that it does not spread to cash crops.

1.7.4 Cereal yellow dwarf virus (RPV)/ Barley yellow dwarf virus (BYDV):
Barley yellow dwarf virus was first described in 1951 in California and has since been responsible for
the most significant economic loss in cereal crops globally. The virus has been found in oats, wheat
and barley, as well as other grass species (Miller, Liu and Beckett, 2002). Both RPV and BYDV belong
to the family Luteoviridae and induce similar symptoms in their host. This includes stunting of
growth in wheat, dwarfism and yellowing in barley, reddening and causing sterility in oats (blasting)
(Miller, Liu and Beckett, 2002). In various crops, BYDV caused an average yield loss of 2%, which is
considered a significant portion in the agriculture industry (Smith, 1964). In Tasmania, investigation
revealed the presence of BYDV in Avena sativa (oats), Hordeum vulgare (barley), Lolium sp.
(ryegrass) and Triticum aestivum (wheat) (Guy, Cross and Wilson, 2020). Like many other significant
plant viruses, BYDV and RPV are transmitted through aphid vectors. The Smith (1964) survey of
BYDV in Australia revealed that the aphid species R. padi was largely responsible for the spread of
BYDV throughout the country.

1.7.5 Grapevine leafroll disease (GLD):
The Tasmanian wine industry was worth $115 million to the Tasmanian economy in 2018
(Winetitles, 2018). This figure places it within the top ten sectors in Tasmania. There are over 230
vineyards, responsible for 11,000 tonnes of wine grapes produced in 2013 (Wine Tasmania, 2021).
Due to this, GLD poses a noteworthy threat to the Tasmanian economy, and those associated with
the winemaking industry. Grapevine leafroll disease is caused by a variety of virus species of the
family Closteroviridae (Almeida et al., 2013). Whilst the virus is not currently established in
Tasmania, it is one of the major virus‐related biosecurity concerns in relation to the import of fresh
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fruit and vegetables to Tasmania. Symptoms of GLD include delayed fruit ripening (impacts wine
quality), and the reddening of leaves. Distortion and rolling of leaves are also usually apparent.
These symptoms contribute to yield losses of up to 40%, as well as losses in fruit quality and lifespan
of the vineyard (Credi and Babini, 1997). Grapevine leafroll associated viruses (GLRaV) are
transmitted by a range of species of mealybugs, not aphids like the other mentioned viruses
(Almeida et al., 2013).

1.7.6 Tomato spotted wilt virus (TSWV):
TSWV is of the Tospovirdae virus family, and is vectored by thrips (small winged insects). TSWV can
induce a variety of symptoms on the infected plant, and these symptoms are related to factors such
as plant age, nutrition and environmental conditions (Best, 1968). Common symptoms include ring
patterns (on both fruit and leaves), necrosis of the plant tissue and distortion of the stem and leaves
(Queensland Government Department of Agriculture and Fisheries, 2013). One of the properties of
TSWV that makes it a biosecurity threat is the wide host range that it possesses. As of the writing of
the Huang et al., (2020) study, TSWV has been known to infect more than 900 different species of
plant, spreading over 82 different phylogenic families. TSWV is responsible for roughly a billion
dollars in agricultural loss globally. In Tasmania, incidence of TSWV is relatively common and is found
in the majority of recreational home tomato plants, however, it has been detected in lettuce, pea
and broad bean crops as well as wild plant populations including dandelion among a range of others
(Wilson et al., 2012).

1.7.7 Turnip yellows virus (TuYV):
TuYV belongs to the Luteoviridae family of viruses, and is vectored primarily by green peach aphids.
In Australia, TuYV is usually identified in symptomatic canola but also in legume populations (Bayer
CropScience, 2021). There have been numerous TuYV epidemics throughout Australia in recent
times, and is commonly found in Brassica spp. Symptoms in canola include stunted growth,
reddening of leaves, distorted leaves and fewer flowers/seeds, which leads to a decreased yield of
up to 30% (Juergens et al., 2009). TuYV persists from one growing season to the next by inhabiting
either neighboring weeds or crops that have grown outside the harvesting zone. Once the next crop
is planted, the virus is then transferred from the reservoir into the new crop. Due to the importance
of the virus, a considerable number of studies have been performed to investigate the best disease
management protocols. One successful treatment that falls outside the realms of standard practice
was growing the plants under a water deficit. In the Yvon et al., (2017) paper, the researchers found
that a water deficit applied to A. thaliana plants reduced viral transmission by aphids. The aphids
feeding on the plants with a water deficit were not accumulating the same number of viral particles
as the control plants, which was thought to be responsible for the decreased virus transmission.
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1.8 Australian Native Viruses:
Australia is home to a diverse range of native floral species, and they are in turn home many native
virus species. As many of these indigenous virus species have co‐evolved with their plant hosts over
long periods of time, they are generally asymptomatic. One family of these plant hosts are the
Orchidacae family, and belonging to this family is the Dirius genus. 49 of the 50 identified Dirius
species are endemic to Australia, and the Wylie et al., (2013) study attempted to identify the virome
of Dirius in natural environments to describe host‐virus relationships and attempt to best manage
orchid conservation into the future. A number of virus‐like sequences were found within the Dirius
samples including four Potyvirus sequences, Blue squill virus A, Bean Yellow mosaic virus,
Ornithogalum mosaic virus, Donkey orchid virus A, Betaflexiavirus, Partitivirus and Polerovirus (Wylie
et al., 2013). Of the viruses described, most were indigenous, or were part of a long‐term
association, which resulted in infections being primarily asymptomatic. This supports the findings of
Roossinck (2011), in which it is suggested that recent plant virus interactions are generally more
asymptomatic than older associations due to mutualistic co‐evolution.
Blue squill virus A (BSVA) is an Australian indigenous Potyvirus which was recently characterized by
Wylie et al., (2011). Blue squill virus A shares a significant portion of its genome with both HarMV
and Passionfruit woodiness virus, and induces some chlorotic mosaicking within the leaves of the
host plant; C. corymbose (commonly known as Blue Squill). Due to the shared similarities with other
viruses from the same Bean Common Mosaic Virus (BCMV) subgroup within Australia it was
determined that BSVA was likely to have evolved in Australia with the native flora. (Wylie et al.,
2011).
Another of the native viruses detected was the Dirius pendunculata cryptic virus, (DPCV). DCPV is of
the Partitivirus family, which not only infects plants, but also fungi and protozoa. As many orchids
require a symbiotic relationship with mycorrhizal fungi in order to germinate and mature, it has
been suggested that there has been transmission of the partitvirus RdRp gene between flora and
fungi (Wylie et al., 2011). This instance of DCPV being detected was the only occurrence in Australia,
and the only instance of detection within an orchid sample (Wylie et al., 2011).
As most indigenous floral viruses are asymptomatic due to long‐term association with their natural
host plant, there is limited research available on such infections. As sequencing costs are reduced
and technology becomes more readily available, it is expected that there will be an increase in
metagenomic studies, which will lead to a more complete understanding of the Australian virome,
both native and exotic.
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1.9 Virus Control Measures:
1.9.1 Introduction:
Due to the impact that viruses can have, and have had on crops in the past, there are a number of
control measures that are put into place both proactively and reactively to attempt to reduce the
risk of virus infection. Control measures essentially aim to inhibit at least one step of the infection
cycle. It may remove the source of the virus, decrease vector activity, reduce carry over between
crops, avoid the initial introduction of the virus, reduce chance of early plant infection (early plant
infections often have the largest detrimental impact on yield) or the inhibition of virus spread
through plant resistance (Jones, 2006).

1.9.2 Types of Virus Control:
There are five distinct types of virus control. These categories are phytosanitary, cultural, host
resistance, chemical and biological (Jones, 2006). Phytosanitary control refers to the removal of the
virus source. This may include the removal of all reservoirs in close proximity to the crop or rouging
out plants displaying virus‐like symptoms to remove the virus from the area (Jones, 2006). Cultural
control is how the plants are planted, and how the population is planted. This includes factors such
as planting upwind of known virus sources (e.g., uncontrolled bushland). By doing so, there is a
reduced risk that smaller insect vectors (aphids, thrips, mealybugs) and other vectors such as seeds
will be able to come into physical contact with the cash crop, protecting it from infection. Using a
physical barrier made of non‐host plants for the virus is another option which has proven successful
(Jones, 2006). Hooks and Fereres (2006) state that aphids are responsible for the transmission of
around half of the known 600 plant viruses with an invertebrate vector. Ideally, a perfect barrier
plant would be an attractive plant to both the aphid and the aphids’ natural predators, but unable to
carry the virus, thereby inhibiting transmission from the virus reservoirs to the cash crop. Using
other cultural factors such as higher plant densities and canopy cover can be utilized to reduce the
ability of the virus to spread within the crop when the source is deemed to be internal.
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Figure 5: Influence on infection rates based on wind direction and distance (Coutts et al., 2011)

Unlike the cultural and phytosanitary measures, host resistance and chemical resistance are much
more selective. Selective breeding has been used for generations to try and retain favourable
characteristics within crops. These characteristics arose through mutation and/or evolution, but in
more recent times, humans have been able to manipulate the genome of crops to induce features
such as increased yield, faster growth, better tasting fruit, resistance to both macroscopic and
microscopic pests. Plants are able to resist infection through pre‐formed (or constitutive) defenses
and host resistance induction (Galvez et al., 2014). The constitutive defenses include characteristics
such as a waxy leaf cuticle which not only prevents evaporation through the leaf, but also acts as a
physical barrier against pathogenic organisms (Kant et al., 2015). Other constitutive mechanisms
include antimicrobial compounds, enzyme inhibitors or epidermal leaf hairs (used to inhibit the
movement and spread of vectors such as aphids), which also contain glands that can prevent spore
germination and secrete toxins which are effective against small insects (Glas et al., 2012). Host
resistance is more selective, and relies upon an unsuitability between the host and the virus.
Commonly, this is based on an incompatibility between the host resistance ‘R’ gene, and the virus
avirulence ‘avr’ gene (Galvez et al., 2014). The ‘R’ gene in a plant encodes proteins related to
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nucleotide binding sites, and produce a hormone response when a pathogen is detected (Martin,
Bogdanove and Sessa, 2003). This response to virus invasion usually induces cell death to prevent
spread of the virus. According to Vidhyasekaran (2020), salicylic acid is the most important signal
molecule for the induced plant defense system. Increased amounts of salicylic acid through induced
synthesis causes defense genes to be activated for better control of disease. The study refers to
cloning the isochorismate synthase (ICS) and isochorismate pyruvate lyase (IPL) genes from bacteria
and inserting them into tobacco plants. These transgenic tobacco plants were found to be resistant
to both tobacco mosaic virus and powdery mildew (Vidhyasekaran, 2020). Techniques such as these
have been employed for many different plant species, against many different pathogens, and are of
increasing importance as food demand grows.
Chemical virus treatments do not refer to the treatment of the viruses themselves, but the vectors
and reservoirs for the virus. This occurs through the application of insecticides and pesticides. The
use of insecticides targets the small invertebrate vectors such as aphids, whilst herbicides can be
used to kill known reservoirs of the virus surrounding the cash crop, to remove the ability of the
vector to transmit the virus into the population. Selectivity varies depending upon the chemical
used. Selectivity of chemical measures is critical, as very selective compounds may provide a
selective pressure for chemically resistant forms of the virus/vector, which can be far more difficult
to control (Jones, 2006). Chemical virus treatments are not common in agriculture, due to toxicity
concerns, ineffectiveness against non‐insect borne viruses, and inducing resistance in vectors (Jones,
2006). This highlights the need to not be reliant upon very specific and selective control measures.
Biological control measures are also quite selective, which means that they too are susceptible to
providing a selective pressure resulting in more resistant pests. Generally, biological control refers to
the introduction of a natural predator to the vector. However, other methods such as using bio
pesticides have also proven viable (Jones, 2006). Biopesticides are management options that rely
upon the use of microorganisms to inhibit the growth and/or spread of other pathogenic
microorganisms. For viruses this can be through direct routes such as the secretion of antiviral
compounds from the biopesticide agent, or indirect through the inhibition of vectors to prevent
virus spread (Chandler et al., 2011). One frequently used method of biological virus control is cross‐
protection. Cross protection is the inoculation of the plant, or plant population with a mild strain of
the virus from which it is being protected. Mild‐strain cross protection (MSCP) offers a non‐selective,
non‐GMO and non‐toxic method for virus protection (Pechinger et al., 2019). Although frequently
used in cash crops, the same method could be implemented to protect native populations from
damaging viral strains. Identification of suitable viral strains to use is one of the factors which
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hinders the use of MSCP, as it is usually only an effective treatment when the virulent and mild
strain are closely related. Conventionally, suitable strains are identified by visual inspection of plants
in close proximity displaying milder (but similar) symptoms to those plant which have a severe
infection. Recently, HTS has also been investigated for potential use in the identification of mild
strain viruses, as can efficiently sequences all viruses present in a plant. This is beneficial as a
singular plant may contain both severe and mild strains of the same virus (Jridi et al., 2006), and
sequencing allows for more thorough comparison and investigation. The first documented MSCP
treatment was from 1929, when researchers found that tobacco plants which were infected with a
mildly symptomatic “light‐green strain” TMV lessened the symptoms of a “yellow strain” of the same
virus upon deliberate inoculation (Gal‐On and Shiboleth, 2006).

1.9.3 Integrated Virus Disease Management (IDM):
Integrated virus disease management (IDM) is a concept that encompasses the use of more than one
virus control measures. For example, use of a pesticide may be combined with the use of barrier
plants to provide a more effective disease management strategy (Razdan and Sabitha, 2009). Using
multiple complementary control measures that act in differing ways has been proven to be the most
effective method to manage virus infections, with minimal negative impact on the environment and
ecosystem. Combination of different measures which target different aspects of pest control is
crucial in maximizing effectiveness. By using the correct techniques, both internal and external virus
sources can be controlled, a range of selectivity can be achieved and virus infection can be managed
throughout the life cycle of the plant (Jones, 2006). One such example of IDM in practice is the Jones
(2001) paper, which investigated the development of IDM against non‐persistently aphid‐borne
viruses. This particular study targeted Cucumber mosaic virus (CMV) and Bean yellow mosaic virus
(BYMV) in L. angustifolius, a narrow leaf lupin. These viruses are both significant in Tasmanian
agriculture, with the potential to spread to native flora. This particular study involved the use of 12
separate management controls, including phytosanitary measures such as sowing seeds with a low
virus content, cultural methods including lower seed transmission cultivars, isolation from nearby
crops, optimal plant density and canopy development, barrier crops and sowing early maturing
cultivars among others. The development of IDM strategies varies between both crop/plant species,
as well as target viruses and relies heavily upon virus epidemiology, and host‐virus‐vector
interactions.
This requirement for knowledge and understanding highlights the need for further metagenomic
studies of the natural floral virome, as more comprehensive foundation of understanding and
characterization will allow for the negotiation of viral threats to agriculture, and for the conservation
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of Australia’s native flora. Not only this, but novel virus species may be used for gene therapy,
treatment of bacterial infection and use as MSCP tools which can aid in efficient and sustainable
food production for an expanding global population.

1.10 Human Impact and Climate Change:
Human interference has had an immeasurable impact on plant virus diversity, evolution and
abundance. Increased encounters, introduction of exotic viruses and plants and indirect involvement
through phenomena such as climate change all play a role in the emergence of disease in plants. The
introduction at the agro‐ecologcial interface between exotic and native plant species is driving virus
emergence in new species at ever‐increasing rates, which is further exacerbated by extreme
weather events and changing atmospheric conditions propelled by climate change.
The majority of these encounters occur at the managed‐natural vegetation interface. This is where
introduced plant species come into contact with the natural environment. The virome of the
naturally occurring flora populations are generally unstudied, and often display no symptoms of viral
infection. However, this is not necessarily due to being virus free, but rather the native populations
have co‐evolved with the indigenous virus species and are therefore asymptomatic (Cooper and
Jones, 2006). Although, if the virus does cross the border into the introduced species, epidemics may
occur which have the potential to decimate agricultural systems and trade markets outside of the
directly affected crop. Encounters provide an opportunity for virus evolution and adaptation which
hastens virus infection rates in both directions across the border (Jones, 2014). This poses a
significant threat into the future as it is estimated that just under half of all emerging disease‐
causing organisms are viruses, and due to the simplicity of their genome, viruses are able to evolve
rapidly to infect new species which they come into contact with (Bedhomme, Lafforgue and Elena,
2011). Such properties suggest the requirement of further investigation into the natural virome,
plant virus diversity, evaluation of the impact that viruses have on plant fitness and studies of virus
transmission to help to produce models that can be used to predict outbreak severity. Not only to
protect agricultural and native species, but also to gain a more developed understanding of virus
evolution and history to implement strategies to conserve the wild ecosystem and the native flora
species (Jones, 2014).
Loss of biodiversity through human intrusion is one of the key factors driving virus emergence. This
concept is not new, however, the rate at which it is happening is. With an ever‐growing need for
more food (for both humans and animals), land use and agriculture are being pushed in directions to
maximise efficiency and yield, but the biosecurity risk is somewhat neglected. Two of the
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predominant factors which attribute to this are decreased genetic diversity as genetically engineered
crops dominate in food production which leads to a higher host density, as well as reduced species
diversity (Pagán et al., 2012). These changes in disease distribution through changes in biodiversity
are known as either a dilution (a decreased disease rate with an increasing biodiversity) or an
amplification (an increased disease rate with decreasing biodiversity) effect (Lacroix et al., 2014).
Increasing density of host plants (and a decreased density of non‐host plants) is driving the ability of
once controlled vectors and viral diseases with a narrow host range to infect new hosts (Mitchell,
Tilman and Groth, 2002). The loss of species biodiversity increases, there are less obstacles for
vectors to overcome to infect hosts. Feeding preferences for the vector are limited almost
exclusively to plants that are susceptible to the virus, which leads to amplification of disease (Lacroix
et al., 2014). Changing biodiversity also makes the prediction of disease and its impact difficult. The
Zavaleta and Hulvey (2004) report identifies that biodiversity loss is not random and proportionately
distributed between species. Rather, there is reliance upon certain traits that make a species more
susceptible than others. These include distribution, rarity, physical size, degree of specialization and
trophic situation. There is also a lack of knowledge in regards to the impact that the community
disassembly order (the order in which species are lost to disease) has on the impact of the overall
impact of biodiversity loss (Fox and Brown, 1993). The loss of key species not only has the potential
to impact disease prevalence and spread, but also has unpredictable evolutionary implications in the
future (Zavaleta and Hulvey, 2004). An accurate model may be able to be developed to predict the
order of species loss within an ecosystem, using the traits of remaining host species and disease
prevalence (Brooks and Zhang, 2010). Such a model would provide insight within both the managed
and natural ecological sectors to prevent devastating loss from biodiversity driven disease
amplification.
Despite calls for immediate action, human influences such as deforestation and the burning of fossil
fuels are driving climate change. During this century, it is expected that the Earth’s surface will
increase in temperature somewhere between 2.1 and 6.4 degrees Celsius, depending upon the
greenhouse gas emissions model used and action taken in the near future (Jones, 2014). The
influences go beyond the obvious temperature change and its impact on both plants and micro‐
organisms, but also includes an increase in frequency of extreme weather events, rising sea levels,
and changes in rainfall and precipitation (Jones, 2014). This leads to atmospheric changes including
increased levels of carbon dioxide and changes to water availability (Trebicki, 2020). Not only does
this directly impact the fitness of plant viruses, but also has implications for the hosts and vectors.
The host plants are susceptible to physiological and biochemical change due to the rising CO2 levels.
Multiple papers, including the Myers et al., (2014) and Vassiliadis et al., (2016) studies, detail the
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impact that CO2 levels have on cereals. In an environment with increased CO2, the crops were
observed to experience increased growth and yield, but the nutritional value of the crops was
diminished. Not only is this important for human health and nourishment, but decreased levels of
nitrogen in the plant tissue effects the behavior of vectors (Guo, Wan and Ge, 2017). Guo, Wan and
Ge (2017) also found that the increasing levels of ozone and carbon dioxide in the atmosphere varies
the hormone‐dependent signaling pathways such as the previously mentioned salicylic acid
pathway, which assists in the hosts response to viral infection. Aside from the physiological changes
induced in both the hosts and viruses, significant changes in the environment also provide selective
pressures which will see more uncommon viruses begin to become more prevalent where the
environment selects. Depending on the pathogenicity of these specific viruses this may have positive
or negative repercussions, but will most definitely pose new challenges in plant virus management.
One such example of this is the review authored by Canto, Aranda and Fereres (2009), which found a
number of outbreaks in the Mediterranean basin caused by unrecognized viruses, driven by climate
change and other human activities such as agricultural expansion. Similarly, some infection rates are
expected to decrease as the earth’s surface warms. In southern England, the cereal aphid R. padi is
anticipated to reduce in numbers due to a reduced fitness in warmer temperatures (Newman, 2004).
This decrease in cereal aphid numbers will lead to different virus vector population dynamics within
the area, leading to a substantial change in disease distribution. Increased CO2 levels have also been
tested for influence upon winged insect vectors, but little‐to‐no overall conclusions are able to be
drawn as results indicate that the influence is largely species specific, and sometimes also vector‐
plant species specific (Canto, Aranda and Fereres, 2009).
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Figure 6: Influence of increased CO2 on plants and vectors, both directly and indirectly (Canto, Aranda and Fereres, 2009)

1.11 Inoculation Methods:
Not only must indigenous plant viruses in Tasmania must be characterized, but their potential
impact and means of spread is also cause for concern. Transmission of plant viruses occurs in a
variety of forms, and despite arthropods being the basis of most transmissions, viral particles can be
transferred via a vast number of routes. These include biological vectors including the
aforementioned arthropods, but also nematodes, fungi, seeds, propagules and pollen, as well as
particles disrupted by mechanical means such as pruning, mowing and grafting.
Of these inoculation/infection methods, vectored inoculation dominates the natural environment.
These vectors are usually insects which use the plant as a source of nutrients, but can also include
root nematodes and parasitic fungi (Brault et al., 2010). Of these, aphids are the most common, and
are responsible for the transmission of up to 30% of all known plant virus species (Brault et al.,
2010). To successfully infect a plant, the virus must be able to gain entry into the cell. Despite
defenses such as cellulose cell walls, viruses have adapted to survive. Some viruses are present in
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organs required for reproduction such as seeds, pollen, bulbs and tubers (Mink, 1993). Viruses are
usually introduced to the host through an interruption of the cellular wall from an external source.
This may include an abrasion or injury, but is generally due to the activity of winged arthropods
(Brault et al., 2010). Once inside the cell, viruses use the host cell to reproduce and spread through
various mechanisms such as utilization of the plasmodesmata and phloem (Garcia‐Ruiz, 2019).
Due to the nature of their feeding habits, aphids are one of the most efficient virus vectors on the
planet. The mouthpiece of the aphid is comprised of a thin group of stylets, which are used to pierce
through the intracellular gaps into the phloem of the plant. This has the ability to introduce viruses
directly into the vascular system of the plant (Pollard, 1973). Depending upon the species of aphid
present, there are three distinct virus transmission types due to varying host‐vector interactions. A
persistent mode of transmission refers to the vector acquiring the virus over a long period of time
(minutes to hours), and the virus remains active with the vector for an extended period of time
(generally until the vector dies) (Ng and Perry, 2004). A semi‐permanent mode of transmission refers
to a relatively long period of virus association with the vector, acquiring the virus over a period of at
least minutes, and association ranging anywhere from hours to days (Ng and Perry, 2004), whilst a
non‐persistent virus is acquired within seconds and only held by the vectors for a few minutes
(Brault et al., 2010). According to Guy, Cross and Wilson (2020), 42 Tasmanian plant viruses are
transmitted via aphid vectors, representing well over half of the known plant virus species in
Tasmania. Due to this, aphid control is essential for stopping the spread of pathogenic viruses in
both managed and natural plant populations.
There are two dominant nematode families responsible for the transmission of plant viruses and
these include Longidoriae and Trichodoriae, which transmit viruses of the Nepovirus and Tobravirus
genera respectively (Macfarlane, 2003). Nematodes are known to act as a vector for viruses by
feeding on infected plants and then subsequently feeding on other, uninfected plants. Despite the
fact that nematodes can transmit virus particles years after initially coming into contact with the
virus, the interaction between virus and vector is highly specific, and due to this, nematode
transmission is rare compared to other vectors such as insects. The high specificity is related to the
ability of the nematode to retain and release the viral particles within the nematode esophagus
during feeding (Brown, Robertson and Trudgill, 1995). Studies such as the Harrison and Murant
(1977) paper found that the ability of the parasite to carry the virus was directly related to the virus
coat protein and the antigenic specificity of the virus particles. This was determined through analysis
of the smaller genomic virus particle of each genus (RNA2) which encodes the coat protein,
recombination with a different particle and in both cases the nematode was able to transmit the
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virus, confirming that the transmission properties of the virus were related to the coat protein
(Macfarlane, 2003). Due to the specificity of nematode‐transmitted viruses, little research has been
dedicated to them, and literature is scarce, and therefore may be an avenue for research into the
future.
Despite the fact that fungi have the potential to be pathogenic organisms in their own right, fungi
are also able to transmit plant viruses, and there are five species which are known to act as virus
vectors, and are able to transmit thirty species of plant virus (Campbell, 1996). Generally, it has been
accepted that fungi act as plant virus vectors through the release of virus‐infected spores, which
then come to rest on vegetative cells of other plants (Bian et al., 2020). However, some pathogenic
fungi develop associations with their host plant, and have the ability to kill host plant cells for their
own nutrient uptake (Andika et al., 2017). During this parasitic process, small RNA molecules have
been reported to be transferred between the host and the fungi, along with effector proteins that
aid the fungi in obtaining nutrients from the host. From here, it has been speculated that the
transfer of genetic materials may occur, and notably provide a route of transmission for viruses
(Andika et al., 2017). Viruses known to be transmitted via fungal vectors include Cucumber necrosis
virus (CNV), Tobacco necrosis viruses A and D, Lettuce ring necrosis virus (LRNV) and Beet necrotic
yellow vein virus (BNYVV), among others (Varma, 2008, pp.485‐487).
Mechanical transmission of viruses requires the transmission of sap through some sort of injury to
the plant. This may arise from cultural/agricultural practices such as pruning, mowing, harvesting or
grafting. However, other forms of injury can occur through animal contact or environmental
conditions such as strong winds or storms. Due to the nature of this form of transmission, it is rarely
an issue due to lacking the ability to spread to the point of damaging either cash crops or the native
environment, and is infrequently referenced in literature. However, mechanical transmission in a
laboratory is very common, and is one of the preferred methods of inoculating test subjects.
To have a better understanding of the symptoms that these viruses may cause, test plants must be
inoculated. There are a number of methods which have been studied for their effectiveness and
efficiency, such as sap inoculation, root inoculation, needle assisted, vectored inoculation and the
simple rubbing of the virus on the leaf (Samuel, 1931). In controlled environments such as a
laboratory, sap inoculations are one of the most common methods due to being effective, efficient
and if performed properly have a very high infection rate. Sap inoculation involves the extraction of
sap and/or plant material from an infected plant into a phosphate buffer solution for inoculation.
This solution can then be rubbed on the leaves of the plant, or to increase infection rates the plant
may be injured to facilitate entry of the viral particles from submersion in the solution (Sundaresha
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et al., 2012). Other studies use slight variations of this technique, such as the use of a sprayer
instead of submersion (Mandal et al., 2008), but the basic principles remain the same.

1.12 Literature Review Summary:
Plant virology is a field in which both the depth and quality of knowledge has expanded
exponentially in recent times, and with the rate that technology continues to improve, further
progression is expected. In particular, the sequencing and bioinformatic software will be a
cornerstone in expanding both depth and breadth of knowledge within the area. With an increasing
global population, food demands are ever‐increasing and both geographical and atmospheric
changes are happening at a rate that is much faster than ever before. These factors are driving virus
emergence due to increased contact at the managed‐natural ecological interface. As levels of virus
emergence increase, it is imperative that further study is dedicated to the characterization of the
native virome which may be exposed in the future, in order to properly understand and manage the
risks associated with unknown virus species.
Virus emergence in species which it has not been previously documented is cause for concern due to
the ramifications that it may have on both the agricultural industry, as well as conservation
practices. Not only does is there potential for the native virome to be introduced into agricultural
species, but also dominate these environments to an endemic level (Wren et al., 2006). It is also
possible that the viruses that migrate into the cash crops may display different, more severe
symptomology than in their native host plants due to differing host‐virus interactions, and at the
current time studies have not been able to characterize or identify what these symptoms‐or the
viruses that cause them may be. On the contrary, viruses from exotic agricultural species have been
shown to reduce the fitness of native species that they infect (Remold, 2002). In already fragile
ecosystems, the introduction of viral species that reduce fitness of native plants may have impacts
that go far beyond the plant itself.
In addition to understanding the role that the virus may play in both the natural and managed
systems, an in‐depth knowledge of external factors that may influence the spread and damage that
the viruses may cause is crucial. Atmospheric changes such as higher CO2 levels, higher temperatures
and changes in humidity all have an impact on not only the physiological status of plants and their
susceptibility to viruses, but also influence the behaviors of common vectors, including aphids. These
areas, in particular the influence of climate change and atmospheric composition are areas in which
further research is required, in addition to identifying and characterizing the native virome.
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1.13 Research Questions:
After thorough analysis of the available literature, it is clear that there are significant knowledge
gaps in relation to the native virome of many natural ecosystems. In order to address these gaps, we
will aim to answer the following questions:


What virus species are present within the native flora of Wellington Park, and how abundant
are they?



Are these viruses commonly found in managed ecosystems, or are they novel viruses
adapted to native flora?



Which native plant species are natural hosts of viruses and what symptomology, if any, do
they display on infection?



What are the experimental hosts of any novel virus species found and do these species pose
a potential biosecurity threat?
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2

Materials and Methods
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2.1 Survey and Collection of Putative Virus Infected Samples from Mt Wellington
Park:
Plant samples with putative virus infections were collected from Mt Wellington Park on Wednesday
4th April 2021 (permit from Wellington Park Management Trust 20200901). Two locations were
selected for sample collection. The first batch of samples were collected from the Pipeline walking
track that traverses the South‐eastern side of the mountain at approximately 420 metres above sea
level. Samples were collected from the sides of the walking track, up to approximately 50m on either
side of the outlined path. Plants showing symptoms such as venial chlorosis, leaf distortion,
discolouration, necrosis and leaf rolling/curling were identified and samples collected. Twenty‐two
samples were taken from the Pipeline track, with multiple samples from the same species included
in this. The second sampling location was the beginning of trailhead 2, to roughly a kilometre along
the Lenah Valley track. This track runs along the Eastern face of the mountain at approximately
720m above sea‐level. Samples were again taken from plants displaying putative symptoms of viral
infection, with 12 samples taken from this location. Samples taken were mostly leaf material from
the host plant, with some stem included depending upon size. All samples were removed from the
host plant and placed directly into zip‐lock bags, labelled with a number and location, then placed
onto ice. Upon return to the University of Tasmania laboratory, the samples were photographed and
placed into a cool room at 40 C. Sample photos were taken to the Tasmanian Herbarium for
identification.
The 34 total samples taken from both the Pipeline trail and the Lenah Valley track were condensed
down to 18 samples, as multiple samples taken from the same plant were combined, if similar
symptoms were shown. The 20th sample, V. unguiculata (commonly referred to as Cowpea) was one
of the test subjects planted, but once germinated, began to show symptoms of viral infection.
Therefore, samples were taken for analysis under the hypothesis that it may be infected with a
seedborne virus.

2.2 RNA Extraction:
Samples were selected for extraction of viral RNA by attempting to choose samples which
represented both a diverse range of species, and which displayed the most obvious symptomology.
All samples could not be selected for viral RNA extraction due to resource constraints.
RNA extractions were performed with the Qiagen RNeasy PowerPlant Kit to manufacturers
specification with some minor modifications. Twenty‐four total extractions were performed in two
sets of four and two sets of eight. Where possible, the samples were kept on ice when not being
directly handled. MBL buffer (6 mL) (Qiagen) was placed into the heating block at 55oC. Ethanol was
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prepared by adding pure ethanol (16.8 mL) to distilled water (7.2 mL). The appropriate number of
powerbead bead beating tubes (Qiagen) were labelled prior to the addition of 50mg of plant tissue.
MBL buffer (594 µL) and beta‐mercaptoethanol (6 µL) were added to each powerbead tube using a
pipette, and placed into the MP biomedicals MP Fastprep 24 Classic bead beater for two minutes at
5.5 m/s, or until the solution was sufficiently homogenized. Samples were then centrifuged within a
Hettich Mikro 185 centrifuge at 13,000rpm for two minutes with the lysate transferred from the
powerbead tubes into labelled gDNA spin columns placed inside of a 2mL collection tube (Qiagen).
The gDNA spin columns were centrifuged at 10,000 rpm for 30 seconds. The gDNA spin column was
removed from the collection tube and discarded, and the flow‐through was retained. One volume of
ethanol (70%, approx. 400µL) was added to the flow‐through in each collection tube.
The total volume varied between samples due to the differences in recovery of lysate during
homogenization. Up to 700µL of the ethanol/lysate solution was then transferred to each RNeasy
spin column via pipette. The RNeasy spin column was centrifuged at 10,000 rpm, and the flow‐
through was discarded. RW1 buffer (700µL) (Qiagen) was added to the spin column, and the tubes
centrifuged at 10,000 rpm for 15 seconds. RPE buffer (500µL) (Qiagen) was then added to each spin
column after which they were centrifuged at 10,000 rpm. The flow‐through discarded from each
tube. RPE buffer (500µL) was then added to the spin columns and centrifuged at 10,000 rpm for two
minutes. The flow‐through was discarded from each tube. The spin columns were then placed into
new, labelled 1.5 mL collection tubes. RNase free water (55µL) supplied from Qiagen RNeasy
PowerPlant Kit was added directly via pipette to each spin column membrane. The spin columns
were then centrifuged at 10,000 rpm for one minute. 5µL of the flow through was transferred via
pipette to a 0.2mL collection tube to be stored for secondary analysis. Both the remaining 50µL and
the separate 5µL tubes containing the eluted RNA were placed immediately into a ‐80oC freezer.
RNA from select samples were pelletized prior to shipping. To each sample 0.1 volume of sodium
acetate (pH 5.2) and 2 volumes of ice‐cold ethanol (100%) was added following incubation at ‐80oC
for one day. Samples were then centrifuged at 13,000 rpm for 5 minutes and the solution discarded.
Pellets were airdried at room temperature prior to posting to Agriculture Victoria Research for
Illumina sequencing.

2.3 RNA Sequence Analysis:
The first set of data was received as Illumina single‐end short reads ranging from 40,000 reads per
sample, to approximately 6 million. These data sets were imported as paired end reads into the
bioinformatic software Geneious Prime. The specifications for this assembly were as per the
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Geneious Prime method for analysis of metagenomic data sets. This was as follows; sequences were
trimmed with the BBDuk plugin, and paired reads were merged. The merged reads were then
filtered by length with limitations set for reads between 150 and 260 base pairs in length. Following
this, the filtered reads were de novo assembled under custom settings of minimum overlap identity
(98%), maximum gaps per read (1%), minimum overlap (100), ignore words repeated more than
(200) times and maximum mismatches per read (2%). All other settings were default.
A second software was also used, VirusDetect. Raw data files were converted into fastq format and
then uploaded to the VirusDetect website. From here, the servers assembled the reads into viral
contigs, and reported findings via email after a few hours.
Genome Detective was utilised for the majority of this investigation. Again, the raw data was
uploaded to the website, and after filtering out the non‐viral reads, the software de novo assembled
all contigs, and matched them to the most similar sequences from NCBI genbank.
Identified viral reads were exported to Geneious Prime for further analysis and primer design for
PCR in order to confirm their identity.
A second round of sequencing was deemed necessary, as analysis of the first results revealed that
they were of poor quality. To do so, Agriculture Research Victoria ran the Illumina sequencing on all
samples again, on four lanes instead of two. This gave a deeper read and more data within the
results.

2.4 Mechanical Transmission of Putative Virus Samples:
To assess virus isolates found during sample collection for transmission potential seeds of a number
of test plant species were planted. On 10/3/2021, a total of 90 individual pots were seeded with an
approximate diameter of 6cm, using general purpose potting mix. Ten pots were seeds for each of
the following species based on availability. Tetragona expansa, Gomphrena globose, Datora
stramonium, Physalis floridana, Chenopodium amaranticolour, Chenopodium quinoa, Nicotiana
benthamiana, Nicotiana glutinosa, Capsella bursa‐pastoris, Vicia faba and Vigna unguiculata. The
quantity of seeds planted per pot was decided relative to the size of the seed. For smaller seeds (1‐
2mm in diameter) such as P. floridana, 8‐10 were planted per pot, whilst larger seeds (5mm or
larger) such as T. expansa, 1‐2 were planted per pot. These pots were appropriately labelled and
placed into the University of Tasmania Greenhouse, located at the New Town Laboratory precinct,
which is temperature controlled (22oC +/‐ 2oC) and watered regularly.
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On 28/5/2021, T. expansa, N. glutinosa and P. floridana underwent sap inoculation from some select
samples (1,2,4,7 and 8). In order to inoculate the test subjects, a phosphate buffer was prepared. In
a 500mL flask, distilled water (100mL), K2HPO4 (1.458g), KH2PO4 (0.222g) and L‐cysteine (0.158g)
were mixed thoroughly. pH was adjusted to 7.37. Using a mortar and pestle, a small amount of leaf
material (approx. 5g) was mechanically broken down in the phosphate buffer (approx. 10mL). Once
the leaf material was significantly broken down, Celite (approx. 5 g) was added to further
homogenize the paste. Once fully homogenized, a small amount of the mixture was rubbed on the
leaves of the test plant, using the thumb and forefinger. Each sample mixture was applied to two of
each of the test plants, and the process repeated with each sample. Following this, all plants were
rinsed and placed under newspaper for symptom development.

2.5 Electron Microscopy:
On 28/9/2021 electron microscopy was performed to attempt to locate any viral particles present
within the sample tissue, using a Philips EM201 electron microscope. Due to natural senescence of
the sample tissue, only some samples were available. Samples which underwent EM includes
samples 1, 3, 5, V. unguiculata, necrotic OFV, chlorotic OFV, P. floridana inoculated with sap from
Sample 1, P. floridana inoculated with sap from Sample 2 and T. expansa inoculated with sample 2.
Unfortunately, the N. glutinosa which exhibited signs of putative virus infection had died, and
therefore was not available to be examined.
First, all equipment (tweezers, scalpel, small rod) were sterilized using ethanol and heat. A small
piece of tissue was extracted from the sample using a sharp scalpel blade and placed onto a
microscope slide. A drop of Ammonium molybdate (AM) stain was added to the slide, and the small
rod was used to pulverize the plant tissue within the stain. Using the tweezers, an EM grid was
placed copper side down into the tissue emulsion‐ and let sit for one minute. Excess stain was
dabbed away from the EM grid and allowed to dry for approximately ten minutes. This process was
repeated for each of the samples used.
On the 13/10/2021, the prepared EM grids were examined under the electron microscope. Using
20,000x magnification, the samples were examined for any rod, bacilliform or spherical particles that
appeared to be viral.

2.6 Polymerase Chain Reaction (PCR):
2.6.1 Reverse Transcription PCR:
On the 13/10/2021, RT‐PCR was used in order to convert the viral RNA present from the RNA
extraction procedure into cDNA, for PCR. This procedure was performed using the iScript Reverse
Transcription Supermix for RT‐qPCR (BIO‐RAD). Sample 1‐19 (excluding 16), cowpea, necrotic orchid
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and chlorotic orchid were all subject to this treatment. Using an Eppendorf tube (2 mL), iScript RT
Supermix (BIO‐RAD, 86 µL) and nuclease free water (301 µL) were combined to make a standardized
stock solution in order to ensure consistency between samples. Stock solution (18 µL) was pipetted
into 21 labelled Eppendorf tubes (1000 µL) for each sample. The RNA extract from the sequencing
stage of the experiment was removed from the ‐80oC freezer and thawed in a container of ice. RNA
extract (2 µL) from each sample was pipetted into the respectively labelled Eppendorf tube (2 mL)
containing the stock solution. All samples were then placed into a Perkin Elmer Geneamp PCR
system 2400 and cycled as per manufacturer’s instructions: 25oC (4 min), 42oC (30 min), 85oC (5 min),
and then refrigerated at 4oC for storage.

2.6.2 PCR:
Six sets of PCR primers were obtained in order to encompass a large range of common virus species,
as well as Tobacco Mosaic Virus primers designed for the sequence obtained from sample 14. The
PCR primers were as follows:
Cucumber Mosaic Virus: CMV‐F: TATGATAAGAAGCTTGTTTCGCG
CMV‐R: GCCGTAAGCTGGATGGACAA
CMV‐F2: ACCCTRAARCCRCCDRAAATWGA
CMV‐R2: CGYTGRTGYTCRAYGTCRACRTG
Universal Potyvirus:

Poty‐F2: GGXAAYAAYAGYGGXCAZCC
Oligo‐T: TTTTTTTTTTTTTTTT
Poty‐F1: GTITGYGTIGAYGAYTTYAAYAA
Poty‐R1: TCIACIACIGTIGAIGGYTGNCC

Tobacco Mosaic Virus

TMV‐1F: GTATTTTTACAACAATTACC
TMV‐ 1049R: ACACTTTTATGGGCCACACC
TMV‐157F: GTCTTTACGACACAGCGG
TMV‐388R: TCATAAGTCAATGATCCG

X= A, G, C or T; Y= T or C; Z= A or G; N= A+C+G+T; V= A+C+G; R= A+G; W= A+T; Y= C+T; I=
deoxyinosine
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On the 20/10/2021, PCR was performed for use in gel electrophoresis, using a HotstarTaq Plus PCR
Master Mix Kit (Qiagen). An ice bucket was collected to store samples and reagents when not in use.
A set of primers was selected (forward and reverse), and to each 10x volume of DEPC water was
pipetted.
The HSTaq Plus mastermix (Qiagen), H2O (Qiagen) and Coraload concentrate (Qiagen) were thawed
in the ice bucket, as well as samples intended for PCR. For cucumber mosaic virus (CMV) and
universal potyvirus primers, all samples which underwent RT‐PCR were used, whilst only samples 7
and 14 were used with TMV primers. Using Eppendorf tubes (2 mL), the primer stock mixture (5 µL)
was combined with DEPC water (45 µL) to obtain at 10x dilution. For each set of primers, a stock
reaction mixture containing all required reagents is required. This reaction mixture was prepared in
an Eppendorf tube (2 mL) using HotstarTaq Plus Master Mix (Qiagen, 10 µL), forward primer (1 µL),
reverse primer (1 µL), Coraload concentrate (Qiagen, 2 µL) and H2O (Qiagen, 4 µL). These volumes
were multiplied by the number of samples undergoing PCR with the specific primer set. Stock mix
(18 µL) was then pipetted into labelled Eppendorf tubes (1 mL) for each sample. RNA extract (2 µL)
was then added to each respective samples tube.
This process was repeated for each respective primer set. Following this, the solution was placed
into the Perkin Elmer Geneamp PCR system 2400, and cycling conditions set as follows:
TMV: 95oC (5 min), 35(95oC (1 min), 48oC (1 min), 72oC (1 min)), 75oC (10 min), 4oC (storage)
Universal Potyvirus: 95oC (5 min), 35(95oC (45 sec), 45oC (45 sec), 72oC (45 sec)), 72oC (7 min), 4oC
(storage)
CMV: 94oC (5 min), 35(95oC (30 sec), 55oC (30 sec), 72oC (30 sec)) 72oC (7 min), 4oC (storage)
Resulting gel electrophoresis analysis identified that the annealing temperature may have been too
low for the TMV PCR, so the PCR cycle was adjusted as follows to attempt to remove any false bands
in the gel.
TMV: 95oC (5 min), 35(95oC (1 min), 60oC (1 min), 72oC (1 min)0, 75oC (10 min), 4o(storage)
A third TMV PCR was run at 55oC annealing temperature, testing the cDNA from sample 7 and 14.
Samples 1, 2 and 3 were added as negative controls.

2.6.3 Gel Electrophoresis:
To identify the PCR products that were amplified, a gel electrophoresis was run. Agarose powder
(0.3 g) was combined with TAE buffer (30 mL). The solution was heated in a microwave until boiling,
swirled and repeated until agarose powder dissolved. Solution was let cool for five minutes. SYBR
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safe DNA gel stain (3 µL) was added and solution poured into a gel electrophoresis tray. Gel was
placed into cool room at 4oC and left to set for one hour. Once set, gel tray was placed into the
electrophoresis tank and covered with TAE buffer. PCR product (2 µL) was pipetted into each of the
six middle wells made by the tray in the gel, whilst Hyperladder 50bp (meridian bioscience, 2 µL) was
pipetted into the two outer wells in order to indicate the size of the PCR products. Using a PowerPac
Universal Gel Electrophoresis machine (BIO‐RAD), the gel was left to run at 100 volts for 45 minutes.
The gel was then removed and placed into a Kodak EDAS 290 photo chamber and bands analysed.
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Results
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3.1 Survey and Collection of Putative Virus Infected Samples from Mt Wellington
Park:
3.1.1 Collection of putative samples:
All plant samples were identified to species except for one sample (denoted “unknown”) (Table 1).
The 34 samples collected from both the Pipeline trail and the Lenah Valley track were condensed
down to 19 samples, with samples taken from the same plant species in close proximity being
combined, if similar symptoms were shown (Table 1; Figs 7‐26). The 20th sample, V. unguiculata
(commonly referred to as Cowpea) was one of the test plants which following germination showed
symptoms of viral infection. Therefore, samples were taken for analysis under the hypothesis that it
may be infected with a seedborne virus.

Table 1: Floral species collected and putative viral symptoms expressed

Sample Number

Sample Name
1 Prostanthera lasianthos
2 Olearia argophylla
3 Olearia argophylla
4 Unknown
5 Pomadermis apetala
6 Digitalis purpurea
7 Bedfordia salicina
8 Nematolepsis squamea
9 Nematolepsis squamea
10 Coprosma quadrifilia
11 Blechnum wattsii
12 Fuchsia magellanica
13 Digitalis purpurea
14 Bedfordia salicina
15 Billardiera longiflora
16 Cyathodes glauca
17 Zieria aborescens
18 Digitalis purpurea
19 Nematolepsis squamea
20 Vigna unguiculata

Symptoms
Veinial chlorosis, leaf distortion
Chlorotic mottling
Chlorotic mottling
Midrib chlorosis
Chlorotic mottling
Chlorotic mottling
Chlorotic mottling, leaf distortion
Chlorotic mottling
Chlorotic mottling
Chlorotic mottling, leaf distortion
N/A
Mild chlorotic mottling
Leaf distortion
Mild midrib chlorosis, leaf distortion
N/A
Chlorotic mottling
Chlorotic mottling
Chlorotic mottling
Chlorotic mottling
Chlorotic mottling, leaf distortion

Location
Pipeline
Pipeline
Trailhead 2
Trailhead 2
Trailhead 2
Pipeline
Pipeline
Pipeline
Trailhead 2
Pipeline
Pipeline
Pipeline
Pipeline
Pipeline
Pipeline
Trailhead 2
Trailhead 2
Trailhead 2
Pipeline
N/A

RNA Extracted?
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
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3.1.2 Images of Samples Collected from Wellington Park

Figure 7: Sample 1, Prostanthera lasianthos
displaying venial chlorosis

Figure 8: Sample 2, Olearia argophylla dispalying
chlorotic mottling

Figure 7: Sample 3, Olearia argophylla
displaying chlorotic mottling

Figure 8: Sample 4, Unknown species
displaying midrib chlorosis

Figure 9: Sample 5, Pomadermis apetala
displaying chlorotic mottling and leaf
distortion

Figure 10: Sample 6, Digitalis purpurea
displaying chlorotic mottling
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Figure 11: Sample 7, Bedfordia
salicina displaying chlorotic mottling

Figure 12: Sample 8, Nematolepsis
squamea displaying chlorotic mottling

Figure
Figure13:
15:Sample
Sample9,9,Nematolepsis
Nematolepsis
squamea
squameadisplaying
displayingchlorotic
chlorotic
mottling
mottling

Figure 14:
16: Sample 10, Coprosma
quadrifilia displaying chlorotic
mottling and leaf distortion

Figure
Figure 17:
17: Sample
Sample 11,
11, Blechnum
Blechnum
watsii
does
not
display
watsii does not display symptoms
symptoms of
of
viral
infection
viral infection

Figure 18: Sample 12, Fuchsia
magellanica, displaying mild
chlorotic mottling

44

Figure 15:
19: Sample 13, Digitalis
purpurea, displaying leaf distortion

Figure 16: Sample 14, Bedfordia
salicina displaying midrib chlorosis

Figure 17: Sample 15, Billardiera
longiflora does not show any signs
of viral infection

Figure 18: Sample 16, Cyathodes
glauca displaying chlorotic mottling

Figure 23: Sample 17, Zieria
arborescens displaying chlorotic
mottling

Figure 24: Sample 18, Digitalis purpurea
displaying chlorotic mottling
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Figure 25: Sample 19, Nematolepsis
squamea displaying chlorotic mottling

Figure 27: Cymbidium control sample displaying
necrotic mottling

Figure 26: Sample 20, Vigna
unguiculata displaying chlorotic
mottling and leaf distortion

Figure 28: Cymbidium control sample displaying
chlorotic mottling
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3.2 RNA Sequence Analysis:
3.2.1 Data collection and analysis:
Of the initial RNA samples sent to Agriculture Research Victoria, 16 of the 19 total samples passed
quality control thus indicating that the RNA extraction procedure was performed to an acceptable
standard. For the extraction and sequence analysis portion of this study, two orchid samples were
also taken and extracted as positive controls. Both of these samples were known to be infected with
orchid fleck virus (OFV), but differed in leaf symptom expression. These samples were to be the
control for the RNA extraction and analysis procedure, as both samples were known to be infected
with high enough titre in order to cause symptomatic disease.
Upon receiving the read list from Agriculture Research Victoria, Samples 1, 3 and Cowpea were
selected for de novo assembly in Geneious Prime. The first datasets received included Samples 1, 2,
3, 4, 5, 6, 7, 8, 14, 15, 16, Cow pea, Necrotic OFV and Chlorotic OFV. Samples 7 and 19 did not give
sufficient quality readings for analysis, whilst samples 2, 9, 10, 11, 12 and 13 did not have any reads
that mapped back to a viral genome. Each sample was run twice on the Illumina platform as a single‐
end read. Once the results were received, the OFV samples were de novo assembled and the contigs
generated were uploaded to Geneious Prime, VirusDetect and Genome Detective.
Virus‐like contigs were detected in very low titre, as well as in the control Cymbidium samples. This
prompted a resequencing by Agriculture Research Victoria, run on four lanes instead of two. After
receiving the updated results, reassembly of the reads using Genome Detective and VirusDetect
revealed that there was no significant change in virus‐like reads between the two sets of sequences,
so the investigation progressed with using the original and second results (for samples which were
sequenced), denoted Run 1 and Run 2, respectively. Once the analyses were complete, the results
were exported to Microsoft Excel and complied.
Genome Detective was used primarily for sequence analysis, as it was able to give in‐depth analysis
on the virus‐like sequences obtained. Based on certain report specifications such as coverage of the
target genome, read depth, nucleotide identity and amino acid identity, results for each sample
were separated into either a results (higher quality reads with higher matching identities) or
discovery sections (lower quality and identity matches). Genome Detective do not disclose the
parameters which dictate whether a read which maps back to the reference database is a result or
discovery. Using the results gained from this process, a preliminary conclusion was drawn on the
likelihood of there being a true virus sequence identified. If sufficient evidence was found that a
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virus was present in the sample, the contig was to be analysed, exported to Geneious Prime and
primers designed for PCR analysis.

3.2.2 RNA sequence analysis results:
The following tables contain all results obtained from VirusDetect and Genome detective. These
tables outline factors such as similarities to reference genomes through amino acid and nucleotide
identities.
Table 3: Sample 1 Results and Discoveries
Run 1 Sample 1 1.1 Discoveries
Assignment
# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
Cladosporium fulvum T-1 virus
1
3
4.74581
1.1
52.8736
41.3793
Run 1 Sample 1 1.2 Discoveries
Assignment
# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
Prochlorococcus virus Syn1
1
3
0.109836
1.8
80.4762
91.4286
Run 2 Sample 1 1.1 Discoveries
Assignment
# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
Lausannevirus
1
1
0.0320112
1.4
81.982
94.5946
Rhodococcus phage REQ1
1
1
0.251256
1.2
82.1705
62.7907

Table 2: Sample 1 VirusDetect Results
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Table 4: Sample 3 Results and Discoveries

Run 1 Sample 3 1.1 Discoveries
Assignment
Cladosporium fulvum T-1 virus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
2
44
26.6495
3
47.7003
40.3101

Run 1 Sample 3 1.2 Discoveries
Assignment
# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
Cladosporium fulvum T-1 virus
2
52
28.3396
3.2
45.7129
37.9801
Prochlorococcus virus PTIM40
1
14
0.0482421
19.7
83.5165
90
Synechococcus phage ACG-2014g
1
3
0.0691883
3.2
81.8182
95
Run 2 Sample 3 1.1 Discoveries
Assignment
Cladosporium fulvum T-1 virus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
2
47
13.9805
5.5
52.6112
49.4186

Run 2 Sample 3 1.2 Results
Assignment
Cladosporium fulvum T-1 virus
Errantivirus

# Contigs # Reads Coverage (%) Depth of Coverage
NT Identity (%) AA Identity (%)
1
270
11.1412
39.3
53.034
47.0803
1
7
3.43542
3.3
52.3256
41.8605

Run 2 Sample 3 2.1 Discoveries
Assignment
Cladosporium fulvum T-1 virus
Prochlorococcus virus PTIM40
Yellowstone lake phycodnavirus 1

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
1
126
10.9383
18.7
53.5229
47.5836
1
32
0.0402901
50.5
89.4737
96
1
3
0.0774141
2.6
80.4348
93.4783

Run 2 Sample 3 2.2 Discoveries
Assignment
Cladosporium fulvum T-1 virus
Ocimum basilicum RNA virus 2

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
1
113
10.4516
17.5
54.075
49.2248
1
22
12.3563
7.8
47.0414
47.3214

Table 6: Sample 4 Results and Discoveries

Run 1 Sample 4 1.1 Discoveries
Assignment
# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
White clover mosaic virus
1
1
2.68606
1
85.3503
96.1538

Table 5: Sample 5 Results and Discoveries

Run 1 Sample 5 1.1 Dsicoveries
Assignment
White clover mosaic virus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
1
1
2.25834
1.2
93.9394
94.1176
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Table 7: Sample 6 Results and Discoveries

Run 1 Sample 6 1.1 Discoveries
Assignment
Cladosporium fulvum T-1 virus
Errantivirus
Chenopodium quinoa mitovirus 1
Errantivirus
Blueberry fruit drop associated virus
Errantivirus
Strawberry vein banding virus
Errantivirus
Cacao swollen shoot Ghana Q virus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
2
2068
32.0308
116.6
47.6719
39.8196
1
210
4.20772
87.7
51.2658
37.7358
1
30
42.4908
3.4
48.0519
40.1554
1
24
4.83356
8.7
48.7603
39.6694
1
14
6.4467
2.9
50.0787
40.566
1
7
5.84554
2.1
48.0638
37.6712
2
7
10.4622
1.1
52.6699
42.7007
1
6
5.64581
1.9
51.1792
41.844
1
3
6.39257
0.9
55.4825
45.098

Run 1 Sample 6 1.2 Discoveries
Assignment
Cladosporium fulvum T-1 virus
Errantivirus
Blackberry virus F
Chenopodium quinoa mitovirus 1
Errantivirus
Yellow-breasted capuchin simian foamy virus
Errantivirus
Errantivirus
Tobacco vein clearing virus
Petunia vein clearing virus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
2
918
31.7875
51.5
48.5217
40.3394
1
271
6.65779
72.1
49.8969
43.2099
1
129
3.09278
69.3
53.3333
48.75
1
21
27.2161
3.8
47.8992
42.0168
1
17
4.34088
6.7
51.227
36.6972
1
12
4.19925
3.1
44.9393
32.7273
1
10
11.012
1.6
49.6296
42.963
1
8
6.95073
2
51.2821
37.8698
1
6
4.96974
2
56.701
48.4615
1
3
5.67583
0.9
58.1907
56.6176

Table 8: Sample 8 Results and Discoveries

Run 1 Sample 8 1.1 Discoveries
Assignment
Cladosporium fulvum T-1 virus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
1
1
3.00162
0.7
57.6577
52.7027

Run 1 Sample 8 1.2 Discoveries
Assignment
Cladosporium fulvum T-1 virus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
1
1
3.16387
0.6
59.8291
56.4103
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Table 9: Sample 14 Results and Discoveries

Run 1 Sample 14 1.1 Results
Assignment
Petunia vein clearing virus
Tobacco mosaic virus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
2
46
33.8884
2.7
59.8273
55.6104
4
4
13.0727
0.7
99.4019
99.6086

Run 1 Sample 14 1.2 Results
Assignment
Tobacco mosaic virus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
3
3
9.38233
0.7
99.5
98.8732

Run 1 Sample 14 1.1 Discoveries
Assignment
Cladosporium fulvum T-1 virus
Dioscorea bacilliform TR virus
Dioscorea bacilliform TR virus
Errantivirus
Chenopodium quinoa mitovirus 1
Chenopodium quinoa mitovirus 1
Gooseberry vein banding associated virus
Synechococcus phage S-PM2
Citrus endogenous pararetrovirus
Lamium leaf distortion virus
Strawberry vein banding virus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
1
227
33.6533
13.3
47.4323
38.4242
1
73
4.44566
32.2
50.7599
44.0367
1
62
3.20469
37.8
53.7815
45.5696
1
45
17.6431
5
48.9313
42.6606
1
42
47.1795
4.9
50.9992
46.1722
1
37
43.0769
4.6
50.2595
41.9689
1
32
4.16503
14.4
47.8261
45.7944
1
15
0.0713267
15.5
80
89.3617
1
13
6.3179
4.3
52.7523
44.5205
1
11
10.0091
2.1
53.4194
42.471
1
5
5.48502
1.7
48.3333
35

Run 1 Sample 14 1.2 Discoveries
Assignment
Cladosporium fulvum T-1 virus
Errantivirus
Errantivirus
Petunia vein clearing virus
Chenopodium quinoa mitovirus 1
Errantivirus
Chenopodium quinoa mitovirus 1
Errantivirus
Citrus endogenous pararetrovirus
Lamium leaf distortion virus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
1
376
32.9232
22.1
49.0668
38.8543
1
71
13.7017
9.8
45.8698
37.3178
1
64
13.0493
9.3
48.3673
39.5706
3
39
24.7849
3.1
64.3813
61.6027
1
37
40.4029
4.9
50.6964
44.2897
2
30
13.5286
4.2
48.4699
41.2979
1
29
29.8168
5.1
53.4247
50
1
27
14.7403
3.5
49.4444
43.3333
1
13
5.36021
4.9
49.0667
37.6
1
9
9.64605
1.7
53.1459
40.9639
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Table 10: Sample 15 Results and Discoveries

Run 1 Sample 15 1.1 Results
Assignment
# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
Pepper cryptic virus 1 (segment RNA 1)
3
13
40.499
3.3
71.406
71.09
Run 1 Sample 15 1.2 Results
Assignment
# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
Pepper cryptic virus 1 (segment RNA 1)
3
13
39.6673
3.2
71.129
68.599
Run 1 Sample 15 1.1 Discoveries
Assignment
# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
Cladosporium fulvum T-1 virus
2
572
27.2715
45.9
47.2654
36.8976
Synechococcus phage S-RSM4
1
329
0.0786818
344.1
85.6209
94.1176
Synechococcus virus SRIM44
1
242
0.113953
172.1
84
96
Citrus endogenous pararetrovirus
1
19
7.54717
6.1
58.2834
49.7006
Dioscorea nummularia associated virus
2
16
11.9916
2.6
56.5884
47.546
Strawberry vein banding virus
1
14
4.22803
6.7
50.1502
37.8378
Errantivirus
2
13
11.3715
2.5
49.9401
42.0863
Ocimum basilicum RNA virus 2
1
13
23.1681
3.2
36.5741
22.6852
Friend murine leukemia virus
1
8
4.69783
3.3
49.2268
41.8605
Pepper cryptic virus 1 (segment RNA 2)
1
7
18.254
4.1
65.5797
61.9565
Rice tungro bacilliform virus
1
6
6.64834
1.8
51.8382
37.0166
Run 1 Sample 15 1.2 Discoveries
Assignment
# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
Cladosporium fulvum T-1 virus
2
777
27.5554
58.7
46.4181
36.377
Petunia vein clearing virus
1
82
12.0316
14.5
53.2646
44.6735
Errantivirus
1
13
6.01864
4.4
49.115
35.7616
Errantivirus
1
12
8.06924
3
50.495
45.0495
Dioscorea nummularia associated virus
1
10
7.8388
2.4
59.8746
49.0566
Ocimum basilicum RNA virus 2
1
10
9.375
5.9
63.6015
62.069
Pinus nigra virus 1
1
8
6.33179
2.9
59.5745
55.3191
Pepper cryptic virus 1 (segment RNA 2)
1
6
17.791
3.4
65.7993
61.1111
Rice tungro bacilliform virus
1
6
6.7858
1.7
51.2821
34.6154
Errantivirus
2
5
10.7324
1
49.4898
44.0613
Rubus yellow net virus
1
4
3.40735
2.3
56.5056
55.5556
Noumeavirus
1
2
0.0332264
2.5
83.2
92.8571
Chrysochromulina ericina virus
1
1
0.0198497
1.6
80.8511
90.3226
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Run 211:
Cowpea
2.1Results
Results
Table
Cowpea
and Discoveries
Assignment
Citrus endogenous pararetrovirus

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
6 88
35.263 4.6
62.3482
61.0909

Run 2 Cowpea 2.2 Results
Assignment
Cotesia glomerata bracovirus (putative histone 4 gene)

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
14
61.2676 2
72.0307
89.6552

Run 1 Cowpea 1.1 Discoveries
Assignment
Errantivirus
Cladosporium fulvum T-1 virus
Errantivirus
Chenopodium quinoa mitovirus 1
Errantivirus
Errantivirus
Dioscorea bacilliform virus

# Contigs
1
6
2
1
2
1
1

# Reads Coverage (%)
147
15.9521
84
16.6847
45
14.7936
27
23.2601
23
11.4381
10
4.94008
4
5.35739

Depth <br/>of Coverage NT Identity (%) AA Identity (%)
18.1
47.7419
40.1937
10.5
52.6187
44.9275
6.3
48.7649
39.011
6.6
46.7409
37.3206
3.9
46.8368
39.2027
4.1
52.0216
41.4634
1.6
49.2347
36.6412

Run 1 Cowpea 1.2 Discoveries
Assignment
Errantivirus
Cladosporium fulvum T-1 virus
Errantivirus
Chenopodium quinoa mitovirus 1
Citrus yellow mosaic virus
Hibiscus bacilliform virus GD1
Errantivirus
Citrus yellow mosaic virus
Soybean Putnam virus

# Contigs
1
7
1
1
1
1
1
1
1

# Reads Coverage (%)
130
15.0333
60
24.1482
33
16.751
29
24.8352
6
4.77576
6
9.83188
5
4.66045
4
4.39212
3
4.28001

Depth <br/>of Coverage NT Identity (%) AA Identity (%)
16.5
47.737
40
5
38.961
29.6849
3.8
46.858
38.1395
6.4
46.6077
38.9381
2.5
52.4725
41.8033
1.2
53.9189
46.1538
2.1
51.1429
43.5897
1.8
56.4179
46.4286
1.3
52.1084
49.0909

Run 2 Cowpea 2.1 Discoveries
Assignment
Cladosporium fulvum T-1 virus
Errantivirus
Gooseberry vein banding associated virus
Chenopodium quinoa mitovirus 1
Dioscorea nummularia associated virus
Dioscorea bacilliform TR virus
Errantivirus
Citrus endogenous pararetrovirus
Dioscorea nummularia associated virus
Dioscorea bacilliform virus
Pinus nigra virus 1
Dioscorea nummularia associated virus
Pinus nigra virus 1
Dioscorea nummularia associated virus
Errantivirus
Dioscorea bacilliform virus
Citrus yellow mosaic virus
Citrus endogenous pararetrovirus
Citrus endogenous pararetrovirus
Dioscorea nummularia associated virus
Pinus nigra virus 1
Pandoravirus macleodensis
Arhar cryptic virus-I (segment RNA 3)

# Contigs
3
2
1
1
1
1
1
4
1
1
1
1
1
1
2
1
1
1
2
1
1
1
1

# Reads Coverage (%)
1311
21.755
1233
14.6738
368
6.04518
239
25.2747
185
15.5424
106
4.7184
88
4.00799
88
26.4723
35
4.21428
28
3.55323
26
6.55692
22
3.0962
22
4.61517
14
3.03477
14
6.89747
11
3.45682
10
3.13534
10
4.55975
8
6.0749
5
3.29279
5
4.24933
4
0.0100095
2
15.6315

Depth <br/>of Coverage NT Identity (%) AA Identity (%)
107.3
52.7078
45.6604
146.7
49.4053
43.956
105.4
51.5419
46.3576
46.9
56.9486
58.1818
18.9
59.1837
53.0892
39.5
55.3009
47.4138
38
50.1661
44
6.2
63.013
63.8126
13.2
54.6243
42.6087
13.9
55.1724
48.2759
7.2
59.7015
51.2821
11.2
53.7255
44.7059
8.6
51.1976
40.5405
8.1
59.1111
56.5789
3.5
53.4749
49.711
5.6
58.6614
52.9412
5.5
56.5401
48.1013
4.1
55.4859
48.1132
2.4
66.1176
63.3803
2.4
55.7196
42.2222
2.1
57.1429
44.1176
2.8
83.1522
87.0968
1.2
67.4107
66.6667

Run 2 Cowpea 2.2 Discoveries
Assignment
Cladosporium fulvum T-1 virus
Errantivirus
Chenopodium quinoa mitovirus 1
Rubus yellow net virus
Dioscorea bacilliform virus
Dioscorea nummularia associated virus
Citrus endogenous pararetrovirus
Errantivirus
Dioscorea bacilliform virus
Petunia vein clearing virus
Dioscorea bacilliform AL virus
Citrus yellow mosaic virus
Dioscorea bacilliform virus

# Contigs
3
2
1
2
1
1
6
1
1
1
1
1
1

# Reads Coverage (%)
869
18.3883
795
14.6471
170
24.3223
144
6.06177
108
3.60832
89
11.2053
74
26.8582
58
3.95473
20
3.73227
14
5.5093
8
4.02155
8
4.48472
4
3.0712

Depth <br/>of Coverage NT Identity (%) AA Identity (%)
82.6
53.353
45.6954
94
49.7709
44.9036
34.5
57.2327
58.4906
38.9
59.205
52.2013
52.6
58.8679
53.9326
12.6
62.3762
59.736
5.1
62.0616
59.8413
25.2
48.1481
44.4444
9.5
57.1956
48.8889
4.5
57.4307 53
57.5758
3.3
50.1618
44.6602
3
51.7544
44.7368
2.6
63.8614
60.2941

Table 12: Necrotic Orchid Fleck Virus Results and Discoveries

Run 1 NOFV 1.1 Results
Assignment
Orchid fleck dichorhavirus (segment RNA 2)

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
79
16.8972 1.4
98.9152
97.9094

Run 1 NOFV 1.2 Results
Assignment
Orchid fleck dichorhavirus (segment RNA 2)

# Contigs # Reads Coverage (%) Depth <br/>of Coverage NT Identity (%) AA Identity (%)
79
16.2473 1.4
98.9744
97.491

Run 1 NOFV 1.1 Dsicoveries
Assignment
Errantivirus
Cladosporium fulvum T-1 virus
Strawberry vein banding virus
Cacao swollen shoot CD virus
Pinus nigra virus 1
Blueberry fruit drop associated virus
Cassava vein mosaic virus
Dracaena mottle virus
Pelargonium vein banding virus
Orchid fleck dichorhavirus (segment RNA 1)
Dioscorea bacilliform virus
Chenopodium quinoa mitovirus 1

# Contigs
1
11
1
1
1
1
1
1
2
3
1
1

# Reads Coverage (%)
146
6.97736
128
24.7972
20
7.5419
11
4.67861
6
8.76601
4
4.2335
4
5.57666
4
4.06321
4
8.55523
3
5.45766
3
4.57237
2
4.10256

Depth <br/>of Coverage NT Identity (%) AA Identity (%)
45.6
49.3204
38.0117
11.3
31.3359
22.5256
5.4
49.577
37.2449
5.2
53.8235
43.8596
1.5
53.1949
44.0191
1.5
53.8095
50
1.4
58.4615
44.4444
2.1
60.8414
63.1068
1
63.3282
63.1336
1.4
89.7143
91
1.5
69.5783
72.0721
2.9
70.5357
70.2703

Run 1 NOFV 1.2 Discoveries
Assignment
Errantivirus
Errantivirus
Cladosporium fulvum T-1 virus
Errantivirus
Errantivirus
Pelargonium vein banding virus
Chenopodium quinoa mitovirus 1
Blueberry fruit drop associated virus
Citrus endogenous pararetrovirus
Pinus nigra virus 1
Orchid fleck dichorhavirus (segment RNA 1)
Blackberry virus F
Cacao Bacilliform SriLanka Virus
Synechococcus virus SCAM9

# Contigs
1
1
14
1
1
3
1
1
1
1
2
1
1
1

# Reads Coverage (%)
597
8.34887
128
7.58988
46
18.821
14
5.91212
12
4.43409
8
13.8808
4
16.0806
3
3.9797
3
5.73185
3
4.89658
2
4.14782
2
4.58045
2
5.66875
~0
0.0526225

Depth <br/>of Coverage NT Identity (%) AA Identity (%)
149.5
46.252
33.9713
36.6
49.7268
37.1585
5.2
18.4249
11.7155
5.1
53.38
46.1538
5.9
55.3459
48.1132
1.2
65.7143
65.9026
1.5
53.6408
48.1752
1.2
60.7143
61.8321
1.2
53.8653
44.3609
1.4
58.3815
46.5517
1.2
90.9774
91.3043
0.9
52.1739
44.3478
0.8
61.8582
56.6176
~1
85.8696
90
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Table 13: Chlorotic Orchid Fleck Virus Results and Discoveries

Run 1 COFV 1.1 Results
Assignment
Orchid fleck dichorhavirus (segment RNA 2)

# Contigs # Reads
44

Coverage (%) Depth <br/>of Coverage
10.0817

1.2

NT Identity (%) AA Identity (%)
99.0083
98.0198

Run 1 COFV 1.1 Discoveries
Assignment
Blueberry fruit drop associated virus
Cladosporium fulvum T-1 virus
Pinus nigra virus 1
Errantivirus
Errantivirus
Errantivirus
Chenopodium quinoa mitovirus 1
Petunia vein clearing virus
Pinus nigra virus 1
Ocimum basilicum RNA virus 2
Pelargonium vein banding virus
Blueberry fruit drop associated virus
Ocimum basilicum RNA virus 2
Dracaena mottle virus
Pelargonium vein banding virus
Dioscorea bacilliform virus
Pelargonium vein banding virus
Orchid fleck dichorhavirus (segment RNA 1)

# Contigs # Reads
Coverage (%) Depth <br/>of Coverage
1
236
4.43655
13
104
21.8767
1
68
15.731
1
57
9.28096
1
46
8.48202
1
21
12.9294
1
21
36.044
1
19
6.36969
1
12
8.44238
1
10
20.546
2
7
9.34616
1
5
3.93909
1
5
14.1164
2
4
9.66671
1
3
6.85473
1
2
4.11789
1
2
5.02241
1
1
3.68002

98.7
11.3
11.1
15.1
13.6
4
4
7.6
3.6
3.6
1.8
2.4
2.5
1
1.1
1.2
1
0.8

NT Identity (%) AA Identity (%)
48.1818
38.0952
24.5406
18.4348
48.6198
35.7333
49.4236
41.5584
51.2862
40.0966
47.5052
35.9375
51.1458
45.3125
59.2593
48.366
52.381
43.3498
51.5564
45.614
66.4316
67.3729
61.6188
60.1562
53.2609
48.7805
66.0739
69.2623
66.3443
67.052
62.5418
60
61.9423
60.6299
83.8983
92.4051

Run 1 COFV 1.2 Discoveries
Assignment
Cladosporium fulvum T-1 virus
Petunia vein clearing virus
Errantivirus
Errantivirus
Rudbeckia flower distortion virus
Pelargonium vein banding virus
Errantivirus
Ocimum basilicum RNA virus 2
Errantivirus
Petunia vein clearing virus
Chenopodium quinoa mitovirus 1
Ocimum basilicum RNA virus 2
Blueberry fruit drop associated virus
Blueberry fruit drop associated virus
Pinus nigra virus 1
Strawberry vein banding virus

# Contigs Est. # Reads Coverage (%) Est. Depth <br/>of Coverage NT Identity (%) AA Identity (%)
4
110
15.1568
17
44.1176
32.7456
1
83
18.4568
11.2
52.2332
38.322
1
78
16.3116
11.6
48.2845
39.4472
1
29
7.80293
9
49.5622
42.1053
1
18
9.25566
4.2
50.3311
36.1111
3
14
20.7487
1.6
66.5818
69.4656
1
9
6.68442
3.3
49.8973
40.1235
1
9
13.1106
4.5
47.9109
42.8571
1
8
5.08655
3.9
51.2262
47.1545
1
8
4.39911
4.5
60.5678
52.381
1
6
20.4396
2.1
52.3256
44.186
1
6
13.5057
3
53.2764
48.7179
1
4
3.38071
2.1
59.7598
60.3604
1
3
4.76142
1.1
59.7015
52.5316
1
3
4.48853
1.6
49.6951
40
1
2
4.25343
1.1
61.791
62.5

Total list of results from genetic analysis of the RNA extracted from floral samples from Mt Wellington Park. Results
obtained from VirusDetect and Genome Detective (Vilsker et al., 2018; Zheng et al., 2017)
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3.3 Electron Microscopy:
Upon examination with the electron microscope, only one sample revealed the presence of potential
virus particles. The P. floridana inoculated with sample 1 did reveal a cluster of spherical particles
that may be viral, but also may be plant matter such as organelles (Fig 29). However, the lack of
significant findings may also be due to poor condition of the EM grids used. As can be seen in Figure
30, the grids used were quite old, and the structure of the grid had suffered due to its age.

Figure 19: Electron Microscopy photograph of P.floridana
inoculated with sap from Sample 1 (P. lasianthos)

Figure
Electron
microscopy
photograph
depicting the
Figure20:
10:
Electron
microscopy
photograph
poor condition of the grids used

depicting the poor condition of the grids used

3.4 Mechanical Transmission of putative virus samples:
Of the plants which were inoculated with sap from potentially infected samples, many did not
survive repotting for the sap inoculation. Of those that did, only Nicotiana glutinosa inoculated with
Sample 1 showed significant signs of infection with some leaf distortion and chlorosis (Fig 31). There
were some other subjects which exhibited necrosis and other such symptoms, but the location of

Figure 31: N. glutinosa inoculated with sap from Sample 1

Figure 32: T. expansa inoculated with sap from Sample 7
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these exclusively on the more mature leaves led to the belief that this may have just been due to
stresses on the plant due to repotting (Fig 32).

3.5 PCR and Gel Electrophoresis:
3.5.1 TMV:
The initial PCR run for the TMV primers included samples 7a, 7b, 14a, 14b and a water blank sample
as a negative control, where a and b represent TMV 1F‐1049R and TMV 157F‐388R respectively. As
can be seen in Figure 33, there are many PCR products that correspond to cDNA fragments of all
sizes in both 7a and 14a. Samples 7b and 14b are blank, indicating that either the PCR failed, or that
no cDNA was amplified using the TMV 157F and TMV 388R primers, which were the primers derived
from the sequence identified in NGS sequencing. The water controls were also both blank, signifying
that the PCR was not contaminated. The Hyperladder 50bp (Meridian Bioscience) exhibits bright
bands at 300bp, 1000bp and 2000bp (Meridian Bioscience, n.d.). The target nucleic acid length for
samples 7a and 14a was 1049bp, and there are dull bands at these approximate locations for both
samples.
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Figure 21: Gel electrophoresis using TMV primers of Samples 7 and 14 at annealing
temperature of 48oC
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Following this result, it was hypothesised that the annealing temperature of the first PCR cycle was
too low (48oC), which allowed for binding and amplification of non‐desired sections of cDNA.
Therefore, a second PCR cycle was completed with the TMV primers with an annealing temperature
of 60oC to force more specific binding sites. From Figure 34, it can be seen that the only positive
result is a faint band at just above 1000bp in sample 7‐the target size for the TMV primer used in this
PCR analysis. The third PCR with an annealing temperature of 55oC returned results similar to the
45oC, with a bright ladder of bands present in both samples 7 and 14, with some fainter bands within
the negative controls of samples 1, 2 and 3.

M

1

2

7

14

3

W M

Figure 22: (left) Gel electrophoresis using TMV 1F‐1049R primers
at 60oC annealing temperature (right) 55oC annealing
temperature.
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3.5.2 Universal Potyvirus:
Due to time constraints, only one set of potyvirus primers was run (POTY F1‐R1), however, it was run
over all 21 samples (18 Wellington Park samples, necrotic orchid, chlorotic orchid and cowpea), and
a water blank. The target length for the potyvirus primer used was approximately 330‐350bp. As can
be seen on Figure 35 (in the first block from label M to label W), there many bands representing PCR
products of varying lengths over most samples. Similar to the first TMV run, the annealing
temperature was quite low (45oC), and this can cause non‐specific binding, leading to many PCR
products. Samples which appeared to have a band in the desired location were samples 3, 6, 7, 10,
16, 17, 20 and 21. This may represent viral cDNA that has been amplified, but may also be other
genetic material in the sample that has been amplified, such as ribosomal RNA (now cDNA) or
chloroplast RNA (now cDNA).

Figure 23:
RT‐PCR
gel electrophoresis
of Wellington
Park samples
1‐18,samples
necrotic orchid,
and chlorotic
cowpea using
Figure
15:
RT‐PCR
gel electrophoresis
of Wellington
Park
1‐18, chlorotic
necroticorchid
orchid,
Potyvirus and CMV primer sets

orchid and cowpea using Potyvirus and CMV primer sets

3.5.3 Cucumber Mosaic Virus (CMV):
The CMV PCR was again limited to one primer set, CMV F2‐R2, due to time constraints, but was also
run over all samples. No bands were visible in the gel electrophoresis assay, which may be due to a
lack of CMV within all samples, but also may indicate a failed PCR reaction. Unfortunately, there was
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no available positive control sample to be used for the assay, so it is unclear which of these options
was the cause of the results seen.
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4

Discussion
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4.1 Development a Method for Virus Detection:
Despite the fact that OFV was detected in both the necrotic and chlorotic OFV samples, it was in
much lower volume than what was expected. The chlorotic OFV sample returned four reads at a
depth of 1.2, and the necrotic sample returned nine reads at a depth of 1.4. Both of these results are
exceedingly lower than expected and raised concerns regarding the quality of the sequencing.
Further investigation of the results revealed that a large portion of the RNA sequenced was
ribosomal RNA from the sample plants. Due to the sheer volume of plant cells and abundance of
ribosomal RNA, these reads will dominate the data if not removed prior to sequencing. All samples
did undergo a ribodepletion process by the sequencing provider however, it appears the
ribodepletion step was not completed adequately, resulting in data flooded with rRNA reads. All the
other non‐control samples featured a similar makeup of reads, at least 98% of all reads were not
viral. Due to the control giving ambiguous results, interpretation of the data from other samples is
also somewhat unclear. However, there were still a number of interesting reads matching to viral
genomes that could be worthy of further investigation. Genome Detective gives two categories of
matches; results and discoveries. Viruses listed under the results label have a combination of read
depth, amino acid identity match, nucleotide identity match and coverage which meets a certain
threshold ‘score’ in order to be considered a result. Any lower quality matches, or reads of
insufficient depth are placed under ‘discoveries’ (Vilsker, 2019). Unfortunately, the threshold, or list
of criteria which determines a result or discovery, is not disclosed on the Genome Detective website.
Initially, the contigs were analysed using the NCBI search option within Geneious Prime. However,
Geneious Prime is not cloud based software, and relies on the processing power of the PC. As each
sample was approximately 4 million reads, assembly and analysis of each sample was taking a
number of days, depending on the size of the sample. Through examination of other papers,
including Vilsker et al., (2018), who identified Genome Detective as a fast, cloud‐based tool for the
detection of viruses, it was found that Geneious Prime was not the most effective means for this
purpose. VirusDetect also shares similar properties including the ability to assemble raw data
sequences de novo, as well as map to a reference genome when the target species is known (Zheng
et al., 2017). Using these programs, all non‐viral sequences were removed, and significant results
(such as the OFV reads) were imported back into Geneious Prime for PCR primer design.
Next Generation Sequencing as a method for virus detection is a well‐researched, and well
documented process. Since the introduction of NGS into the field of plant virology in the mid 2000’s,
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the technique has been responsible for the discovery of many novel virus species, as well as
metagenomic studies (Villamor et al., 2019; Donaire et al., 2009). However, it is not a foolproof
method. Using NGS as a virus discovery tool can cause difficulties if sequence data is not sufficient or
virus species are present in low concentrations. Rott et al., (2017) highlight that NGS is a useful
method for diagnostics, as false negatives are unlikely, but there is potential for false positives.
Although error rates are low, the likelihood of false positives is inversely related to the quality and
abundance of viral reads in a sample, which is what was found within the data analysed within this
study. The presence of low numbers of reads with poor genome coverage requires further analysis
to find if these reads are true. Rott et al., (2017) also go on to corroborate conclusions made from
this investigation, in that any RNA sequence which is overanalysed, the bioinformatic software will
generate small sequences that appear to be virus‐like, but are more likely host plant genome
contaminants such as insect viruses that have been transferred to the plant cell, or regular segments
of the plant genome that are also present within viruses, such as RNA‐dependent RNA polymerase.
Instances such as this can make the detection of novel virus species (particularly those in low titre
such as cryptic viruses) very difficult, and the results suggest that this may have influenced the
outcome of the sequence analysis, and the ability to detect virus species within the Mt Wellington
samples, as well as the OFV controls. Not only this, but virus species identified within samples also
often have to be confirmed with PCR, therefore it can be labour and cost intensive (Hadidi et al.,
2016).
There also remains the limitations posed by the bioinformatic software, sequencing library
generation and analysis of large data sets. This was the biggest hurdled posed by the methodology
used in this study. This conclusion is persistent throughout the literature, as emphasised by Kehoe et
al., (2014) in comparison of a variety of Potyvirus genomes. From 23 samples known to be infected
with a virus, only 17 returned a result in which the authors were confident in the positive result,
whilst other samples were of low coverage, low read count, or both. Albeit a more successful
outcome than what was gained from the Mt Wellington samples, it follows a similar pattern of
difficulty with confirming, or denying, the presence of viral species within a sample.
Despite this, the use of NGS in plant pathology, and its value, cannot be understated. The ability to
identify many different virus species within a sample is invaluable when trying to diagnose a specific
disease, or survey a large range of hosts. If the causative species is unknown, NGS can be used to
quickly and efficiently identify the pathogen, so that treatment may begin, potentially saving either
money or endangered species. As highlighted by Hadidi et al., (2016), as well as an innumerable
number of times within the literature, the ability to detect an unknown species within a host is what
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makes NGS such a powerful tool in plant virology. With the evolution of NGS technology and
subsequent techniques such as SMS (single molecule sequencing), NGS will continue to develop,
become more accurate, more cost effective and a more efficient tool for virus detection and
identification.

4.2 Virus Identification and Categorisation from NGS sequencing:
4.2.1 Sample 1 (Prostanthera lasianthos):
The P. lasianthos samples taken displayed a number of symptoms including leaf distortion and
chlorosis. Prostanthera lasianthos is a species of mint, native to Tasmania, Victoria, New South
Wales and Southern Queensland (Australian National Botanic Gardens, 2015). There are a number of
Prostanthera species that inhabit Australia, and some are used for medicinal purposes including the
treatment of cold and flu symptoms, as well as some species possessing antimicrobial properties
(Zielińska and Matkowski, 2014). According to the literature, there is little research surrounding viral
species known to infect the Prostanthera genus. However, according to Kerruish and Walkington
(1997), aphids will infest P. lasianthos shoots, and aphids are the main arthropod vector of floral
viruses. Due to the age of this book, and the evolution of NGS since the book was written, it is not
unreasonable to assume that there are in‐fact virus species that infect Prostanthera, and they have
simply not been detected to this date. Although, due to it not being endangered, nor an
economically significant genus, there has been little research surrounding the virome of the plant.
The results from the NGS indicate that there are virus‐like reads present, however, there is not
significant evidence to definitively prove the presence of these viruses.
Initial results did not provide substantial evidence of the presence of any viral genome, however,
due to previous knowledge that P. lasianthos shrubs in the area had exhibited distinct virus‐like
symptoms and samples that were taken did demonstrate some minor symptoms similar to those
that had been described previously. Hence, Sample 1 was reanalysed, and run on four lanes instead
of the initial two in order for greater depth of results. Despite this, no confident matches to viral
genomes were found, and nearly all reads mapped back to rRNA. The results of the analysis can be
found in Table 2 in which a number of virus species are listed. These viral species include
Cladosporidium fulvum T1 virus. From Run 1 1.1, Cladosporidium fulvum T‐1 virus was identified as a
discovery. C fulvum is a fungus, which is known to cause Tomato leaf mould in tomato plants and
despite being an important plant pathogen, is not of particular interest to this study (Okmen and de
Wit, 2013, pp.211, 224). Alongside this, Sample 1 de novo assembly only shares 53% nucleotide
identity with the C. fulvum genome, and therefore is likely not present in the sample. Proclorococcus
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virus Syn1, Lausannevirus and Rhodococcus Phage REQ1 were all also listed under discoveries on
various runs and despite all sharing nucleotide identities of over 80% with various regions of the
assembled genome, the read counts were very low, depth was poor and coverage was less than
0.25%, therefore there were no significant results from this sample.
Sample 1 was also run through VirusDetect (see Table 3), before the conclusion that Genome
Detective was the most appropriate software to use for this investigation, and gave a result for
Citrus exocortis Yucatan viroid isolate 15 (CEYVd). This result, which covered 91.9% of the genome at
90.7% identity was the first legitimate result found outside of the control OFV genomes. The
genetically different, but related CEVd is known to cause exocortis disease in citrus plants globally,
and the presence of a related viroid within a Tasmanian native mint species displaying symptoms
that may reduce fitness is unexpected and alarming. Such a finding prompted the need for
confirmatory analysis through PCR.

4.2.2 Sample 2 (Olearia argophylla):
Olearia argophylla is a native musk plant that can reach up to 9 metres high. It is found from
Tasmania to New South Wales and is known to grow in wet sclerophyll forests (Ralley, 2012). The
samples of O. argophylla in Sample 2 were taken due to exhibiting some light chlorotic mosaicking,
indicative of disease. Despite this, there are no known examples of virus infection of the Olearia
genus within the literature. This is not surprising, as Olearia is rarely found anywhere except in
native forest areas, and as previously mentioned, these areas are thoroughly understudied.
However, de novo assembly in both Geneious Prime and Genome Detective did not reveal any
contigs that resembled viral sequences. Despite the sample showing a typical symptom of viral
infections in chlorosis, the samples taken were from mature leaves. Younger leaves are preferable
for viral sampling due to the fact that mature leaves may be undergoing senescence, which can
mimic the symptoms of infection such as discolouration or necrosis. Not only this, but leaves which
are senescing have the ability to break down viral capsids through proteolysis. One such example is
described by Brakke, Skopp and Lane (1990), in which WSMV capsid proteins were degraded via
proteolysis in the natural process of leaf senescence. This capsid degradation exposes the viral RNA
to undergo decay as well. Due to these reasons, the presence of viral RNA within leaves which are
aging may be limited, and therefore the younger leaves are a preferable sample choice. However, in
this case, the younger leaves from the sample did not display the same symptomology and were
therefore not taken to be sampled.
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For these reasons, it is unlikely that the Olearia argophylla from Sample 2 is suffering from a viral
infection. The symptoms seen may be due other microbiological infection (fungal or bacterial),
arthropod damage, natural senescence, lack of nutrients etc.

4.2.3 Sample 3 (Olearia argophylla):
Sample 3 shared similar symptomology to Sample 2, however, it did also possess some significant
leaf distortion as well. Despite both samples being O. argophylla, Sample 3 was taken from the
Lenah Valley track, accessible from Trailhead 2. Despite being located only a few kilometres apart,
the two locations share very different environments. The location of Sample 2, from the Pipeline
trail, was much further down the mountain, in a dense forest. Compare this to the location of
Sample 3, which was found on the Northern, more sparsely populated face of Mount Wellington.
These two locations differ in a number of key factors which have the ability to influence the
microbiological species which will excel in their respective environments. Some notable differences
include water availability, which naturally will be greater in the denser forest, and less exposed
regions surrounding the sample from the Pipeline track (Sample 2). Humidity, temperature
fluctuations and nutrient availability will all also slightly differ between the two areas as well. As
shown in Table 4, there were a number of viral sequences that appeared to be of viral origin. The
first sample was run over two lanes, labelled Run 1 1.1 and Run 1 1.2. From Run 1 1.1,
Cladosporidium fulvum T‐1 virus was identified as a discovery. It is clear that the sample does not
contain C. fulvum, as previously mentioned it is a virus that infects fungi and there is less than 50%
nucleotide or amino acid identity, and was most likely only identified by Genome Detective due to
the 44 reads obtained covering a significant portion of the genome. C. fulvum was detected in every
run of Sample 3 with similarly low identities.
However, in Run 1 1.2, there were three discoveries detected. This also included Proclorococcus
virus PTIM40, and Synechococcus phage ACG‐2014g. Both of these shares high identity matches with
the sample (>80%), but only cover 0.04% and 0.08% of the genome respectively, and are therefore
not particularly important, as this may be a conserved genomic region which is shared by many
other organisms. Run 2 revealed similar results, with a variety of viral species including Errantivirus,
Yellowstone Lake Phycodnavirus 1 (an algal virus) and Ocimum basilicum, among the other species
already mentioned. None shared statically significant identities with the sample, and therefore there
was not sufficient evidence to further investigate this sample.
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4.2.4 Sample 4 (Unknown species):
Sample 4 was unable to be identified based on the photos taken during the initial sampling process.
Due to this, it is unclear whether Sample 4 is a native or introduced species, and this may be
something that requires further investigation should the findings warrant this. Sample 4 was only
sequenced in the first batch, meaning that it was only run over two lanes. Sample 4 1.2 did not
reveal any results or discoveries, but Sample 4 1.1 returned one discovery (see Table 5), White
Clover Mosaic Virus (WCMV). WCMV is known to be distributed throughout the south‐eastern
regions of Australia, as well as some occurrences in southern Western Australia (Norton and
Johnstone, 1998). WCMV is not transmitted by vectors, but is usually spread through contact,
meaning that if Sample 4 was infected with WCMV, then there is potential for a number of plants in
close proximity to also be infected. Studies of WCMV have indicated that the virus has a substantial
negative impact on the growth and yield of white clover, with infected plants producing 36.5% less
dry matter than uninfected plants (Dudas et al., 1998). The de novo assembly shared 85% nucleotide
identity and 96% amino acid identity with WCMV genome. However, there was only one read which
mapped to the NC_003820.1 WCMV genome, covering 2.68% of the entire genome from the
WCMVgp1 gene, responsible for RNA replication. This matching region was located from nucleotide
1924 to 2080 along the total 5843 nucleotide length of the genome. Yet, the high identity match
does demand further inspection as matches of that level are considered significant. Kehoe et al.,
(2014b) studied the sequences of 33 Bean yellow mosaic virus (BYMV), and the nucleotide matches
between the 33 deliberately inoculated viral samples was 75.6%, indicating that approximately 75%
nucleotide identity may be the lower bound for species identification. This result is not conclusive
due to the small coverage and depth of the read, but given more time, should be investigated
further with the design of PCR primers to attempt to prove the presence, or absence of the virus.

4.2.5 Sample 5 (Pomadermis apetala):
Pomadermis apetala is a small shrub (growing to approx. 1.5m tall), native to Tasmania, Victoria and
New Zealand (although the subspecies P. apetala maritima is exclusively found in New Zealand). It is
commonly referred to as dogwood and is plentiful in wet sclerophyll forest among many other
environments within the state (Atlas of Living Australia, n.d.). Sample 5 was a mature specimen, and
appeared to be undergoing senescence as well as exhibiting some physical damage, potentially due
to the feeding practices of insects or wildlife. However, there were also symptoms of viral infection
including leaf deformation and chlorotic regions. These symptoms were consistent with those
displayed by the unknown species from Sample 4 and interestingly returned a similar result. Sample
5 1.2 did not yield any results noteworthy enough to be considered as either results or discoveries,
but Sample 5 1.1 registered a discovery of WCMV (see Table 6). Like Sample 4, there was a high
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identity match between NC_003820.1 and the sample. Again, a very high nucleotide match (94%)
and amino acid match (94%), but only one contig covering 2.25% of the entire genome.
Nevertheless, the match was for a different portion of the genome, with the match ranging from
nucleotide position 77 to 208, which is also part of the WCMVgp1 gene. Sample 5 was also taken
from Trailhead 2, which may potentially indicate that WCMV is present in this area. This reiterates
that further investigation should be dedicated to conclusively identifying the viral species present in
this area.
Unfortunately, as with many of the species identified on this list, there have been no previous
investigations into the viruses that infect Tasmania’s native virome, as this is the first study of its
kind, information is limited unless the species has some function outside of its natural habitat, such
as being used for food or ornamental purposes. Nevertheless, there have been incidences of WCMV
being detected within Tasmanian white clover crops (Norton and Johnstone, 1998), and WCMV is
highly infectious. Therefore, it is not surprising to see infections occurring in areas of high foot
traffic, such as the walking trails surrounding Mt Wellington.

4.2.6 Sample 6 (Digitalis purpurea):
Sample 6 was identified as Digitalis purpurea, which is commonly known as foxglove. It is a perennial
species, which self‐sows and grows readily in most environments in Tasmania, rendering it a weed
(Gardening Australia, 2007). Despite being native to North America and some regions of Europe,
Digitalis has colonised many areas of the globe including Tasmania. Whilst this study was intended
to target native species, Digitalis is widespread throughout the state, meaning that it also has the
potential to act as a viral disease reservoir which may have implications for conservation or
agricultural production, and therefore was taken for a sample, due to demonstrating chlorotic
symptoms. However, this was a mature plant and some leaves had begun to senesce, so there was
some suspicion that this was the cause of the yellowing of the leaves, and not a symptom of viral
infection.
As seen in Table 7, sample 6 returned a significant number of discoveries, the most prominent of
which was Cladosporidium fulvum T1 virus, but due to the nature of this virus, these reads were
ignored. Throughout both Sample 6 1.1 and Sample 6 1.2, there were approximately 3500 viral reads
that were mapped back to various viral genomes including Tobacco vein clearing virus, Cacao
swollen shoot Ghana Q virus and Blackberry virus F, among approximately ten others. However,
there was not any matches to viral genomes sharing an identity over 60%, with most identity
matches at roughly 50%. From these results, it is not likely that any of the viral species listed are
present, but there were a significant number of viral reads which did not map well to any known
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plant virus genome. This may indicate the presence of a novel virus species. Interestingly, a similar
study into symptomatic D. purpurea samples from Northern Italy revealed the presence of Alfalfa
mosaic virus which had caused mosaicking and stunted growth, somewhat similar to the symptoms
identified within Sample 6 (Bellardi, Rubies Autonell and Marotti, 2002). Unfortunately, none of the
viral reads mapped back to AlMV, but it does indicate members of the Bromoviridae family may have
the potential to infect D. purpurea.
Had more time and funding been available, the assembled viral sequences would have been
analysed and attempted to be compiled through PCR analysis of common generic viral sequences
and primers (such as Bromoviridae). Further assembly of any viral genomes may reveal the presence
of genes or proteins with known functions to give insight into the properties of the virus and/or the
virus family, and whether it is of particular interest to the scientific community.

4.2.7 Sample 8 (Nematolepsis squamea):
Nematolepsis squamea is a shrub found in wet sclerophyll forest, and can grow up to 5 metres in
height. The species is native to Tasmania, and found all over the state, as well as coastal regions of
Victoria and New South Wales. The plant is easily identified by the presence of many small, white
flowers during the latter part of the year. The shrub grows from sea level through to 800m in
altitude, and is found throughout the various gullies and ecosystems of Wellington Park. There is no
relevant literature surrounding the impact of viral infection on the Nematolepsis genus, or the viral
species that may have the capability to infect this particular genus.
Sample 8 was selected as many of the leaves were showing small chlorotic spots. The sample sent to
Agriculture Research Victoria passed quality control, however, the HTS sequencing only produced
approximately 23,000 reads per lane, as opposed to multiple millions, which was standard for the
other results received. This may have been due to the fact that the due to the composition of the
leaves, the bead‐beating process during the RNA extraction did not work as well as the other
samples. The leaves are small and stiff, with what has been described in literature as a scaly
underside (Wilson, n.d.). Due to this, the leaves were resistant to breakdown within the bead beater,
which may have led to a smaller number of plant cells being disrupted, and therefore significantly
less viral RNA, and ribosomal RNA being released into solution for sequencing.
Only one read mapped back to a viral genome in each Sample 8 1.1 and Sample 8 1.2 (see Table 8).
Both mapped to Cladosporidium fulvum T1 virus, with poor identity matches. Unfortunately, no
significant conclusions can be drawn from the available data.
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4.2.8 Sample 14 (Bedfordia salicina):
Sample 14 was taken from the Pipeline trail due to expressing some mild chlorotic mottling along
the midrib of some leaves. Bedfordia salicina is a native species to Tasmania, and is commonly
referred to as Tasmanian blanket leaf, or blanket bush. The shrub is found throughout Tasmania,
predominately in wet sclerophyll forest, rainforest or other damp environments. The nickname is
derived from the dense matting of fine hairs on the underside of the leaves and whorl (Harden, n.d.).
Sample 14 1.1 Results identified two viral genomes, shown in Table 9. Petunia vein clearing virus,
and Tobacco mosaic virus. Sample 14 1.2 Results also identified Tobacco mosaic virus. Whilst the
nucleotide and amino acid identity of Petunia vein clearing virus was low, with percentages matches
of approximately 50‐60% to the sample, both of the TMV results shared high resemblance, with
approximately 99% similarity for both nucleotide and amino acid identity across both sample 1.1 and
1.2. Sample 14 1.1 has a total coverage of 836 nucleotides of the TMV genome (NC_001367.1)
compiled from four separate reads. These reads were located upon TMVgp1, TMVgp2 (replicase
genes) and TMVgp4, which is a movement protein gene. The total coverage of the genome from this
sample was 13.1%. Sample 14 1.2 Results had a slightly smaller coverage of 600 nucleotides (9.4% of
the total genome), composed of 3 separate reads form the TMVgp1, TMVgp2 and TMVgp4 regions
of the genome, in very similar positions. There were also a number of discoveries listed in each
sample with a significant number of reads between a number of viruses including Errantivirus,
Cladopsoridium fulvum T1 virus, Chenopodium quinoa mitovirus 1, Citrus endogenous pararetovirus
and Discorea bacilliform TR virus. However, none of the virus listed had significant similarity with the
assembled sample genome, aside from a match to Synechococcus phage S‐PM2. Between the
sample and this genome, there was nucleotide and amino acid matches of 80% and 89%,
respectively. However, Synechococcus is a cyanobacteria, and there it is unlikely that a
bacteriophage that infects marine bacteria would be found within a plant cell located on Mt
Wellington. The coverage is low‐ at 0.1%, however, the 47 nucleotides are part of the PsbA gene,
which is a photosystem II gene, crucial in photosynthesis. Therefore, it is likely that this sequence
was taken from the chloroplast within the sample, and not from a microbiological source
(Pfannschmidt et al., 1999).
The Bedfordia genus again has had little to no research surrounding it’s virome, indicating that there
is no previous information to either corroborate or contradict the findings of TMV within Sample 14.
However, TMV is known to infect over 350 different plant species (Moorman, 2015), therefore, it is
not outside the realms of possibility that it may be able to infect B. salicina, and infection simply has
never been documented before. TMV is also highly infection and commonly found in tobacco
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products, and thus walkers along these tracks that are smokers may have inadvertently transferred
the virus into plants they touched

4.2.9 Sample 15 (Billardiera longiflora):
B. longiflora is a native plant found primarily in south‐eastern Australia. It is an evergreen vine,
which can reach up to 10 metres tall in perfect conditions. The species is easily identifiable from
other species in the genera, with small dark‐green leaves and glossy purple fruit; hence the
nickname, the purple apple‐berry. It occupies a variety of habitats and environments, commonly wet
sclerophyll forest and other damp environments (Jordan, 2019).
This particular sample did not exhibit any symptoms of viral infection, however, as previously
documented, a viral infection in native plants does not always correlate to a symptomatic response,
particularly if the virus is endemic to that species, there is a possibility that the two have co‐evolved
over thousands of years, and developed a mutualistic relationship. Analysis of the sample in Genome
Detective revealed that there were a significant number of virus‐like RNA reads within the sample,
with each run providing a result for pepper cryptic virus 1 (PCV1). At amino acid and nucleotide
identity similarities of approximately 70% and coverage of 40% (see Table 10), there is enough
evidence to suggest that Pepper cryptic virus 1 may be present, and should be investigated further
using PCR. Both reads returned results for RNA segment 1 of the PCV1 genome, but also had
discoveries listed for reads from RNA segment 2. These detections from the RNA segment 2 are of
slightly lower identity (approx. 60%) and cover less of their respective segment (approx. 18%),
however, their presence further supports the theory that PCV1 (or a genetically similar virus) is
present within the sample.
The discoveries listed for each run of the sample identified 11 and 13 virus sequences for lanes 1 and
2 respectively. Within this, there were many that are either unlikely to find within the type of sample
that was taken (Cladosporidium and Synechococus spp.) and other which did not meet identity
requirements to be considered for further investigation. There were two listings which did meet
identity requirements from the second lane, Noumeavirus and Chrysochromulina ericina virus (CeV).
However, both coverage for both was less than a tenth of a percent, as well as the fact that CeV is an
algae virus and Noumeavirus is known to infect amoeba, therefore these sequences were not
considered worthy of further investigation (Fabre et al., 2017; Sandaa et al., 2001).
There are no previously reported cases of PCV1 infecting members of the Billardiera genera, as PCV1
is commonly found within members of the Capsicum genera (Roossinck, 2010), as these are
economically significant, whereas Billardiera is not. However, as the nucleotide identity was only an
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approximate 70%, it is likely that the viral reads did not belong to the PCV1 genome, but more likely
a related species.

4.2.10 Sample 16 (Cyathodes glauca):
Sample 16, Cyathodes glauca did not return any results from analysis in Genome Detective. C. glauca
is a Tasmanian native that is usually found in wet sclerophyll forest and subalpine woodlands
(Jordan, 2019), both of which make up a significant portion of Wellington Park. Despite showing
chlorotic mosaicking on many leaves, and having 16,083 reads that appeared to be viral in structure,
none mapped back to any known virus species. The lack of results may indicate that the chlorosis
may be due to other factors such as nutrient deficiency, the presence of other pests including
fungus, arthropods, bacteria and/or novel virus species. The Cyathodes genus has not been reported
to host any viral species.

4.2.11 Cowpea (Vigna unguiculata):
The examination and sequencing of V. unguiculata was not directly related to the study of the native
floral virome of Mt Wellington Park. However, due to having the equipment on hand for the
experiment, it was able to serve as a secondary control, to further validate the chosen method of
virus detection. Originally germinated to serve as a test subject for sap inoculation, it was clear that
the seeds had been infected with a seed‐borne virus, as all seeds which germinated exhibited severe
symptoms of viral infection including leaf distortion and chlorotic mosaicking, more so than any
samples found in Mt Wellington Park. Cowpea is legume, and a staple food in many drier regions of
Africa and Asia due to its high protein content and drought tolerance. However, a number of studies
such as Kareem and Taiwo (2007) and Anthony (2019) have documented that V. unguiculata is
susceptible to a number of viruses with Blackeye cowpea mosaic virus (BlCMV), Cowpea aphid‐borne
mosaic virus (CABMV), Bean southern mosaic virus (SBMV) and Sobemovirus all prevalent in
literature. Due to the importance that this legume has for many individuals’ food security,
identification of virus species that may impact yield is crucial, which also played a role in the
reasoning for sampling the Cowpea samples grown for testing purposes.
Therefore, the V. unguiculata was subject to the same RNA extraction and sampling techniques as all
other samples, and was sequenced in the first run. However, as the initial sampling did not give the
desired results due to the presence of rRNA, it was sampled a second time, in the second run due to
the obvious symptomology which was displayed. The second, deeper HTS run gave a significantly
larger amount of data, and whilst the rRNA had still not been depleted, the deeper sequencing did
give a substantial amount of new data which was not rRNA. As can be seen in Table 11, the initial
HTS run only gave low‐quality discovery results including the usual Cladosporidium and Errantivirus,
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among other reads of low similarity and/or low coverage. However, the second HTS (run over four
lanes instead of two) gave results of both Citrus endogenous pararetovirus and Cotesia glomerata
bracovirus (putative histone 4 gene). The Citrus endogenous pararetovirus assembly was comprised
of 88 reads made into six contig sequences that cover 35% of the given genome, which is a
significant portion, but identity was approximately 60% for both amino acid and nucleotide
similarities. The Cotesia glomerata bracovirus assembly was only made from four reads to assemble
one contig, but shared much higher similarity to its respective genome. Analysis of the other
discoveries from the deep sequencing did not reveal any noteworthy finds, aside from other reads
from different areas of the Citrus endogenous pararetovirus genome, which supports the theory that
this viral species may be present in the seed.
As a result of the economic significance of this species, there is an abundance of literature relevant
to the virome of V. unguiculata. Remarkably, citrus viruses are not uncommon within V. unguiculata.
Catara, Bar‐Joseph and Licciardello (2021) report findings of citrus tatter leaf virus (CTLV), known to
cause mottling and disruptions in the structure of the leaf, very similar to what was observed within
the V. unguiculata germinated for testing. It is also stated that its transmission in cowpea is seed‐
borne, further supporting the hypothesis that the cowpea seeds used were host to a seed‐borne
virus. However, the viral reads did not map back to this genome, rather the citrus endogenous
pararetovirus, which is not closely related. Nevertheless, there was only a 60% identity similarity
between the sample and the reference genome and would therefore be unreasonable to assume
that this is the true cause of the symptomology observed.

4.2.12 Necrotic Orchid (Cymbidium spp.):
The control for the RNA extraction, sequencing and analysis were two Cymbidium samples. Both of
which has been inoculated with Orchid fleck dichoravirus (OFV). One of these samples exhibited
chlorotic and necrotic symptoms, whilst the other only displayed chlorotic symptomology. Despite
the samples being successfully inoculated and the virus replicating to a sufficient titre to induce
symptoms, read counts were low for both lanes one and two of the necrotic orchid sample.
Although primarily used for decoration, orchids are one of the most economically important
floricultural crops in the world (Peng et al., 2017), they supply natural vanilla, a flavouring that is
used in countless products globally (Wilson, 2014), and therefore the impact that viral diseases have
on them is well‐researched. The orchid family consists of around 880 genera and 26,000 species
worldwide, making it the second largest family of flowering plants on Earth (Petruzzello, 2016), and
Cymbidium is one of these genera. Despite not being useful for human survival, the study and
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understanding of OFV may provide useful in the prevention and control of other viral species which
threaten conservation and food security.
The necrotic orchid fleck virus (NOFV) sample returned one result for each of its lanes. Orchid fleck
dichorhavirus (segment RNA 2) was detected as a result in both Sample 1.1 and 1.2 (Table 12). Both
the nucleotide and amino acid similarities were very high (98‐99%), effectively confirming the
hypothesis that the samples were, indeed, infected with OFV. However, each sample was only
composed of nine reads from a dataset of 2 million. These counts are much lower than what was
expected, and are much lower than similar studies in literature. This gave the indication that the
sampling and RNA extraction processes had been executed effectively, but a mistake had been made
within the sequencing portion of the study. Despite this, the presence of the virus gave confidence
that if viruses were present in high titre in the samples of native floral tissue, that the subject
sampling and extraction had worked successfully, and they would be detectable. The presence of
OFV was also supported by OFV (segment RNA 1) being listed as a discovery for each lane. Identity
similarity was high, but read numbers and total coverage were low, which resulted in the virus being
listed as a discovery. The discovery listings for each lane did not reveal anything of particular
importance or interest, which suggests that the OFV infection was the major influence in the
symptomology described of the sample plant.

4.2.13 Chlorotic Orchid (Cymbidium spp.):
The second of the control samples exclusively exhibited chlorotic symptoms typical of OFV. The
results from Genome Detective supported this hypothesis. However, the results were, as with the
NOFV sample, very low in quantity. Lane 1 detected OFV, but lane 2 did not detect it at all. Despite
having very high nucleotide and amino acid identity, 99% and 98% respectively, the total coverage of
the RNA 2 segment was only 10%, and comprised of four total reads (Table 13). This reiterates the
issues faced with the sequencing of the samples, which unfortunately led to low viral reads within all
the samples. The RNA 1 segment was also present within the first lane, however, there was only one
read which matched the genome, and therefore was listed as a discovery.

4.3 Electron Microscopy:
Electron microscopy was undertaken to aid in confirmatory identification of samples suspected to be
suffering from viral infection after NGS analysis. EM has been considered an effective method of
identifying viruses since its introduction. Many papers, such as Speir et al., (1995) utilise the
technique to examine the structure of specific viral particles. Unfortunately, due to delays with
sequencing, much of the vegetative material from the samples had degraded to a point that it could
not be used for electron microscopy. Despite this, some samples were able to be used, and fresh
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samples were taken where appropriate (positive control orchid samples, sap inoculation subjects).
Analysis of samples 1, 3, 5, P. floridana inoculated with sample 1, P floridana inoculated with sample
2, chlorotic Cymbidium and necrotic Cymbidium took place. Of these, only one sample revealed any
particles that could have potentially been viral (Fig 6), which was the P. floridana inoculated with
sample 1.
The electron microscope exposed a cluster of small, spherical particles that may, or may not have
been viral. Spherical viruses are particularly difficult to detect under an EM, due to their appearance
being similar to organelles exposed by the pulverization of the cell. Typically, viral particles that are
rod or bacilliform shaped are much easier to distinguish from organelles.
The largely unsuccessful result from the electron microscope examination may be due to a variety of
reasons. Firstly, the age of the plant material used for samples 1, 3 and 5 would have been
detrimental to the survival of any plant virus particles that may have been present at the time of
sampling. Naturally, after a sample is taken, the virus can no longer use the host cells to replicate as
they will begin to die without a nutrient source. Along with this, the plant defence mechanisms also
continue to act (such as RNA‐silencing) (Zhao et al., 2020). After the plant cells have died, depending
on the robustness of the virus species, they will eventually begin to degrade as well and therefore
cannot be seen through an electron microscope. There were also issues surrounding the membrane
of the EM grid. As can be seen in Fig 7, the age of the EM grids themselves had led to the structure
of the membrane to become compromised, making locating viral particles difficult within the
wrinkles, cuts and folds of the membrane.
Fascinatingly, the Cymbidium samples taken again as a positive control, did not yield any OFV
particles under the EM. As a positive control, it is expected that there would be virus particles
present within the sample. However, orchid fleck virus is generally present at low titre within hosts
(Wilson, 1999), and can therefore be difficult to locate under an electron microscope.

4.4 Polymerase Chain Reaction (PCR):
4.4.1 TMV:
To confirm the presence of nucleic acid sequences detected in NGS sequencing, a PCR assay was
undertaken. A total of six primer sets were sourced, including two universal potyvirus primers, two
generic cucumber mosaic virus (CMV) primers, one generic tobacco mosaic virus (TMV) set and one
TMV primer set designed using the RNA sequence identified in Sample 14 (Bedfordia salicina). This
primer set was TMV‐157F and TMV‐388R.
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PCR is the most abundantly used nucleotide‐based method for virus detection in plants (Bhat and
Rao, 2020). It is highly accurate, efficient, able to work with minute amounts of target DNA and also
has the ability to be quantitative, if desired. The desired outcome of the PCR for this investigation
would be to amplify the segment of the TMV genome found in sample 14 to a level at which we
could confidently conclude that it was present in the sample. Unfortunately, there were no positive
results from the gel electrophoresis assay of the TMV primers designed from the target sequence.
These negative results included samples 1, 2, 3, 7 and 14. However, the generic TMV primer set (1F‐
1049R) returned positive results in both sample 7 and 14 at the lower and middle annealing
temperatures of 48oC and 55oC. Both samples were B. salicina, but sample 7 failed NGS sequencing.
This is evidence towards the hypothesis that B. salicina is susceptible to TMV infection, and
corroborates the findings of the NGS.
In order to increase the specificity of the binding (and amplification), the annealing temperature
was increased from 48oC to 55oC to 60oC. The influence of an increased temperature is more
stringent primer annealing, which leads to more specific amplification, and less bands in undesired
locations, whereas annealing temperatures that are too high will lead to an unsuccessful PCR
reaction (Erjavec, 2019). This stringency increase with increased temperatures is due to a
relationship between the number of mismatches in the binding site and kinetic energy from higher
temperatures. At lower temperatures, there is less kinetic energy in the system, meaning that
weaker binding with a greater number of mismatches will be present, whilst at higher temperature
these bonds would not form (Döring et al., 2019).
The results from the higher annealing temperature can be seen in Figure 34. There is a faint band
present in sample 7, using the generic TMV 1F‐1049R primer set. This band is present just above the
bright 1000bp marker from the Hyperladder 50bp (Meridian Bioscience), which is the target genome
length. Again, no positive control was available for this assay, however, other studies, Torok and
Randles (2001) identified similar length RNA in their assessment of TMV in pea seed. The presence
(despite being very faint) of a nucleic acid sequence of the correct length is a positive PCR result for
the presence of TMV.
A final cycle was attempted on the initial PCR product for both primer sets in an attempt to further
concentrate and amplify the 1049bp product that was seen; however, this gave many bands of
differing lengths, which did not assist with identification.
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4.4.2 Potyvirus:
Despite there not being any suggestions from the NGS that there were any potyvirus infections in
the samples from Wellington Park, a universal potyvirus primer set was used for PCR due to the
potyvirus being one of the dominant floral virus genera, with 167 known species infecting a broad
range of hosts (Nigam et al., 2019), and the results from the NGS sequencing somewhat dubious.
Figure 15 shows the results of the PCR using the Poty F1‐R1 primer set. For the primers used in this
PCR, the desired PCR product is at approximately 330‐350bp (Zongo et al., 2019; Babu et al., 2011)).
The samples which had a PCR product in the desired range were samples 3, 6, 7, 10, 16, 17, 20 and
21. Of these positive results, samples 6 and 10 were the brightest, indicating a higher concentration
of genetic material at this length. Sample 10 did not return any viral reads from the next generation
sequencing, and Sample 6 did return some virus‐like reads, however nothing of significant similarity,
length or coverage to give any confidence in the result. As for the rest of the samples, there were no
viral reads from the NGS analysis that indicated there may have been a Potyvirus infection.
Nevertheless, the NGS left much to be desired, with the lack of ribodepletion and low read counts
across the entire sample set. The PCR results may simply be due to other genetic material that has
been amplified such as ribosomal RNA or chloroplast RNA. There is also the possibility that there was
a Potyvirus species present which has been illuminated in the PCR, and was simply just not
sequenced in the NGS sequencing due to the aforementioned complications, or that there is a novel
virus species present, which may explain why there were no statically significant matches from the
NGS, despite the many viral reads present. Review of the literature, including Mukeshimana et al.,
(2005) reveals the incidence of false positive bands is well known in Potyvirus detection, as well as
plant virology as a broader field.

4.4.3 CMV:
Similarly, to the use of potyvirus primers, the CMV primers were used due to CMV being one of the
most prevalent floral virus species, with a worldwide distribution and a very broad host range
(Ferreira and Boley, 1992). Despite there being no CMV sequences identified from NGS, there was
still the possibility that it may be present. CMV is also a small spherical particle (Smith et al., 2000),
which is what was seen by the electron microscope on the P. floridana sample inoculated by the sap
from sample 1 (P. lasianthos).
The PCR assay did not yield any PCR products in any of the Wellington Park samples, orchid samples
or the cowpea sample. This is due to at least one of two reasons. This may be because there were no
sequences with which the primer could bind, and therefore no CMV in the sample, but it may also be
due to a failed PCR reaction. Unfortunately, due to time restraints, we were not able to obtain a
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positive control for any of the PCR reactions, instead there was only a negative control (water), to
ensure there was no contamination. Without a positive control, there is no way to distinguish
between these two causes. If it had been available, a positive control sample would have been used.

4.5 Viral Species Identified Within Native Flora:
4.5.1 Introduction:
Significant viral species which were identified as possibly being present included Citrus exocortis
Yucatan viroid (CEYVd) in Sample 1, White Clover Mosaic Virus (WCMV) in Sample 4 and 5, whilst
Tobacco Mosaic Virus (TMV) was identified within Sample 14.

4.5.2 Citrus exocortis Yucatan viroid isolate 15:
The first notable finding was the Citrus exocortis Yucatan viroid isolate 15 within the Prostanthera
lasianthos sample from the Pipeline trail. Little is known of the biology and pathology of CeYVd, with
much more understanding of the related, but distinct Citrus exocortis viroid (CEVd). Citrus exocortis
is a significant disease in many parts of the world, due to its ability to cause symptoms such as
stunting, poor yield and bark scaling (Belabess et al., 2021). Viroids are not viruses, they are small
circular ssRNAs that do not contain genetic material to encode proteins, however, they are able to
replicate autonomously within a host cell, just as viruses do (Di Serio et al., 2014). CEVd is distributed
mainly through mechanical transmission, as it is primarily diagnosed in citrus plantations, and not in
the native environment. It has no known insect vectors, and is not seed‐borne. Due to the location
of the Pipeline trail in relation to residential areas at the base of Mt Wellington, there is a distinct
chance that CEVd and other diseases may be transferred from residential gardens into the native
environment through wildlife contact, wind distribution and other means.
However, despite the finding of CEYVd within the P. lasianthos sample, there is some debate
surrounding whether or not the Yucatan variety exists. This issue arises from non‐specific
amplification of rRNAs using primers derived from viroid sequences (Di Serio et al., 2014). This has
led to the misidentification of various CEVd strains, including citrus exocortis Yucatan viroid
FJ751927 which was identified in Sample 1. At the time at which Di Serio et al., published their
findings, there had been over fifty rRNA sequences removed from the NCBI database due to being
incorrectly labelled as viroid genomes (Di Serio et al., 2014). Due to these findings, it is unlikely that
the identified CEYVd strain exists, and even more improbable that it is present within a Tasmanian
native mint species.
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Unfortunately, viroids are too small to be detected under an electron microscope and could
therefore not be isolated during this assay. However, viroids are able to undergo PCR, and PCR is
used routinely in the detection of citrus viroids (Bernad and Duran‐Vila, 2006). Although, due to the
dubious nature of the existence of the detected viroid, primers were not ordered and the viroid was
not targeted with PCR.

4.5.3 White clover mosaic virus:
Despite no knowledge of an insect vector, WCMV is prevalent in many vegetables and feed crops
globally. The incidence of the virus being present in Samples of Pomadermis apelata and Sample 4
(unknown species) is of concern for species conservation. Many studies have reported the negative
effects that a WCMV infection has on plant fitness and growth. One such study, van Mölken and
Stuefer (2011), references the detrimental impact that WCMV has on Trifolium repens. Infected
subjects suffered significant losses in biomass of both roots (28%) and leaves (32%). There is a lack of
research into the effects that WCMV may have on native floral species, and despite the possibility of
varying host interactions, it can be assumed that the result would be somewhat negative, supported
by the symptomology found on the samples (chlorosis, vein clearing, distortion and necrosis). The
symptomology is aligned with what has been researched in the field. Fry (1959) investigated the
impact that WCMV has on the visual appearance of some natural hosts including four clover species,
broad bean (Vicia faba) and sweet pea (Lathyrus odoratus). All of these species suffered significant
reduction in at least one of growth, vigour, leaf size or necrosis. As for the plants that were
inoculated experimentally; pea (Pisum sativum), bean (Phaselous vulgaris), blue lupin (Lupinus
augustifolius), mung bean (Phaseolus aureus) and Cowpea (Vigna sinensis), more severe symptoms
such as necrosis was far more common outcome compared to the natural hosts. These findings
indicate that the spread of WClMV into the natural environment, away from common agricultural
crops may have a significant impact on the fitness of native species, such as Samples 4 and 5.
Despite the prevalence of Potexvirus spp. within agriculture, universal primers were not able to be
obtained due to time constraints. This unfortunately led to being unable to amplify the suspected
portions of the WCMV genome detected in samples 4 and 5 by the NGS. Sample 4 had degraded to a
point at which it was not able to be examined under the electron microscope, however, sample 5
was still intact, and subsequently underwent examination. Potexvirus are rod‐like structures,
however, none were seen within sample 5. Ideally, PCR would be run in order to be able to
confidently determine the presence or absence of WCMV.
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4.5.4 Tobacco mosaic virus:
Tobacco mosaic virus (TMV) is not only one of the most well‐known and well researched plant
viruses, but viruses as a whole (Scholthof, 1997). TMV was the first virus species to be discovered
and has been used countless times in literature to better understand the microbiological world,
infectious properties and virus control. Of the four genes which compose the entire genome of TMV,
the sequence analysis from Sample 14 identified three. Sequences from both replicase genes, as well
as a movement protein gene. The significant coverage of the genome suggests the possibility that
there was a high titre of TMV in the sample, but it may also simply be due to the fact that TMV
particles are robust, and depending on what the error was in the sequencing stage, may have
allowed the TMV RNA to be sequenced more effectively than other viruses.
The incidence of TMV within Bedfordia salicina is cause for concern. The virus is highly infectious and
encompasses a large host range of over nine plant families and 350 different species (Moorman,
2015), making it a considerable threat to the flora present within Wellington Park. Despite the
relatively mild chlorotic symptoms present on the B. salicina sample, TMV has the ability to stunt
plant growth and yield (Scholthof, 1997), which may impact endangered plant species within the
park. Whilst it was difficult to gauge the overall impact of the symptomology displayed on the fitness
and of the sample, there were chlorotic symptoms present on the midrib of the leaves, consistent
with known TMV symptomology. These findings also raise questions around where the virus
originated, and the potential for it to be spread to the agricultural sector in Tasmania. As TMV does
not have any known insect vectors, its spread relies upon mechanical means, such as animal/human
contact and wind (Sacristan et al., 2011).
Neither sample 7 or 14 were able to undergo electron microscopy due to decaying to a point beyond
recognition. However, both samples returned positive PCR results for TMV at the lower annealing
temperature of 48oC, and sample 7 retuned a weak positive result at the higher annealing
temperature of 60oC. This result corroborates the findings of the NGS, which leads to the conclusion
that TMV is present within B. salicina in Wellington Park. Although the weak results from the PCR
analysis may indicate that the infections are low in titre.

4.5.5 Pepper cryptic virus 1:
The last significant finding was the Pepper Cryptic virus 1 (segment RNA 1) result obtained from
Sample 15, Billardiera longiflora. As the nucleotide and amino acid identity similarities were
approximately 70%, it is unlikely that the reads are truly from a PCV1 virus, but more likely a closely
related cryptic virus. Cryptic viruses are a relatively new discovery in the field of plant virology,
having been first discovered in the 1960s (Boccardo et al., 1987). Cryptic viruses managed to remain
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unnoticed due to the fact that they either induce no symptoms at all, or are very slight. As well as
not being able to spread horizontally, they are present in low concentrations within infected
specimens (Roossinck, 2010). The long‐term relationships between cryptic viruses and their hosts
are not well understood, however, it is generally accepted that due to the common instance of
vertical transmission, the relationship is beneficial. PCV is an example of a cryptic virus that has
undergone vertical transfer for countless generations, as it is found in all tested cultivars of Jalapeno,
meaning that it can be traced back to the original Jalapeno cultivar (Roossinck, 2010). Due to the
nature of these viruses, it is likely that the sequence from the B. longiflora sample is a novel cryptic
virus species. This is not of particular concern, and does not warrant further investigation as there is
minimal risk posed to either the natural or agricultural populations due to the apparent lack of
symptoms within the native host, and the inability of cryptic viruses to transfer horizontally.
No attempt was made to locate this virus using either electron microscopy or PCR assays, due to
time constraints and the lack of threat posed to conservation and/or agricultural crops.

4.6 Germination Rates of Test Plants:
Approximately 10 weeks after planting, the test plants were examined for suitability for sap
inoculation. The total germination success rate was 55/110 plants. There are a number of possible
explanations for this low rate, the first of which is the age of the seed which was planted. Many of
the available seeds had been in storage for long periods of time. G. globose, C. quinoa and P.
floridana were all dated 2002 or earlier. Literature such as the Liu and Spira (2001) paper on the
influence of seed age and inbreeding on germination rates of 2‐, 3‐ and 5‐year‐old Hibiscus
moscheutos seeds found that not only was increasing age related to a decrease in germination rate,
but also increased the time that the germination took to occur, and pre‐germination mortality rate.
This study was corroborated with evidence from Easton and Kleindorfer (2008), which also found
germination rates were lowered with significant seed age (up to 20 years). However, Khah and
Passan (1992) found that there was no significant difference in germination rates of freshly
harvested Capsicum annuum seeds as opposed to 10‐month‐old seeds. Other literature states that a
small aging period (48 hours) is desirable for the germination of R. khorasanicum (Darrudi,
Hassandokht and Nazeri, 2015). From these studies, it appears that the impact of seed age on
germination rate may vary between species, and seeds stored for extended periods of time suffer
from lowered germination rates. The decrease in germination rate is likely due to factors such as
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humidity, temperature, water availability and microbiological contamination. This may be the cause
of unsuccessful germination in a number of the test plants.
It has also been documented that seed mass is also related to seed age and germination rate. Seeds
with a lower mass tend to remain viable for longer periods of time within seed banks (Easton and
Kleindorfer, 2008). Of the seeds which did not germinate; Datura stramonium, Gomphrena globosa,
Chenopodium quinoa and Capsella bursa‐pastoris (1/10 successful germinations), D. stramonium has
proportionately large seeds (approx. 3cm), whilst the remainder are small‐seeded of less than 3mm.
However, the rest of the seeds planted (excluding T. expansa) are also small seeded and germinated
successfully, including P. floridana which was dated 1998.

4.7 Subject sampling, virus expression and transmission:
In the natural environment, virus accumulation and titre are influenced by a number of factors
including season, temperature, vector abundance/activity and host susceptibility (Honjo et al.,
2020). Virus accumulation is one of the key factors which influence the expression of the virus within
the host, as virus titre increases, virulence generally increases which leads to greater expression of
symptoms if the infection is symptomatic. Studies including Ohsato, Miyanishi and Shirako (2003)
and Jones, Jackson and Morris (1990) indicate that the ideal temperature range for plant virus RNA
replication is roughly 15‐30oC. Given that the average temperature for Ferntree (the closest suburb
to the sampling location) in May is between 7 and 12oC (National Centers for Environmental
Information, 2012), virus titre is expected to be low and therefore symptomatic expression is also
predicted to be low. This may have had influence on the samples taken, and therefore, for a more
expansive and inclusive study, the investigation should be repeated in other seasons. For examples,
there may have been perennial native plants with persistent viral infections that were not
recognized as displaying symptoms and subsequently not taken for sequencing due to the infection
being asymptomatic. One such plant was the native mint species Prostanthera lasianthos. A previous
investigation by Dr Paul Guy (previously of the Department of Agriculture, Tasmania; now at Otago
University, New Zealand) had identified some of the P. lasianthos shrubs on the Pipeline trail to be
infected by a virus causing venial chlorosis. Despite the previous report being over 20 years old,
there were some bushes which appeared to display similar symptomology as previously described.
However, the report on the P. lasianthos was from late spring, where temperatures in Ferntree
average a low of 8oC and a high of 16oC (National Centers for Environmental Information, 2012). The
report described the signs of virus infection to be quite prominent, but when samples were taken in
May, the symptomology was not nearly as significant as previously described, which may be related
to virus titre influenced by the season and temperatures.
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This same thought process may be applied to the sap inoculation of the various samples. Despite a
total of 30 plants being inoculated, only the two N.glutinosa plants inoculated by Sample 1 showed
symptomatic signs of virus infection. Using the data gained throughout this study, the N. glutinosa
should have been infected by sample 7, containing TMV, as N. glutinosa is known to be susceptible,
and localized necrotic regions should have appeared at the site of infection (Levy, Edelbaum and
Sela, 2004). The samples used; 1, 2, 4, 7 and 8 were chosen because they were the most
symptomatic of plants taken. However, for most of these, symptoms were still relatively minor. This
may have been caused by low virus titre, and could be responsible for the lack of symptoms shown
in the test plants. However, there is also the possibility that the virus which had caused the
symptoms in the sample simply could not be vectored via sap transmission. Some viruses are not
able to be transmitted through sap inoculation, but provide better results when other inoculation
methods are used such as grafting or insect‐vectored transmission. Akhtar et al., (2009) found that
the virus that causes chickpea phyllody (O. orientalis) was not able to be sap inoculated, but rather
exclusively responded to grafting as a method of virus transmission in a controlled environment. Due
to time and resource constraints, other methods of virus inoculation were not able to be pursued.
However, if virus species of significance to either conservation or the economy had been found
within the samples, other inoculation techniques may have been applied in order to induce infection
and properly determine the exact threat posed by the virus. Of the virus species identified within the
plants, the two of particular importance, WCMV and TMV are not known to have any insect vectors
(van Mölken and Stuefer, 2011; Sacristan et al., 2011). This indicates that these virus species have
entered the virome of the park through mechanical means such as through human touch and/or
contact with wildlife. Due to the location of the sampling locations, this is not a surprise, but does
raise questions surrounding biosecurity measures and the potential impact of mechanically
transmitted viruses in the park. Further investigation may lead to the introduction of control
measures such as fencing around areas of the park, to discourage human contact with the flora.

4.8 Areas for Improvement:
The biggest flaw within the investigation lay within the sequencing portion of the study. Major
delays occurred with receiving results from sequencing, due to a number of COVID‐19 related
lockdowns. Unfortunately, this led to an inability to fully complete the goals of the project including
the identification of novel virus species, due to time constraints, as well as poor quality RNA reads
making the assembly of unknown viral genomes impossible.
Following on from the delays caused by COVID‐19 lockdowns, this time delay also negatively
impacted the effectiveness of the electron microscopy. Due to the time that was taken to receive
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results and determine which samples may be infected with a virus, as well as the identification of the
virus, samples degraded, as did the viral RNA present. For a more accurate representation of viral
particles within each sample, EM would have taken place soon after harvesting. However, analysing
each sample without any NGS data indicating that there may be viral particles present is inefficient
and time‐consuming. Had it been known that there would be significant delays with sequencing, the
approach to the EM portion of the study would have differed, and samples selected for EM by
species and symptomology.
As previously mentioned, there was a significant amount of ribosomal RNA present within every
sample, leading to significantly lower viral read counts than what was expected. This had negative
impacts on the analysis of results in two distinct ways. Not only did the lower reads cause difficulties
for the assembly of reads into contigs to then be mapped to reference NCBI genomes (low coverage
and depth), but also made the identification of viral sequences within the vast number of ribosomal
sequences more difficult. The gravity of these problems was clearly outlined in the results received
from the positive control samples, the necrotic and chlorotic Cymbidium orchid samples. Of the
912,454 reads from the chlorotic orchid sample 1.1, only four mapped back to the OFV genome from
NCBI. All four control samples had very similar results, leading to the conclusion that the sequence
data was poor quality.
The sorting of viral RNA from rRNA was solved through the use of Genome Detective and Virus
Detect. Using cloud‐based software allowed for much more efficient analysis of the reads, and
provided straightforward workflow to identify and remove non‐viral reads, as well as assembly and
alignment to the most suitable viral reference genome from NCBI. Prior to the reading of further
literature and the subsequent use of the cloud‐based software, a novel method was employed to
streamline the process of using Geneious Prime with varying success. This included trimming and
mapping to ribosomal reference genomes of the corresponding species from which the sample was
taken, with all the unused reads saved. Following this, the unused reads were then de novo
assembled. This process was trialed to remove the rRNA from the sample, leaving the remaining
RNA, which in theory, would be viral. This method was somewhat effective, however, there were
still a significant number of non‐viral reads, and using NCBI BLAST to analyze each individual read
was not a feasible option. This is when further reading identified Virus Detect and Genome Detective
as alternative options. Additional investigation revealed that the process used within Geneious
Prime was neither the most effective or efficient way to analyze metagenomic datasets within the
software, and there are better workflows available than what was used in this instance. However, at
best, Geneious Prime still takes multiple hours per sample whereas the other software used takes a
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matter of minutes. Despite this, Geneious Prime does allow for more thorough analysis of resulting
sequences, which makes it an appropriate choice for designing primers and further investigation.
These findings align with the conclusions of Kutnjak et al., (2021) in which the authors identify
similar advantages and disadvantages as what has been outlined in this study, most prominently the
use of significant computer processing resources.
The failure to address one of the research questions initially proposed “identify novel virus species”
is another area for improvement, or further research. Unfortunately, due to delays in receiving
sequence data, time constraints meant that it was not possible to analyse the sequence data and
assembled viral contigs with low identity similarities, to see if they were in‐fact, novel virus species.

4.9 Future Research:
Not only should future research paths target the research questions that were not able to be
completed within this study, such as novel virus identification and investigation into the origins of
the viral species located, but also other areas that would potentially be of significance. This includes
an increase in sample size, and covering a larger geographic location. Through this, hypothesis about
the spread of the viral species identified, such as TMV and WCMV could be drawn, as well as
transmission habits etc. This systematic sampling technique (i.e., methodically covering areas of the
park and taking suitable samples) may reveal further viral infections that may prove threatening to
the longevity of the park’s flora, or the surrounding areas.
On the other hand, study of surrounding farm/bushland may provide insight into the capabilities of
the viruses to spread. Virus flow was highlighted previously, and the transfer of viruses from the
native environment into managed land may have already occurred. Similar investigation as to what
has been undertaken in this study may be used to investigate this possibility, along with deeper
analysis of the genome to determine the origin of the viral species, and attempt to assess the threat
posed by the virus.
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5

Conclusion
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5.1 Conclusion:
The results from the next generation sequencing and the PCR analysis indicate that tobacco mosaic
virus is present within the native virome of Wellington Park, and more specifically, the Bedfordia
salicina population. This investigation was the first of its kind in Tasmania, and one of very few that
focus on the impact of viral infection on floral species that are neither ornamental or economically
significant. The other major crop virus that was located within the native floral species of the park
was white clover mosaic virus. Despite being unable to obtain a conclusive result regarding the
presence of this virus within two separate species (P. apetala, and the unknown sample 4), due to a
lack of suitable primers to use in PCR, there is enough evidence to suggest that the infection may be
present. As both TMV and WCMV have the ability to reduce fitness in native plants and commercial
species alike, their presence raises concerns surrounding the biosecurity of the park. This may
indicate the need for de‐contamination stations at the start of walking track, signage to discourage
the handling of plants, or fences along the sides of the walking trails.
Importantly, this study identified and resolved many issues surrounding the development of a
method for virus detection. It highlighted the need for more efficient bioinformatic software, and
the flaws within next generation sequencing. Disappointingly, time restraints, combined with delays
caused by the COVID‐19 pandemic caused the need to compromise on some aspects of the
investigation. Quality of the NGS was an issue, and unfortunately, we were unable to re‐run most of
the samples due to the time required, as well as being unable to obtain all desired primer sets for
PCR analysis. Ideally, positive controls would have been present for all primer sets in order to
provide a comparison point.
Using the information provided by this investigation, it highlights the need for further investigation
into not only the Wellington Park virome, with re‐sampling and more successful NGS, but also the
potential impact, spread and transmission capabilities of the viral species identified.
Consequentially, the outcome of this investigation sparks questions surrounding the virome of other
native areas, not just in Tasmania, but also globally. The impact that native viruses can have on
economically significant crops has been well documented in the case of Cacao swollen shoot virus,
which originated in native flora, and was then able to flow into cacao plantations. Incidences such as
this should be easier to avoid and resolve if there is a better understanding and respect for the viral
species present within the native environment.
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