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SUMMARY

Mosquitoes contribute to the global transmission of arboviruses that cause serious
diseases in humans and animals. Surveillance programs help predict and control the
spread of these diseases by monitoring arbovirus activity in mosquito populations. Viral
metatranscriptomic sequencing can enhance surveillance by providing untargeted, high-
throughput arbovirus detection with whole genome information from unsorted, field-
collected mosquitoes. In order to enable the use of metatranscriptomic sequencing in
routine arbovirus surveillance activities, this thesis details the development and
optimisation of a mosquito-specific protocol for metatranscriptomic arbovirus detection.
Analytical sensitivity and specificity of the metatranscriptomic protocol was determined
via a spiking experiment and a positive detection criterion was established based on
sequence coverage of the arbovirus genome. The metatranscriptomic protocol was
applied to unsorted, bulk mosquito traps collected longitudinally in various locations,
leading to the detection of five arboviruses of relevance to public health. Comparison to
established arbovirus detection methods indicated that, while PCR-based approaches
were more sensitive, metatranscriptomics provided more genomic information, did not
require a priori knowledge of viruses, and allowed whole trap screening. Additionally, the
insect species composition of the traps could be elucidated from the metatranscriptomic
data, providing valuable information on vector species prevalence. Further analysis of the
sequencing data gave insight into the previously unexplored viral diversity of mosquitoes
from south-east Australia and led to the discovery of the first mosquito-specific alphavirus
in the Asia-Pacific region, named Yada Yada virus. Long-read sequencing was also
investigated to expand surveillance capabilities, with mosquito-based metatranscriptomic
arbovirus detection demonstrated for the first time on the MinlON sequencer using a Ross
River virus-infected mosquito. The investigation of metatranscriptomic sequencing for
arbovirus detection detailed in this thesis has illustrated how mosquito-based arbovirus
surveillance can be upscaled, enhanced and expanded, and serves as an important
resource for the incorporation of metatranscriptomics into routine arbovirus surveillance

programs.
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THESIS PREFACE

This thesis consists of six chapters, where the experimental research chapters have been
written in the format of self-contained journal articles. The first chapter provides a review
of the relevant literature and states the research aims. The next four chapters detail the
experimental work, with Chapters 2, 4 and 5 presented as published articles, and Chapter
3 as a manuscript intended for journal submission. Each of these chapters includes a
preface that describes how the research links to the other chapters, the publication
details, and a statement of joint authorship confirming the contribution of the PhD
candidate. Any supplementary material is included at the end of each chapter. The sixth
chapter summarises the main findings, provides integrative conclusions, and identifies
avenues for further research. The chapters that have been published employ the
referencing style of the corresponding journal, whereas Chapters 1, 4 and 6 have
consistent referencing. A separate bibliography is included at the end of each chapter.
Due to the novelty of the findings, Chapters 4 and 5 were published in a different order
than presented in the thesis, with the chronological order as follows: Chapter 5 - Chapter

2 - Chapter 4 - Chapter 3.
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CHAPTER 1

Introduction
1.1 Mosquito arboviruses

Arthropod-borne viruses (arboviruses) are defined as viruses that can replicate in both
blood-feeding arthropods and their vertebrate hosts, and are maintained in nature via
biological transmission (Russell et al., 2013). Mosquitoes (Diptera: Culicidae) are common
vectors of arboviruses and pose a significant threat to human and animal health by
contributing to the spread of diseases such as dengue fever, chikungunya, Japanese
encephalitis, yellow fever, equine encephalitis and in recent years, Zika. Mosquito-borne
arboviruses represent a major global health burden, with dengue virus alone infecting an
estimated 390 million people per year, resulting in an annual cost of USD $8.9 billion
(Bhatt et al., 2013; Shepard et al., 2016). Arboviral infections often result in long-term
physical and neurological impairment, and very few vaccines or effective treatments are
available (LaBeaud et al., 2011). In Australia, diseases such as Ross River fever, Barmah
Forest virus disease, and Murray Valley encephalitis are all caused by endemic arboviruses
transmitted by mosquitoes (Russell and Dwyer, 2000). From July 2014 to June 2015 there
were 12,849 human cases of mosquito-borne disease in Australia, with Barmah Forest
virus (BFV) and Ross River virus (RRV) accounting for 83% of these cases (Knope et al.,

2019).
1.1.1 Arboviruses

A large diversity of viruses has been detected in mosquitoes, with both RNA and DNA
genomes (Table 1.1). RNA viruses make up the majority of arboviruses, and their
variability is attributed to a high mutation rate caused by virus-encoded RNA polymerases
lacking proofreading ability, resulting in error-prone replication (Elena and Sanjudn, 2005).
The positive-sense, single-stranded RNA (+ssRNA) virus group contains many of the
arboviruses that cause widespread human disease, including: dengue virus (DENV),
chikungunya virus (CHIKV), Japanese encephalitis virus (JEV), yellow fever virus (YFV),

West Nile virus (WNV) and Zika virus (ZIKV).



Table 1.1: Examples of viruses that have been detected in mosquitoes, categorised according to the Baltimore classification system for viruses.
The * symbol indicates viruses that are, or have been, endemic to Australia, and the T symbol indicates which viruses are notifiable under the
Australian National Notifiable Diseases Surveillance System (NNDSS). Viruses highlighted in blue have human or animal hosts, whereas viruses
highlighted in green are insect-specific or have no identified vertebrate host. Italicised names indicate viral species, genera, and families officially

recognised by the International Committee on Taxonomy of Viruses (ICTV).

Group Family Genus Virus species/names References
Group | (dsDNA) Iridoviridae Chloriridovirus Anopheles minimus iridovirus (AMIV) (Huang et al., 2015)
Baculoviridae Deltabaculovirus Culex nigripalpus nucleopolyhedrovirus (CuniNPV) (Andreadis et al., 2003)

Group Il (ssDNA) Parvoviridae Brevidensovirus Anopheles gambiae densovirus (AgDNV) (Ren et al., 2008)

Group Il (dsRNA) Reoviridae Seadornavirus Banna virus (BAV) (Liu et al., 2010)
Cypovirus Uranotaenia sapphirina cypovirus (UsCPV) (Shapiro et al., 2005)
Orbivirus Stretch Lagoon orbivirus (SLOV)* (Cowled et al., 2009)

Corriparta virus (CORV)* (Belaganahalli et al., 2013)

Dinovernavirus Aedes pseudoscutellaris reovirus (APRV) (Attoui et al., 2005)

Group IV (+ssRNA) Flaviviridae Flavivirus West Nile virus (WNV)T (Campbell et al., 2002)

West Nile virus Kunjin subtype (KUNV)* t
Yellow fever virus (YFV)T
Murray Valley encephalitis virus (MVEV)* t
Japanese encephalitis virus (JEV)t
Dengue virus (DENV)* t
Culex flavivirus (CxFV)
Zika virus (ZIKV)

(Prow et al., 2016)

(Gardner and Ryman, 2010)
(Selvey et al., 2014a)

(van den Hurk et al., 2009)
(Gulholm and Rawlinson, 2017)
(Hoshino et al., 2007)
(Gutiérrez-Bugallo et al., 2019)



Togaviridae Alphavirus Chikungunya virus (CHIKV)* (Lo Presti et al., 2016; Viennet et al., 2013)
Sindbis virus (SINV)* (Ling et al., 2019; Sammels et al., 1999)
Ross River virus (RRV)* T (Harley et al., 2001)
Barmah Forest virus (BFV)* t (Jacups et al., 2008a)
O’nyong-nyong virus (ONNV) (Rezza et al., 2017)
Group V (-ssRNA) Bunyaviridae Phlebovirus Rift Valley fever virus (RVFV) (Gaudreault et al., 2019)
Orthobunyavirus Ngari virus (NRIV) (Dutuze et al., 2018)
Trubanaman virus (TRUV)* (Gauci et al., 2016)
Nairovirus Crimean-Congo hemorrhagic fever virus (CCHFV) (Zivcec et al., 2016)
Rhabdoviridae Vesiculovirus Piry virus (PIRYV) (de Souza et al., 2016)
Ephemerovirus Bovine ephemeral fever virus (BEFV)* (Walker, 2005)

Obodhiang ephemerovirus (OBOV)

(Blasdell et al., 2012)




In addition to transmitting a variety of arboviruses to vertebrate hosts, mosquitoes
harbour a diverse range of insect-specific viruses (ISVs). Although this group of viruses are
referred to as “insect-specific”, the majority have been discovered in mosquitoes and are
sometimes referred to in the literature as “mosquito-specific viruses” (MSVs) (Ohlund et
al., 2019). These viruses infect mosquitoes and can replicate in mosquito cell lines in vitro,
but do not replicate in vertebrate cells. Evidence suggests ISVs are maintained in mosquito
populations via species-specific vertical transmission (from parent to offspring) (Bolling et
al., 2012; Lutomiah et al.,, 2007; Saiyasombat et al., 2011) and venereal transmission
between males and females (Barreau et al., 1997). Horizontal transmission between
larvae and pupae in aquatic environments may also play a role (Ajamma et al., 2018). The
advent of sequence-based technologies has led to a steep increase in the number of ISVs
discovered in recent years (Agboli et al., 2019; Calisher and Higgs, 2018). Due to their
ancestral relationship with arboviruses, ISVs are valuable in understanding viral origins
and investigating the evolution of host switching processes (Li et al., 2015; Ohlund et al.,
2019). Furthermore, some ISVs affect vector competency, leading to reduced replication
(Bolling et al., 2012; Hobson-Peters et al., 2013; Kenney et al., 2014) and transmission
(Goenaga et al., 2015; Hall-Mendelin et al., 2016; Romo et al., 2018) of pathogenic
arboviruses in mosquitoes. The ability of ISVs to modulate arbovirus transmission has
prompted interest in their use as biocontrol agents (Hall and Hobson-Peters, 2018;
Patterson et al., 2020), similar to Wolbachia, the bacterial endosymbiont that has been
recently used to help control the transmission of DENV in mosquitoes (Hoffmann et al.,

2011).
1.1.2 Vectorial capacity of mosquitoes

There are over 3,500 species of mosquito worldwide, however only a handful of these are
arbovirus vectors (Besansky et al., 2003). In order to be transmitted by a mosquito, a virus
must reach the mosquito midgut and replicate, be released into the hemocoel and travel
to the salivary glands, and then replicate and reside in the saliva until the mosquito feeds
again (Beerntsen et al., 2000). There are several anatomical barriers within a mosquito
that can hinder this process, including the midgut infection barrier, midgut escape barrier,

salivary gland infection barrier, and salivary gland escape barrier (Figure 1.1). Intrinsic

4



factors that can influence biological vector competency include mosquito genetics
(Beerntsen et al., 2000; Ciota et al., 2018), antiviral defence mechanisms (Lee et al., 2019),
and midgut microbiota (Dennison et al., 2014). There are also a variety of extrinsic factors
that affect arboviral replication and transmission in mosquitoes such as environmental
temperature, rainfall and humidity (Ciota et al., 2018; Waldock et al., 2013). As such, the
detection of arboviruses in mosquitoes does not necessarily signify transmission (Table

1.2).

| Q@
salivary gland Midgut infection / [ /¥4 [ ¥[HH

infection barrier/ barrier ,
/4 Zzr
Salivary / o A Midgut ¢
gland / e / PrRaasc
! / o Y 5 0

Midgut escape

X @ barrier

Figure 1.1: Different anatomical barriers to arbovirus transmission within a mosquito. (1)
The mosquito feeds on an infected vertebrate host. (2) The virus travels to the midgut
where it must infect and replicate in the midgut epithelial cells and (3) escape into the
hemocoel. (4) Via the hemocoel the virus can infect the mosquito’s peripheral tissues and
organs. (5) In the salivary glands the virus must replicate and (6) infect the acinar cells,
from which they then enter the saliva and are transmitted to a vertebrate host during the

mosquito’s next feeding. Adapted from Azar and Weaver (2019).



Besides being a biologically competent vector, mosquitoes need to feed on an infected
host in order to acquire an arbovirus, which is then transmitted and maintained in
complex cycles (Figure 1.2). Wild animal reservoirs serve as the primary hosts of
arboviruses and may be re-infected several times, usually without exhibiting disease
symptoms (Go et al., 2014). The natural transmission cycle between mosquitoes and wild
animal reservoirs is referred to as the enzootic or sylvatic cycle, whereas transmission
between mosquitoes and domestic animal hosts is the epizootic or rural cycle, and
transmission between mosquitoes and humans is the epidemic or urban cycle (Weaver
and Barrett, 2004). Zoonotic arboviruses can infect both animals and humans, with
mosquitoes acting as ‘bridge vectors’ when they feed on animal reservoir hosts and then
humans, resulting in spillover from enzootic and epizootic cycles (Armstrong and
Andreadis, 2010). The urban or epidemic cycle occurs when humans develop viremia
capable of re-infecting mosquitoes, which further propagates arbovirus transmission;
however, if they do not contribute to the spread of an arbovirus, they are referred to as
dead-end or incidental hosts (Figure 1.2). In addition to blood-feeding, mosquitoes can
acquire viruses via vertical transmission (from adult to offspring) and venereal
transmission (during mating). For instance, Aedes aegypti mosquitoes have been shown
to vertically transmit DENV (Khin and Than, 1983), CHIKV (Agarwal et al., 2014), and ZIKV
(Thangamani et al., 2016). The presence of arboviruses in mosquito eggs as a result of
vertical transmission offers opportunities for egg and larvae-based surveillance (da Costa
et al., 2017), however, results from field surveys suggest vertical transmission occurs at a
low rate in nature and requires large sampling efforts to detect (Grunnill and Boots, 2016).
Lastly, there is mechanical transmission, which does not require the virus to replicate

inside the mosquito (Blanc and Gutiérrez, 2015).
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Figure 1.2: The different arbovirus transmission cycles. Adapted from Cholleti et al.

(2018).

The feeding patterns of mosquitoes are species-specific, with some species feeding on a
variety of hosts (generalist feeders), and others having a limited host range (specialist
feeders) (Stephenson et al., 2019). Generalist feeders play a role in enzootic amplification
of arboviruses due to their ability to acquire pathogens from animals and transmit them
to humans, thereby acting as bridge vectors, whereas specialist feeders tend to contribute
to only one cycle, such as the epidemic or urban transmission cycle or specific enzootic

cycles (Figure 1.2).

Australia has over 300 mosquito species and only a minority of these contribute to
arbovirus transmission (Webb et al., 2016). Some mosquito species have been shown to
actively transmit several arboviruses, while others have only had arboviruses isolated
from them (Table 1.2; Harley et al., 2001; Russell, 1996). Aedes vigilax, Aedes notoscriptus
and Culex annulirostris all have a demonstrated capacity to transmit several arboviruses
and are classified as generalist feeders (Stephenson et al., 2019), implicating them as

primary arbovirus vector species in Australia.



Table 1.2: Arbovirus vector status for Australian mosquito species. Arboviruses marked with a ‘D’ have been detected in field-caught mosquitoes,
whereas those marked with a ‘T’ have been shown to be transmitted by mosquitoes under experimental conditions. The mosquito species were

chosen based on those listed in Gyawali et al. (2017).

Mosquito species BFV DENV CHIKV JEV KUNV MVEV RRV YFV' | References
Aedes aegypti T T T T T T T (van den Hurk et al., 2003, 2010, 2011; Kay, 1979; Watson and Kay, 1999)
Aedes alternans (Lindsay et al., 1993; Russell et al., 1991)
Aedes bancroftianus D D (Broom et al., 1993; Russell, 1986)
Aedes camptorhynchus D T (Aldred et al., 1990; Ballard and Marshall, 1986)
Aedes clelandi D (Lindsay et al., 1992)
Aedes eidsvoldensis D D (Broom et al., 1993; Mackenzie et al., 1994)
Aedes flavifrons D (McManus and Marshall, 1986)
Aedes normanensis D D D (Broom et al., 1989a, 1993; Doherty et al., 1979; Kay, 1979)
Aedes notoscriptus T T T T T T (van den Hurk et al., 2003, 2010, 2011; Watson and Kay, 1998, 1999)
Aedes procax T T T (van den Hurk et al., 2010; Ryan and Kay, 1999; Ryan et al., 2000)
Aedes pseudonormanensis D D (Broom et al., 1989b, 1993)
Aedes sagax T (Kay et al., 1989; Lindsay et al., 1992)
Aedes theobaldi (Marshall, 1985)
Aedes tremulus D D D (Broom et al., 1995; Liehne et al., 1976; Lindsay et al., 1992)

. (Boyd and Kay, 1999; van den Hurk et al., 2003, 2010; Kay et al., 1979;
Aedes vigilax T T T T T

Ryan et al., 2000)

Anopheles amictus D D (Broom et al., 1993; Kay, 1979)
Anopheles annulipes D D D (Broom et al., 1993; Lindsay et al., 1992)
Anopheles bancroftii D D (Doherty et al., 1968; Mackenzie et al., 1994)
Coquillettidia linealis D T D (van den Hurk et al., 2010; Lindsay et al., 1992; Mackenzie et al., 1994)




Culex annulirostris

Culex australicus

Culex palpalis
Culex quinquefasciatus

Culex sitiens

Mansonia uniformis

D

(Boyd and Kay, 2000; van den Hurk et al., 2003, 2010; Kay et al., 1984,
1989; Ryan et al., 2000)

(Marshall, 1979; Marshall et al., 1982; Ryan et al., 2000)

(Mackenzie et al., 1994)

(Doherty et al., 1979; van den Hurk et al., 2003; Lindsay et al., 1993;
McLean, 1953)

(van den Hurk et al., 2003, 2010; Lindsay et al., 1993)

(van den Hurk et al., 2003; Mackenzie et al., 1994; Ryan et al., 2000)

! Abbreviations: BFV = Barmah Forest virus; DENV = dengue virus; CHIKV = chikungunya virus; JEV = Japanese encephalitis virus; KUNV = West Nile virus Kunjin subtype; MVEV

= Murray Valley encephalitis virus; RRV = Ross River virus; YFV = yellow fever virus



1.1.3 Influence of climate on arbovirus transmission

Climatic factors such as rainfall, temperature, tides, and humidity can all impact mosquito
abundance and distribution, and therefore influence arboviral activity (Russell, 1998). For
instance, in Australia there is a range of climate zones that affect the transmission of
arboviruses, with the hot and humid summers in the most northerly parts of the country
conducive to outbreaks (Figure 1.3). The intrinsic relationship between mosquitoes,
arboviruses and climate means that weather forecasting can be used for predictive

outbreak modelling by arbovirus surveillance programs (Knope et al., 2019).
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Figure 1.3: Australian climatic zones based on temperature and humidity and the most

common associated endemic arboviruses. Taken from Smith (2018).

There have been predictions that changes in climate due to global warming will expand
the geographic distribution of vector species, leading to emerging arbovirus diseases in
new regions (Gould and Higgs, 2009). Investigation into recent expansions of CHIKV and
DENV transmission in Europe indicated that while globalisation and increased
international travel were the major contributing factors, increasing temperatures have

expanded temporal and spatial limits of transmission (Fischer et al., 2013; Liu-Helmersson
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et al.,, 2016). Attempts have been made to model the effect of climate change on the
geographic distribution of vector species (Kraemer et al., 2019; Liu-Helmersson et al.,

2019; Monaghan et al., 2018).

1.2 Arbovirus surveillance

Arbovirus surveillance is vital for the prevention, early detection, and control of arboviral
outbreaks. Surveillance data helps to inform mosquito management decisions and public
health messaging, which often are the only defences against arboviral disease in the
absence of vaccine or treatment options. A core component of arbovirus surveillance
involves monitoring mosquito populations for arboviral activity, as both mosquito
abundance and infection rates can be used to estimate the risk of arbovirus transmission
in humans, acting as an early warning system (Gu et al., 2004). Climatic information, and
human and animal case notifications are also utilised to better understand spatio-
temporal arbovirus activity. This ‘One Health’ approach to surveillance is necessary to
address the complex nature of arbovirus transmission dynamics, which involve human,

animal and environmental factors (Dente et al., 2019).

In Australia, long-term arbovirus surveillance activities began in the 1950s, prompted by
Murray Valley encephalitis epidemics in eastern Australia, which up until the summer of
1950/51 was known as ‘Australian X disease’ (Kay and Standfast, 1987; Mackenzie and
Broom, 1995). At present, annual arbovirus surveillance is conducted by states and
territories during the warmer months (November — April) when mosquito and arbovirus
activity peaks. The state/territory surveillance programs produce yearly reports, which the
National Arbovirus and Malaria Advisory Committee (NAMAC) collates into a single annual
report along with additional human and non-human epidemiological data. NAMAC
provides technical advice to the Communicable Diseases Network Australia (CDNA) and
makes recommendations about arbovirus surveillance and reporting, vector control and
management, and the development of national guidelines and response plans (Knope et

al., 2019).

1.2.1 Case-based surveillance
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Notifiable disease surveillance systems are used to aid in the prevention and control of
disease. Notification data varies globally according to which diseases are considered
notifiable, what case definitions are used, and what information is collected and shared
(Janati et al., 2015). In Australia, notifiable human arboviral infections are reported by the
state/territory hospitals and health practitioners via the National Notifiable Diseases
Surveillance System (NNDSS) (Knope et al., 2019). These reports alert vector control
programs of circulating arboviruses and can be used to help track the source of infections,
prevent further cases, and establish a baseline for activity. Currently, only certain
alphaviruses and flaviviruses are notifiable in Australia (Table 1.1). While case-based
surveillance can provide up-to-date population level data on arboviral activity, it is often
just the ‘tip of the iceberg’. Arboviral infections are frequently asymptomatic or produce
non-specific illness and therefore go unreported (Butt et al., 2016; Lima-Camara, 2016).
Another disadvantage of case-based surveillance is that it is not a preventative

surveillance system as it relies on active transmission in humans (Ramirez et al., 2018a).
1.2.2 Sentinel animal surveillance

The zoonotic nature of many arboviruses means that certain animals can be used as
indicators of arboviral activity, thereby serving as sentinels. Passive sentinel surveillance
can include reports of diseased or dead animals, such as in New York in 1999 when
thousands of birds died during a WNV outbreak, which helped to identify the causative
virus and define its temporal and geographic limits (Eidson et al., 2001). Active, structured
sentinel surveillance involves strategically placing sentinel animals near human
populations and wild animal reservoir species to serve as an early warning system for
enzootic arbovirus activity (Kwan et al., 2010; Selvey et al., 2014b). Blood samples are
periodically taken for antibody testing, which can also be used for virus isolation
(Campbell and Hore, 1975). Sentinel animals need to be immunologically naive so they
can undergo seroconversion and ideally develop low or no viremia so as not to serve as
reservoir hosts (van den Hurk et al.,, 2012). A variety of animals have been used as
sentinels for arbovirus surveillance worldwide (a comprehensive list can be found in
Ramirez et al., 2018). In Australia, sentinel cattle are used for the detection of bovine

ephemeral fever virus (BEFV), bluetongue virus (BTV) and Akabane virus (AKAV), and
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chickens for MVEV and KUNV (George, 1980; Knope et al., 2019). Despite its popularity as
a surveillance tool, sentinel animal surveillance has several limitations. Firstly, it can take
weeks for antibody levels to rise after first exposure to an arbovirus thereby delaying
detection (Kay et al., 1985). Secondly, serological test results can be difficult to interpret
due to the cross-reactivity of closely related viruses, such as MVEV, JEV, WNV and KUNV
(Calisher et al., 1989). Thirdly, the animals available to be used as sentinels are not always
the preferred host for important vector species and so may not appropriately reflect
arbovirus activity (Stephenson et al.,, 2019). Lastly, the ethical implications and costs
associated with establishing and maintaining an animal-based sentinel system can be

problematic (Healy et al., 2015; van den Hurk et al., 2012).
1.2.3 Mosquito-based surveillance

Due to species-specific vector competency and feeding preferences, mosquito species
abundance information can be used to make predictions about arboviral activity.
Furthermore, mosquitoes can be screened for the presence of arboviruses, with
detections helping to inform disease and vector management decisions. Therefore,
seasonal mosquito monitoring is a common approach in arbovirus surveillance (Engler et

al., 2013; Knope et al., 2019; Lustig et al., 2016; Ochieng et al., 2013; Oliver et al., 2018).

A wide variety of trapping techniques have been developed to collect mosquito eggs,
larvae and adults in different environments (Day, 2016; Kline, 2006). Carbon dioxide-
baited light traps (Figure 1.4A) are most commonly used in surveillance programs due to
their ability to capture large numbers of adult mosquitoes from a broad range of species
(Drago et al., 2012). Targeted species traps also exist, such as the Biogents Sentinel (BGS)
trap (Figure 1.4B), which is more effective at capturing urban Aedes species with a human
host feeding preference (Farajollahi et al., 2009; Williams et al., 2006). Other traps are
designed to capture gravid mosquitoes (Figure 1.4C), which are female mosquitoes
looking for water to lay their eggs. Most female mosquitoes require a blood meal to
produce and lay their eggs, and so gravid mosquitoes are usually blood-fed and more
likely to be carrying arboviruses. Blood-fed mosquitoes can also be used for blood meal

analysis to better understand host feeding patterns (Stephenson et al., 2019). Mosquito
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traps are usually set up overnight and collected in the morning, with the mosquitoes being

placed into a chilled container in order to preserve virus infectivity.

Figure 1.4: Different types of mosquito traps. (A) Carbon dioxide-baited CDC light trap; (B)

Biogents Sentinel trap; (C) Frommer updraft gravid trap. Taken from Schilke (2017).

To ascertain mosquito species abundance, mosquitoes in trap catches are identified based
on their morphology. Morphological identification is time-consuming, requires specialised
expertise and can be difficult when dealing with species that are similar in appearance.
Consequently, large trap catches are subsampled when mosquito numbers peak, leaving
large numbers of mosquitoes untested (Jacups et al., 2008b). DNA barcoding is an
alternative identification method which involves amplifying and sequencing a DNA
marker, typically the mitochondrial cytochrome oxidase | (COl), and comparing it to a
barcode database, such as the Barcode of Life Data System (BOLD), in order to determine
the mosquito species (Batovska et al., 2016). By combining this technique with high-
throughput sequencing (HTS), DNA barcoding can be used to identify species in large
mixed samples and is termed ‘metabarcoding’. This approach can significantly upscale
surveillance, with a recent study showing metabarcoding is sensitive enough to detect a
single mosquito in a pool of 1,000 (Batovska et al., 2018). Furthermore, the single
mosquito was infected with RRV, which could also be detected by using the RRV E2 gene
as a diagnostic marker, meaning metabarcoding can be used to perform species
identification and virus detection simultaneously (Figure 1.5). DNA-based identification
depends on accurate and comprehensive barcode databases containing the species
present in the trap, and while efforts have been made to establish such a database in

Australia (Batovska et al.,, 2016), more work needs to be done. Furthermore,
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improvements to biases seen in species abundance estimates are needed before
metabarcoding can be used as a reliable surveillance tool (Elbrecht and Leese, 2015; Pifiol

et al,, 2015).
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Figure 1.5: The laboratory and bioinformatic process involved in using metabarcoding for
species identification and virus detection in a pool of mosquitoes. In this case, COl is being
used to identify the mosquito species, and the E2 gene is being used to detect RRV. Taken

from Batovska et al. (2018).
1.2.4 Arbovirus screening techniques

Once the mosquitoes have been identified to species they are screened for arboviruses,
with virus isolation commonly used by surveillance programs (Knope et al., 2019; Ochieng
et al., 2013; Oliver et al., 2018). Virus isolation is an advantageous screening tool as it does
not require prior knowledge of the virus, and can be used to phenotypically characterise
any novel virus detections (Ramirez et al., 2018a). In the past virus isolation was done
using suckling mice, which have subsequently been replaced with cell lines (Temmam et
al., 2014). The process involves grouping up to 25 mosquitoes by species, homogenising
them and using this to inoculate cell lines that are then observed for cytopathic effect
(Russell and Dwyer, 2000). Inoculated cell cultures can also be tested for viral antigen
using an enzyme-linked immunosorbent assay (ELISA) or immunofluorescence assay (IFA)

with species-specific or genus-reactive monoclonal antibodies (mAbs) (Broom et al.,
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1998). In addition to providing virus identification, mAb-based assays can detect viruses
that do not have a cytopathic effect on indicator cell lines. A broader spectrum of viruses
can be detected by using mAbs that recognise dsRNA produced during viral replication
(referred to as MAVRIC — Monoclonal Antibodies against Viral RNA Intermediates in Cell
culture) (O’'Brien et al., 2015). MAVRIC enables the detection of novel or divergent viruses
and has led to the discovery of many new ISVs in Australian mosquitoes (Harrison et al.,
2016; Mclean et al., 2015; O’Brien et al., 2017, 2020). While useful, cell culture-based
approaches in surveillance programs create a bottleneck in the screening process and limit
the number of mosquitoes that can be tested. Cell culture also restricts detection to viable

viruses capable of growing in the cell lines used (Bexfield and Kellam, 2011).

Over time molecular approaches such as reverse transcription quantitative polymerase
chain reaction (RT-qPCR) have gained popularity and are used to supplement or replace
virus isolation in arbovirus surveillance programs (Doggett et al., 2019; Engler et al., 2013;
Hadler et al., 2015; Knope et al., 2019). RT-gPCR works by extracting and transcribing RNA
from a mosquito sample into complementary DNA (cDNA), which is then amplified using
DNA polymerase and primers/probes specific to a virus. While specific primers require
prior knowledge of virus sequence, targeting RNA means the virus does not have to be
viable or culturable, thereby overcoming issues faced by cell culture (Johansen et al.,
2002). Furthermore, RT-gPCR can be used to detect multiple arboviruses in a single
reaction by either multiplexing primers/probes specific to different viruses (Chao et al.,
2007; Ohashi et al., 2004) or by using primers based on conserved gene regions present
in an arbovirus genus or family (Pabbaraju et al., 2009; Sanchez-Seco et al.,, 2001;
Scaramozzino et al., 2001). As referred to in the metabarcoding discussion, a molecular
approach is sensitive and can be upscaled, with a TagMan RT-gPCR successfully detecting
a single JEV-infected mosquito in pools of up to 5,000 mosquitoes (Ritchie et al., 2003). In
Australia, the sensitivity of RT-qPCR has recently led to whole trap grinds (WTGs)
becoming the primary arbovirus detection method used in some regions, and involves
grinding up the entire trap catch (up to 500 mosquitoes) and testing the supernatant for

a variety of arboviruses using RT-qPCR (Doggett et al., 2019).
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While RT-gPCR is a useful detection tool implemented in many arbovirus surveillance
programs, the cost and equipment involved prohibit its use in low-resource settings.
Reverse transcription loop-mediated isothermal amplification (RT-LAMP) is an alternative
to RT-qPCR that can amplify nucleic acid in isothermal conditions, removing the need for
an expensive thermocycler. RT-LAMP assays can also be designed to produce a colour
change or release fluorescence that is observable by eye or with an LED light (Figure 1.6).
This technique has been used to detect ZIKV in individual mosquitoes (Lamb et al., 2018;
Silva et al., 2019; Yaren et al., 2017), and western equine encephalitis virus (WEEV) and
St. Louis encephalitis virus (SLEV) in pools of 50 mosquitoes (Wheeler et al., 2016). The
crude lysate from the mosquitoes can be used as input for these assays, eliminating the
need for RNA extraction. The ZIKV assay described by Silva et al. (2019) produces a result
in 20 minutes, is up to 10,000 times more sensitive than RT-gPCR and costs less than USD
S1 per sample. However, RT-LAMP is not always more sensitive than RT-gPCR (Wheeler
et al., 2016) and has a more complex primer design, requiring six binding sites instead of

two (Yaren et al., 2017).
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Figure 1.6: An RT-LAMP assay to detect Zika virus in mosquito samples. The fluorescence
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produced by the assay is visualised using LED blue light through orange filter glass. Taken

from Yaren et al. (2017).
1.2.5 Innovative approaches to arbovirus surveillance

Advances in mosquito-based surveillance have moved from detecting arboviruses directly
from mosquitoes to using mosquito secretions, such as saliva and excreta. Female
mosquitoes require a blood meal in order to produce eggs, however they also feed on
sugar as a source of energy and in the process they expectorate virus from their salivary
glands (van den Hurk et al., 2007). This behaviour has been capitalised on with the use of
cards baited with honey inside traps, which can then be tested using RT-gPCR to detect
any arboviruses that may have been deposited by mosquitoes while feeding. By using
Flinders Technology Associates (FTA) cards that are designed to preserve nucleic acids,
arboviruses can be detected for up to 28 days post feeding without cold chain transport
(Hall-Mendelin et al., 2010). This means that mosquito traps can be deployed for much
longer, enabling surveillance in remote locations where collecting traps within 24 hours is
not practical. Honey-baited FTA cards have been placed in the commonly used carbon
dioxide-baited light traps (Flies et al., 2015), passive box traps (PBT) that are not powered
by batteries (van den Hurk et al., 2014), and sentinel mosquito arbovirus capture kits
(SMACK) that increase mosquito survival and feeding post-capture (Johnson et al., 2015).
This approach to surveillance has shown to be more sensitive than sentinel animals (van

den Hurk et al., 2014), however not as sensitive as WTGs (Doggett et al., 2019).

A recent approach to arbovirus detection is the testing of mosquito excreta, which like
their saliva, contains arbovirus RNA. RT-gPCR testing of mosquito excreta has been used
to detect DENV, KUNV and RRV in laboratory settings (Fontaine et al., 2016; Ramirez et
al., 2018b), and KUNV, MVEV and RRYV in field settings using modified light and passive
mosquito traps (Meyer et al., 2019). Viral RNA is stable in excreta deposited on FTA cards
stored at high heat and humidity for 14 days, demonstrating the suitability of this
approach for surveillance in remote areas (Ramirez et al., 2019). When compared to
saliva, the use of mosquito excreta has been shown to be consistently more sensitive, with
89% vs. 33% samples positive for DENV, 78% vs. 18% for RRV and 68% vs. 11% for KUNV

using RT-gPCR (Fontaine et al., 2016; Ramirez et al., 2018b). Unlike saliva, viruses excreted
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by mosquitoes do not require an extrinsic incubation period, so viruses that are not
vector-borne could also be present, as demonstrated by the detection of hepatitis B virus

(HBV) in mosquito excreta using RT-qPCR (Blow et al., 2002).

Like excreta, mosquito blood meals can be used to detect both arboviruses and non-
arboviruses, a process termed ‘xenosurveillance’ by Grubaugh et al. (2015). This approach
involves collecting blood-fed mosquitoes from within homes or around areas with lots of
human activity, anesthetising them and pressing the blood meals onto FTA cards to use
for arbovirus testing (Figure 1.7). RT-qPCR can detect viruses in mosquito blood meals up
to 24 hours post-feeding, as well as bacteria and parasites (Fauver et al., 2017). In addition
to RT-gPCR, xenosurveillance often involves arbovirus testing via HTS, which allows
detection of viruses without prior knowledge of the viral sequence (Fauver et al., 2018;
Grubaugh et al., 2015; Yang et al., 2015). Xenosurveillance is appealing as it targets blood-
fed mosquitoes, which are more likely to be carrying viruses than the unfed mosquitoes
many traps tend to capture. However, collection of blood-fed mosquitoes can be difficult

and labour-intensive, thereby limiting the scale of surveillance.

Figure 1.7: The steps involved in a xenosurveillance study performed in Liberia. (A) Blood-

fed mosquitoes are collected using an aspirator inside homes, (B) stored in cartons
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according to house, (C) anesthetised by triethylamine, and (D) identified morphologically.
(E) The blood meal is applied to an FTA card and (F) stored in desiccant pouches for up to

three weeks. Taken from Grubaugh et al. (2015).

1.3 Metatranscriptomics for arbovirus surveillance

Metatranscriptomics involves the whole genome, shotgun sequencing of total RNA to
create a transcriptional profile of the organisms present in a complex sample, including
the viral community (known as the ‘virome’). The term metatranscriptomics is sometimes
used interchangeably with metagenomics, however the latter can also refer to the
sequencing of total or targeted regions of DNA (Siegwald et al, 2017).
Metatranscriptomics is a powerful approach to detection as it does not require a priori
knowledge of the virus, enabling the discovery of thousands of new viruses (Shi et al.,
2016; Zhang et al., 2018). This has greatly expanded our understanding of viral diversity,
which was previously biased towards disease-causing viruses, detectable by culture-based

methods or consensus PCR (Figure 1.8).

| Metagenomics . Virus culture Consensus PCR




Figure 1.8: A comparison of the ability of metagenomics, cell culture and consensus PCR
to discover viral diversity, which is phylogenetically represented as a tree. Taken from

Zhang et al. (2018).

The untargeted nature of metatranscriptomics makes it an ideal tool to use for arbovirus
surveillance as it enables the detection of new or emerging threats. The use of
metatranscriptomics has the potential to significantly upscale surveillance as thousands
of mosquitoes can be included in a sample and multiplexed with other samples on a single
sequencing run (Du et al., 2020; Xiao et al., 2018a). Unlike RT-gPCR, which targets a
specific region of the genome, metatranscriptomics can produce the entire viral genome,
which can be used for molecular epidemiology to trace the emergence and transmission
of arboviruses in order to inform control and prevention measures (Pollett et al., 2020).
The utility of genome-based epidemiology has been demonstrated in arboviral epidemics
such as ZIKV (Faria et al., 2017), DENV (Nunes et al., 2014; Tian et al., 2017) and YFV (Faria
et al., 2018). Metatranscriptomics offers further utility for surveillance by detecting all of
the organisms in a sample, which for mosquitoes includes parasites (Shi et al., 2017),
endosymbionts (Chandler et al., 2015; Hall-Mendelin et al., 2013) and the species of the
mosquitoes themselves (Batovska et al., 2017; Hall-Mendelin et al., 2013). Despite the
continuously decreasing cost of HTS (Hadidi, 2019), metatranscriptomics is still primarily
used for research and is not a common feature of arbovirus surveillance programs. A
better understanding of the sensitivity and specificity of metatranscriptomic arbovirus

detection is required before it can be reliably used for surveillance applications.

While metatranscriptomics is yet to be incorporated as a regular surveillance tool in
arbovirus surveillance programs, there are studies that have taken a metatranscriptomic
approach to characterise the virome of different mosquito populations, with more studies
being conducted globally each year (Figure 1.9). The majority of these studies have
explored the diversity of viruses in mosquitoes, with a focus on virus discovery and
characterisation (Sadeghi et al., 2018; Shi et al., 2017; Xiao et al., 2018a). In Australia, the
first use of metatranscriptomics for arbovirus detection using mosquito samples was by
Hall-Mendelin et al. (2013), where they sequenced individual Aedes aegypti and Aedes

albopictus mosquitoes experimentally infected with DENV, YFV or CHIKV. All three
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arboviruses were detectable along with other bacterial and fungal organisms, and the
species of the mosquitoes were also determined. Colmant et al. (2017) were the first to
use metatranscriptomics with field-collected mosquitoes, sequencing two pools of
Anopheles species trapped in eastern Australia, leading to the discovery of three new
viruses in the Totivirus and Orbivirus genera. This was expanded upon by Shi et al. (2017)
when they sequenced 12 Western Australian mosquito populations, revealing 24 species
of RNA viruses, 19 of which were newly described. The viral diversity of mosquitoes in

south-eastern Australia is yet to be explored using metatranscriptomics.
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Figure 1.9: Metatranscriptomics for mosquito arbovirus detection in the literature. (A)
The number of published studies that have used metatranscriptomics to detect
arboviruses in mosquito samples each year. (B) A map showing the location of the studies
with the size of the circles indicating how many were performed in each location. Scopus
and PubMed were used on 1 December 2019 to search for published studies that
metatranscriptomically sequenced arboviruses from mosquito samples. Studies were only
included if the sample was individual or pooled mosquitoes; studies sequencing virus
isolates derived from mosquitoes were not included. Tableau v2019.4 (Deardorff, 2016)

was used to create the map figure.
1.3.1 Sample preparation

The untargeted nature of metatranscriptomics bestows the ability to detect both known
and novel viruses; however, it also results in the majority of sequence reads belonging to
the host, reducing sensitivity and cost effectiveness. As much as 92% of the sequences
from metatranscriptomic studies were derived from mosquito RNA (Aguiar et al., 2015;
Bishop-Lilly et al., 2010), with as little as 0.24% of reads belonging to viruses (Xiao et al.,
2018b). The oligo dT mediated enrichment of polyadenylated messenger RNA (mRNA)
often used in RNA sequencing experiments is not suitable for broad virus detection due
to the existence of non-polyadenylated viruses (Visser et al., 2016). Enriching the viral
portion of a sample can be achieved via centrifugation, size filtration and nuclease
treatments to remove host cells and nucleic acid (Hall et al., 2014). An example of
metatranscriptomic sample preparation involving these methods can be seen in Figure
1.10. Other enrichment approaches involve using sequence-independent amplification
(Myrmel et al., 2017), or capture probes targeting a broad range of viral taxa (Briese et al.,
2015; Metsky et al., 2019). Virus enrichment can improve detection sensitivity but may
introduce biases and lower the accuracy of viral abundance estimates (Halary et al., 2016;

Kleiner et al., 2015).
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Figure 1.10: An example of a metatranscriptomic protocol designed to increase the

proportion of viral reads in a sample. Taken from Conceicdo-Neto et al. (2015).

An alternative to virus enrichment is the depletion of host ribosomal RNA (rRNA), which
constitutes more than 90% of total RNA (Hampton-Marcell et al., 2013). This approach
involves using RNA probes specific to host rRNA followed by an RNase H treatment, and
is less likely to introduce bias (He et al., 2010; Matranga et al., 2014). Depletion probes in
commercially available kits are typically designed for specific human, mouse or bacterial
rRNA, limiting their effectiveness with other organisms (Bhagwat et al., 2014; He et al,,
2010; Petrova et al., 2017). To overcome this, mosquito-specific rRNA depletion probes
have been used in metatranscriptomic studies, increasing viral reads by up to 838.1%
(Fauver et al., 2019; Kukutla et al., 2013). Alternatives to probe-based depletion exist, such
as using Cas9 with guide RNAs to cleave unwanted sequences, which offers lower cost and
input requirements (Gu et al., 2016). Due to genomic variation, any rRNA depletion
method will be most effective when target sequences are customised to the mosquito

species being used for sample preparation.
1.3.2 Sequencing platforms

A range of different sequencing platforms have been used to perform metatranscriptomic
arbovirus detection in mosquito samples (Figure 1.11). These platforms can be broadly
categorised into short-read sequencers (second-generation) and long-read sequencers
(third-generation), and have been extensively reviewed elsewhere (Depledge et al., 2018;
Goodwin et al., 2016). Roche 454, lon Torrent and lllumina all generate short sequences
(700 bp, 400 bp and up to 300 bp, respectively (Goodwin et al., 2016)), and while Roche
454 dominated the earlier metatranscriptomic studies, it has been superseded by lllumina
sequencers, which are currently the most popular choice (Figure 1.11). lllumina
sequencers include the MiSeq, HiSeq, NextSeq and NovaSeq, and are renowned for their
low error rate (<0.1%) and high throughput (Minervini et al., 2020). lllumina has also been
the most cost-efficient choice for HTS, however this has been recently challenged by new

sequencers from BGl: MGISeq-200, MGISeq-2000 and MGISeqg-T7 (Piper et al., 2019).
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Figure 1.11: The sequencing platforms used in mosquito metatranscriptomic studies.
Scopus and PubMed were used on 1 December 2019 to search for published studies that
metatranscriptomically sequenced arboviruses from mosquito samples. Studies were only
included if the sample was individual or pooled mosquitoes; studies sequencing virus

isolates derived from mosquitoes were not included.

Although short-read sequencing has a low error rate and high throughput, the restriction
on read length means accurate taxonomic classification is largely dependent on contig
assembly, which is complicated by repetitive regions and structural variations. Third-
generation sequencers from Pacific Biosciences (PacBio) and Oxford Nanopore
Technologies (ONT) offer long-read sequencing, with ONT MinlON read lengths commonly
averaging over 100,000 bp (Branton and Dreamer, 2019) and reaching 2,272,580 bp
(Payne et al., 2019). These long reads allow an entire viral genome to be sequenced in a
single read (Beaulaurier et al., 2020) and improve recovery of viral genomes from
metagenomic samples (Warwick-Dugdale et al., 2019). The main disadvantage of this new
technology is a high error rate (up to 5%), but it has been progressively improving

(Depledge et al., 2018; Minervini et al., 2020).

The MinlON offers unique benefits compared to other sequencers, with its low instrument

cost (USD $1000 for sequencer and starter kit), real-time sequencing results, and small
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size (Figure 1.12). These features enable real-time, whole-genome pathogen surveillance
during outbreaks in resource-limited settings, as demonstrated during the Ebola (Quick et
al., 2016), Zika (Faria et al., 2017) and Lassa fever (Kafetzopoulou et al., 2019) outbreaks,
the latter of which was performed using a metatranscriptomic approach. To date, the only
long-read metatranscriptomic sequencing of arboviruses from mosquitoes has been with
the MinlON (Figure 1.11). The first study was laboratory-based with a single mosquito
specimen (Batovska et al. 2017; Chapter 5), and the second was in-field with a pooled

mosquito sample (Russell et al., 2018).

While the MinlON instrument costs are low, the cost per run is still high due to the price
of flow cells (USD $S475-900 each, depending on number purchased), although this is set
to change with the recent release of ‘Flongle’ flow cells, which have less sequencing
output but are considerably cheaper (USD $90 each) (Oxford Nanopore Technologies,
2020). A recent feature offered by ONT is direct RNA sequencing, which has been used for
whole-genome sequencing of a number of arboviruses (Kim et al., 2019; Wongsurawat et
al.,, 2019), but is yet to be applied using mosquito samples. This unique technology is
promising for pathogen surveillance, further streamlining the detection process by
obviating the need for cDNA synthesis and enabling the most unbiased approach to RNA
sequencing; however, improvements to input requirements, sensitivity and accuracy are

needed before it can be used as surveillance tool (Stark et al., 2019).

Figure 1.12: The MinlON sequencer. Taken from Oxford Nanopore Technologies (2016).
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1.3.3 Bioinformatics

Metatranscriptomic bioinformatics involves analysing millions of sequencing reads in
order to determine what viruses are present, which requires significant computational
power and staff trained in using a range of specialised computational software. A plethora
of software programs exist to identify viral sequences in metatranscriptomic data and
these have been reviewed elsewhere (Cantalupo and Pipas, 2019; Nooij et al., 2018; Rose
et al., 2016). The typical pipeline involves pre-processing the reads to remove low-quality
sequences, removing host reads, assembling the remaining reads into longer, contiguous
sequences (contigs), and then comparing the contigs and/or reads to reference databases

to determine what viruses are present (Figure 1.13).

Bioinformatics pipeline

NGS
data set

Low-quality read filtering
Low-complexity read filtering

-

l Preprocessing
Adapter trimming

NN ANl N/ N4

Mapping to host genome and/or transcriptome

_ _ _ Mosquito
— . _ —— Viral
— Other
Mosquito genome | -
Computationally subtracted
E mosquito reads for genome E
or transcriptome analysis

EAE Unmapped reads E»‘L\E
Contig

Alignment to database g
( reference sequences —_—— = — adegr:\lfo? ~ Alignment
—_ -_ 8 Y to database
reference
( "y sequences
Pairwise identity plot Coverage map
(aligned reads) (aligned reads) Phylogenetic analysis
Reference Reference
virus genome virus genome
— —
Heat map (read counts) Krona taxonomy plot
]
=
I
>
Samples ——
v

28



Figure 1.13: An example of a metatranscriptomic data analysis pipeline for virus detection

from mosquito samples. Adapted from Chiu and Miller (2019).

Detection of known viruses can be achieved by mapping reads to a reference database
using an aligner such as BWA-MEM (Li, 2013) or Bowtie 2 (Langmead and Salzberg, 2012).
The alignment can be used to determine how similar the reads are to the reference viral
genome via a pairwise identity plot, how much of the genome has been sequenced via a
coverage map, and the abundance of the virus relative to others via a heat map of read
counts (Figure 1.13). Coverage cut-offs can be established to distinguish positive virus
detections from background, with the use of negative controls to determine optimal
thresholds (Gu et al., 2019; Schlaberg et al., 2017). Nevertheless, issues with specificity
can arise when viruses with sequence homology to viruses in the reference database

produce coverage similar to low-level true positive detections, leading to false positive
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Figure 1.14: Coverage of the measles virus genome produced by a (A) false positive
detection; (B) low-level true positive detection; and (C) high-level true positive detection,
illustrating the specificity issues that can occur with read-based virus detection. The false
positive coverage plot was generated using reads from dolphin morbillivirus, which has

partial sequence homology to measles virus. Taken from Schlaberg et al. (2017).
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Issues with specificity can be addressed by performing de novo assembly to produce
contigs, since longer sequences produce more accurate taxonomic classification
(McHardy et al., 2007). De novo assembly is also required to detect divergent or novel
viruses not present in reference databases. There are a wide array of programs available
for virome assembly and these have been recently reviewed (Sutton et al., 2019). Popular
choices include Trinity (Grabherr et al., 2011), which is designed for transcriptome data,
and metaSPAdes (Nurk et al., 2017) or MetaVelvet (Namiki et al., 2012), which are
metagenomic extensions of existing assemblers. Assembly quality control can be
performed by mapping the reads back to the contigs to ensure coverage, and using tools
like TransRate, which checks for chimeric sequences, structural errors and incomplete
assembly (Smith-Unna et al., 2016). Good quality contigs can then be compared to a
reference database for taxonomic classification using BLASTn, which compares the contig
sequences to a nucleotide database, or BLASTX, which translates the contig sequences
into six open reading frames (ORFs) and then compares each ORF to a protein database
(Camacho et al., 2009). The latter can be very computationally demanding and take weeks
or months to run, leading to the development of the program DIAMOND, which can

perform the same analysis 20,000 times faster (Buchfink et al., 2015).

Both the read-based and contig-based approaches to virus detection require a reference
database. Large, comprehensive databases, like the NCBI nucleotide (nt) database, are
powerful as they encompass all publicly available viral sequences, but they also contain
errors and can yield inaccurate, unmanageable results (Steinegger and Salzberg, 2020).
Targeted, curated databases produce more reliable and practical results, but may also
lead to false positive detections and a loss in sensitivity (Marcelino et al., 2020). The
correct choice of database often depends on the goal — for instance, if mosquitoes need
only to be screened for arboviruses of public health concern, a database containing these
genomes can be used. Alternatively, if the aim is to detect emerging, novel pathogens,
then a broader and more varied database would be more appropriate (Méric et al., 2019).
The use of a reference database for both read-based and contig-based approaches means
detection is biased against very divergent genomes. However, the continual addition of
viral genomes generated by metatranscriptomic studies to reference databases will help

expand known viral diversity and improve detection (Zhang et al., 2018).
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Whole genome sequences for viruses also enable better phylogenetic analysis, which can
be used to visualise the genetic relationship between different viruses via phylogenetic
trees (Zhang et al., 2018). Phylogeny can also be used to classify sequences and help
elucidate taxonomy (Linard et al., 2019; Parks et al., 2018; Simmonds and Aiewsakun,
2018). The recent dramatic increase in viral discovery and genome sequences as a result
of metatranscriptomic sequencing has challenged existing viral classification, leaving
many new viruses unclassified and leading to calls for reorganisation of viral taxonomy
(Koonin et al., 2020; Wolf et al., 2018). While the use of metagenomic data has been
endorsed by the International Committee on Taxonomy of Viruses (ICTV) (Simmonds et
al., 2017), there are concerns about the reclassification of viral taxonomy based on broad
phylogenetic comparisons of divergent groups of viruses as it requires the alignment of
viral sequences that often share no recognisable similarity, leading to unreliable
estimations of evolutionary divergence (Holmes and Duchéne, 2019). Until there is
consensus on the correct way to utilise metagenomic data to inform virus taxonomy,

many new viruses will be left unclassified (Simmonds and Aiewsakun, 2018).

1.3.4 Contamination

The sensitivity and breadth of virus detection afforded by metatranscriptomic sequencing
makes it imperative to manage and control potential contamination issues, which can
occur at each stage of the process. During sample preparation, sources of contamination
can include the environment (Bukowska-0sko et al., 2017), humans (Mollerup et al., 2016)
and other samples (Eisenhofer et al., 2019; Wyllie et al., 2018). Like with other sensitive
molecular techniques, samples should be prepared in a sterile manner with regular
decontamination of surfaces and equipment, unidirectional workflow, and physical
separation for different assay steps, particularly when exponential amplification is
involved (Gu et al., 2019). Regardless, the most common source of contamination during
sample preparation are the reagents and kits used (Asplund et al., 2019; Laurence et al.,
2014; Naccache et al., 2013; Salter et al., 2014). It is difficult to eliminate reagent-based
contamination; therefore, the inclusion of no-template controls (NTCs) at different stages

of sample preparation is vital for contaminant detection. A range of software is available
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to bioinformatically address contamination (Davis et al., 2018; Schmieder and Edwards,

2011) and cross-contamination (Fiévet et al., 2019).

Contamination can also occur during sequencing when the indexes used to demultiplex
samples are misassigned, resulting in reads being incorrectly attributed to other samples.
This phenomenon has been referred to in the literature as barcode or index switching,
swapping, hopping, cross-talk and misassignment. Index switching can result in up to 10%
of reads being misassigned (Sinha et al., 2017), risking false positive detections in
surveillance applications. It has been reported across most sequencing platforms,
including Illumina (Sinha et al., 2017; Valk et al., 2019), Roche 454 (Carlsen et al., 2012),
PacBio (Tedersoo et al., 2018) and ONT MinION (Wick et al., 2018). The rate of index
switching can be reduced by using unique dual indexing with sufficiently distinct indices
(Costello et al., 2018; MacConaill et al., 2018); limiting the level of free index primers in
sequencing libraries by performing thorough clean-up and using lllumina’s Free Adaptor
Blocking Reagent (lllumina, 2017); avoiding patterned flow cells when using lllumina
sequencing (Sinha et al., 2017; Valk et al., 2019); and correcting index switching during
data analysis (Larsson et al., 2018). A positive control library made up of foreign (Ji et al.,
2020) or synthetic (Hardwick et al., 2018) DNA can be useful for measuring the level of

index switching and performing quantitative normalisation between samples.

Due to the many possible sources of contamination, it is important to confirm any
detections with an independent method (Gargis et al., 2016). Diagnostic RT-gPCR assays
can be used to confirm the presence of an arbovirus in a mosquito sample, or primers can
be designed based on the assembled contigs if no assay exists. Sanger sequencing can also
be used to confirm metatranscriptomic results and is useful for filling in gaps of newly
characterised genomes (Varghese and van Rij, 2018). Ideally, other confirmation methods
should also be used, such as virus isolation, electron microscopy or detection of viral coat
proteins (Liu et al., 2011). These approaches can also help ascertain if the detection
represents an active infection in the mosquito. The method used to confirm detections
should be decided before testing starts so the mosquito samples can be preserved

appropriately.
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1.4 Research overview

1.4.1 Research plan

This PhD project is intended to assess the suitability of metatranscriptomics for arbovirus
surveillance. Firstly, mosquito-specific protocols optimised for arbovirus detection will be
developed and validated using samples from field traps. The analytical sensitivity and
specificity of the metatranscriptomic protocol and associated detection criteria will be
established via a spiking experiment using arboviral isolates and a pool of mosquitoes. The
established methods will then be evaluated using unsorted, bulk mosquito traps from a
variety of locations collected longitudinally as part of an existing arbovirus surveillance
program. The utility of metatranscriptomic sequencing data for surveillance will be
assessed and compared to existing surveillance approaches. Furthermore, the data will be
used to explore the diversity of the mosquito virome in south-eastern Australia.
Alternative sequencing approaches will also be investigated to enhance the applicability
of metatranscriptomics in biosecurity situations. By developing mosquito-specific
protocols and improving our understanding of the sensitivity and specificity of
metatranscriptomics, this project will inform the integration of this powerful tool into
surveillance programs to enhance arbovirus detection and improve public health

outcomes.

1.4.2 Research aim and objectives

Aim: Investigate the use of metatranscriptomics to enhance arbovirus surveillance.

Objectives:

Develop an optimised metatranscriptomics protocol to detect arboviruses from

pools of mosquitoes and assess its analytical sensitivity and specificity.

e Develop criteria based on metatranscriptomic sequencing metrics that can be
broadly used to determine if a mosquito pool is positive for an arbovirus.

e Evaluate metatranscriptomic arbovirus detection using unsorted, bulk mosquito
traps collected from a variety of locations over time.

e Compare metatranscriptomic arbovirus detection to established surveillance

approaches.
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e Enhance surveillance capabilities by recovering whole genome sequences from
metatranscriptomic data to investigate the genomic epidemiology of arbovirus
detections.

e Maximise the utility of metatranscriptomic data by using it to identify mosquito
species and explore the broader mosquito virome.

e Establish curated databases of Australian arbovirus and mosquito reference
sequences that can be used for future sequencing-based surveillance activities.

e Investigate the use of long-read nanopore sequencing for metatranscriptomic
arbovirus detection and compare it to the commonly used short-read Illumina

sequencing.
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CHAPTER 2

Sensitivity and specificity of metatranscriptomics as an arbovirus surveillance tool

2.1 Chapter preface

This chapter establishes optimised methods for the metatranscriptomic detection of
arboviruses from bulk mosquito samples. A spiking experiment was used to determine the
analytical sensitivity and specificity of metatranscriptomic arbovirus detection and
develop criteria for positive detection. The performance of metatranscriptomic arbovirus
detection was compared to established PCR-based methods. The methods and
information produced in this chapter will assist in the formulation of standardised
metatranscriptomic arbovirus detection protocols for incorporation into routine
surveillance programs. In Chapter 3, the methods developed in this chapter were used to
screen field traps for arboviruses. The metatranscriptomic data produced in Chapter 3 was

used to evaluate the positive detection criteria and thresholds established in this chapter.
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The ability to identify all the viruses within a sample makes metatranscriptomic sequencing an
attractive tool to screen mosquitoes for arboviruses. Practical application of this technique, however,
requires a clear understanding of its analytical sensitivity and specificity. To assess this, five dilutions
(1:1, 1:20, 1:400, 1:8,000 and 1:160,000) of Ross River virus (RRV) and Umatilla virus (UMAYV) isolates
were spiked into subsamples of a pool of 100 Culex australicus mosquitoes. The 1:1 dilution represented
the viral load of one RRV-infected mosquito in a pool of 100 mosquitoes. The subsamples underwent
nucleic acid extraction, mosquito-specific ribosomal RNA depletion, and lllumina HiSeq sequencing.
The viral load of the subsamples was also measured using reverse transcription droplet digital PCR (RT-
ddPCR) and quantitative PCR (RT-qPCR). Metatranscriptomic sequencing detected both RRV and UMAV
in the 1:1, 1:20 and 1:400 subsamples. A high specificity was achieved, with 100% of RRV and 99.6% of
UMAYV assembled contigs correctly identified. Metatranscriptomic sequencing was not as sensitive as
RT-qPCR or RT-ddPCR; however, it recovered whole genome information and detected 19 other viruses,
including four first detections for Australia. These findings will assist arbovirus surveillance programs in
utilising metatranscriptomics in routine surveillance activities to enhance arbovirus detection.

Metatranscriptomics (total RNA sequencing) enables nontargeted, high-throughput detection and characterisa-
tion of viruses in a sample. It can be used to detect both known and novel viruses while providing whole genome
information, making it a powerful surveillance tool. Metatranscriptomics has been used in a range of surveillance
situations, including detecting viruses in human sewage’, monitoring viruses in invertebrate vectors such as ticks?
and vertebrate reservoirs such as bats?, and tracking virus strains during an outbreak®. The successful utilisation of
metatranscriptomics in a range of surveillance applications suggests it has potential to enhance current arbovirus
(arthropod-borne virus) surveillance programs.

Arboviruses represent a significant burden to human and animal health and include pathogens such as den-
gue, yellow fever, Zika, chikungunya, bluetongue and equine encephalitis viruses, with dengue virus alone infect-
ing an estimated 390 million people per year®. Surveillance programs act as an early warning system for increased
transmission risk and enlist tools such as mosquito trapping, virus isolation in cell culture, and targeted molecular
virus detection using quantitative PCR (qPCR) assays®~®. Metatranscriptomics is a nontargeted method that offers
many advantages for arbovirus surveillance programs. It can detect viruses without culturing them, does not
require a priori knowledge of the viral sequence, has the potential to identify new arboviral threats, elucidates
mixed infections, and can provide whole genome or specific protein sequences for molecular epidemiological
investigations of outbreaks®. Furthermore, it can detect other organisms in a mosquito pool, including endosym-
bionts such as Wolbachia'®, and parasites such as Leishmania'!. The capacity to screen large pools of mosquitoes
simultaneously makes metatranscriptomics scalable to adapt to heightened vector abundance'?.

In order to use metatranscriptomics for arbovirus surveillance, the sensitivity and specificity of the method
when testing pools of mosquitoes must first be established. A number of studies have used a metatranscriptomic
approach to detect viruses in individual mosquitoes using Illumina!®*?, Ion Torrent!* and Oxford Nanopore!®
sequencing. More often, pools of mosquitoes are sequenced, ranging from five specimens!! to 6,700 speci-
mens'2. These studies largely focus on exploring the viral diversity present in various mosquito populations.
However, there is a lack of studies looking at gold standard test metrics, such as sensitivity and specificity, of
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metatranscriptomics when testing large pools of mosquitoes for arbovirus surveillance purposes. This is criti-
cal when assessing transmission risk and understanding temporal changes in virus abundance. The relationship
between viral load and sequencing output needs to be well-defined in order to avoid inaccurate interpretations
of sequence data that lead to false positive results (detecting a virus that is not present in the mosquito pool) and
false negative results (failing to detect a virus that is present in the mosquito pool).

Laboratory workflows can substantially affect the ability of metatranscriptomic sequencing to detect arbo-
viruses in a mosquito pool. A popular way to increase sensitivity is by enriching for arbovirus using size filtra-
tion's, PEG precipitation'” or sequence-independent amplification'?. While this does increase the number of viral
sequences, enrichment can also introduce bias'®!°. An alternate way to increase the number of viral sequences
is by depleting the mosquito RNA, generally by targeting highly abundant ribosomal RNA (rRNA). A variety of
rRNA depletion kits are available, however, these are not specific to mosquitoes and so custom probes based on
mosquito rRNA sequences need to be generated®*?!.

The bioinformatic analyses chosen to process the metatranscriptomic reads can also affect sensitivity and
specificity. A common method used to detect viruses in a sample is by mapping reads back to viral reference
sequences. However, when dealing with short reads this can lead to false positive results if a virus is present with
partial sequence homology to a virus of interest??. One way to overcome this problem is by performing de novo
assembly, where short reads are assembled into longer contiguous sequences (contigs), and then comparing these
contigs to a database containing viral reference sequences. This approach can improve specificity because longer
fragments are taxonomically classified with greater accuracy®. Any viruses detected by the contig-based analysis
can then be cross-validated by mapping the sample reads back to the virus reference, which will indicate the
breadth and depth of coverage of the virus genome by the reads.

A range of other variables can affect the sensitivity and specificity of metatranscriptomic sequencing includ-
ing the size and structure (monopartite vs. multipartite) of the virus genome, depth of sequencing, accuracy and
completeness of the viral reference database, and the level of host background nucleic acid in the sample®. Due to
these complications, it can be challenging to establish criteria for positive detection of an arbovirus in a mosquito
pool compared to methods like PCR, which is a more targeted detection tool and not impacted by these variables
in the same way. As with other detection methods, the use of controls in metatranscriptomics can be used to
account for these variables and establish criteria for positive detection. For instance, the addition of a negative
control sample that does not contain any viruses can be used to detect viral sequences resulting from physical or
cross contamination during the laboratory workflow. Sequence data from the negative control sample can then be
used to calculate normalised ratios, for instance the reads per million ratio (RPM-r) where the virus RPM of the
sample (RPM, ) is divided by the virus RPM of the negative control (RPM,,). An RPM-r threshold value of
10 has been used to distinguish a true positive detection from contamination for bacteria, fungi and parasites®.

The purpose of this study is to investigate the analytical sensitivity and specificity of a metatranscriptomic
pipeline to detect RNA viruses in mosquito pools for arbovirus surveillance. A spiking experiment was designed
in which two viral isolates from distinct RNA viral families (Togaviridae and Reoviridae) were spiked into clarified
subsamples of a pool of 100 mosquitoes (Fig. 1) and sequenced using a library preparation protocol optimised
for mosquito samples. The sensitivity and specificity of metatranscriptomic sequencing is assessed and compared
with reverse transcription droplet digital PCR (RT-ddPCR) and RT-qPCR. Criteria for positive detection are
established, and considerations for laboratory protocol and data analysis are made in an arbovirus surveillance
context.

Materials and Methods

Mosquito collection.  Adult mosquitoes were collected using carbon dioxide-baited encephalitis virus sur-
veillance traps® that were set up overnight and collected the next day. Live mosquitoes were immobilised at
—20°C for 30 minutes and transferred to the laboratory by chilled overnight delivery. Trapping was conducted in
November 2016 in Kerang, Victoria, Australia (35.733831 S, 143.925728 E). The mosquitoes were morphologi-
cally identified using taxonomic keys***” on top of a cold plate and stored at —20°C.

Virus spike sample preparation. A pool consisting of 100 Culex (Culex) australicus Dobrotworsky
& Drummond 1953 (part of the Culex pipiens complex) mosquitoes was homogenised in 2 mL of Buffer AVL
(Qiagen) using 10 glass beads (3 mm diameter; Sigma-Aldrich) and two 1 minute 1,500 rpm cycles on a 2010
Geno/Grinder (SPEX SamplePrep). The homogenised pool was centrifuged for 5 minutes at 15,344 x g and six
120 uL subsamples were taken from the supernatant.

Five of the clarified mosquito subsamples (S1-S5) were spiked with differing dilutions of two cell
culture-derived viral isolates (Fig. 1). Ross River virus (RRV) strain T48 (family Togaviridae, genus Alphavirus)*
was grown in Vero cells (African green monkey kidney epithelial cells). RRV is a single-stranded, positive-sense
RNA virus with a genome approximately 11.8 kb in length®. Umatilla virus (UMAV) strain M4941_15 (family
Reoviridae, genus Orbivirus)* was grown in C6/36 cells (Aedes albopictus cells). UMAYV is a double-stranded RNA
virus with a 10-segment genome approximately 19.4kb in length®!. The viral load of the RRV isolate was 6.9 x 10*
copies/ng of RNA, and for the UMAV isolate it was 1.8 x 10° copies/ng of RNA, as measured by RT-ddPCR (see
Supplementary Information for details). The S1 clarified mosquito subsample was spiked with 10 uL of the RRV
isolate and the S5 subsample was spiked with 10 uL of the UMAYV isolate (1:1 spike dilution). This spike represents
the viral load of a pool of 100 mosquitoes containing one mosquito infected with RRV as previously described®,
which was assembled and measured by RT-qPCR for comparison (Fig. S1). The RRV and UMAY isolates then
underwent a serial 20-fold dilution (1:20; 1:400; 1:8,000; 1:160,000) with 1XTE Buffer pH 8 (Sigma-Aldrich). The
remaining clarified mosquito subsamples (S2-S5 for RRV; S4-S1 for UMAV) were spiked with 10 uL of inverse
concentrations of the serial dilutions (composition of subsamples seen in Table 1), resulting in 140 uL of input
material for the nucleic acid extraction.
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Figure 1. Design of the spiking study. (A) 100 mosquitoes were homogenised, centrifuged and the supernatant
was subsampled five times, with a sixth subsample taken as a negative control. (B) The subsamples were

spiked with differing dilutions of Ross River virus (RRV), a monopartite virus, and Umatilla virus (UMAV),

a segmented virus. The 1:1 dilution represented the viral load of a single RRV-infected mosquito in a pool of
100. (C) Nucleic acid was extracted and split into three technical replicates. (D) Viral load was measured using
metatranscriptomic sequencing, and reverse transcription droplet digital PCR (RT-ddPCR) and quantitative
PCR (RT-qPCR). Created with BioRender.com.

The sixth 120 uL clarified mosquito subsample had 20 uL of 1XTE Buffer pH 8 added to it and was used as a
negative control to ensure the mosquito pool was free of both RRV and UMAY, and to account for any contami-
nation and background noise during sequencing.

Nucleic acid extraction. Nucleic acid was extracted from the six clarified mosquito subsamples using the
QIAamp Viral RNA Mini Kit (Qiagen) according to manufacturers’ instruction, except that carrier RNA was not
used. The final elution volume of 80 uL in Buffer AVE was split into three 25 uL aliquots to create technical rep-
licates for each of the spiked clarified mosquito subsamples. This resulted in a total of 15 RNA samples, and one
negative control sample (Table 1 and Fig. 1). Due to the double-stranded RNA genome structure of UMAYV, all
of the RNA was heat-denatured at 100 °C for 1 minute® and immediately placed on ice. The RNA was quantified
using a Qubit RNA HS Assay Kit (Thermo Fisher Scientific) and then stored at —80 °C until further analysis.

Virus spike sample quantification using metatranscriptomic sequencing. Metatranscriptomic
sequencing was performed on all 15 spiked mosquito pool samples and the unspiked negative control sample.
Sequencing libraries were prepared using the strand-specific NuGEN Ovation Universal RNA-Seq System with
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Sample name sti stz [s13 [s21 [s22 [s23 [s31 [s32  [s33  [s41  [s42 [s43 [s51 [s52  [$53 [Neg
RRV spike dilution | 1:1 1:20 1:400 1:8,000 1:160,000 0
gﬁﬁ;ﬁff’ike 1:160,000 1:8,000 1:400 1:20 1:1 0
Reads (millions) 26 2345 |19.1 1945 [17.1 |17.05 |1865 |2045 |21.05 |2255 |189 |212  |2325 |19.1 1945 | 217
Viral reads (%) 16.0 15.4 159 159 16.9 16.3 15.2 14.6 15.1 14.6 15.6 11.6 17.1 16.9 16.9 15.1
No. of viral contigs | 527 536 545 540 551 | 494 482 557 539 550 511 518 497 491 513 529
RRV contigs 20 16 26 9 25 |14 2 6 4 0 3 0 3 0 1 2
UMAV contigs 4 21 6 16 10 |6 64 48 52 32 33 33 38 34 48 6
RRV (%)° 1000|1000 |100.0 |1000 |97.0 |945 |37 118 |11 |00 5.1 0.0 5.0 0.0 44 3.7
UMAV (%)’ Total: | 5.8 260 |74 212|162 |91 929 |80 |9.3 |987 |988 |988 |986 |991 |989 |79
Seg1 (VPI/RdRp) | 0.0 138 |68 7.0 244 |00 828 |733 |864 |1000 |100.0 |1000 |100.0 |100.0 |100.0 |0.
Seg2 (VP2/T2) 0.0 9.4 0.0 7.3 0.0 8.6 98.0 65.7 93.3 99.0 99.0 98.8 99.0 99.2 99.1 17.4
Seg3 (VP3) 109 [293 |00 8.9 98 |00 985 |939 |986 |1000 |100.0 |1000 |992  |100.0 |100.0 | 0.
Seg 4 (VP4/CaP) 0.0 235 |00 217 |00 |00 953|831 |948 |961 |955 |966 |954 |967 |961 |17.0
Seg 5 (NS1/TuP) 292|566 |352 495 |282 |336 1000 |1000 |100.0 |1000 |100.0 |1000 |100.0 |100.0 |100.0 | 0.0
Seg 6 (VP5) 138 |369 |130 |31 175 |372  |979 |995 |994 |994 |994 |994 |99.6 |99.4 |994 |00
Seg 7 (NS2/ViP) 0.0 295 |00 195 |285 |00 934 | 960 |745 997 |1000 |997 |997 |997 [996 |350
Seg 8 (VP7/T13) 0.0 363 |00 785 363 | 0.0 978 |663 |872 |984 |1000 |100.0 |100.0 |100.0 |100.0 |19.1
Seg 9 (VP6/Hel) 0.0 394|207 |238 |273 |193 |956 |809 |97.1 |967 |975 |975 |976 |975 |974 |00
Seg 10 (NS3) 0.0 0.0 0.0 0.0 00 |00 627 |8l4 |457 916 |932 |906 |914 |963 |930 |00

Table 1. Sequencing metadata and assembly information for Ross River virus (RRV) and Umatilla virus
(UMAV) spiked mosquito pool samples. The reads in millions represent the number of paired, interleaved reads
remaining after quality trimming. The viral reads and contigs represent all viruses in the mosquito pool sample.
The number of RRV and UMAYV contigs is shown, and what percentage of the virus genome is covered by these
contigs. “RRV genome length = 11,575 bp. "Total UMAV genome length = 19,318 bp. UMAV segment lengths:
Seg 1=3,711bp; Seg 2=2,794bp; Seg 3 =2,523 bp; Seg 4 = 2,063 bp; Seg 5=2,107 bp; Seg 6 = 1,620 bp; Seg
7=1,324bp; Seg 8=1,131bp; Seg 9=1,104bp; Seg 10 =941 bp.

custom rRNA depletion, as described by manufacturer’s instructions, unless where noted. The input for library
preparation was 2 uL of undiluted heat-denatured RNA (total 165.2-224 ng) as preliminary experiments sug-
gested undiluted RNA yielded more viral reads (Fig. S2A). Library preparation began with transcription of RNA
into cDNA with an integrated DNase treatment. The synthesised cDNA was then sheared into 200-400 bp frag-
ments using a $220 focused-ultrasonicator (Covaris). End repair was carried out to generate blunt ends for adap-
tor ligation and strand selection.

Customised insert dependent adaptor cleavage (InDA-C) ssDNA probes were used to deplete the sample of
unwanted mosquito rRNA sequences. A total of 480 InDA-C probes (16-25bp) were designed by NuGEN based
on sequences provided by the authors. Specifically, these included both GenBank rRNA from a variety of mos-
quito species and highly abundant assembled mosquito contigs from previous metatranscriptomic sequencing of
mosquito pools (a FASTA file containing the sequences used for probe design is available on Figshare: https://doi.
org/10.6084/m9.figshare.9491258.v1). Preliminary experiments indicated usage of the InDA-C probes at the rec-
ommended 500 nM did not effectively deplete mosquito rRNA, however usage at 100 uM resulted in a substantial
reduction of mosquito rRNA in both 100 and 1,000 mosquito pool libraries, leading to increases in virus reads
(Fig. S2A,B). When used at the 100 uM concentration, the InDA-C probes were shown to reduce mosquito rRNA
sequences across a range of species (Fig. S2C). Therefore, the InDA-C probes were used at a 100 uM concentration
when preparing the mosquito pool samples.

After customised rRNA depletion the libraries were amplified using 14 PCR cycles and purified. All purifica-
tion steps were performed using AMPure XP beads (Beckman Coulter). The size of the completed libraries was
determined with a 2200 TapeStation using the D5000 ScreenTape assay (Agilent Technologies), and concentration
quantified with a Qubit dsDNA HS Assay Kit. The libraries were pooled together in equimolar concentrations,
diluted to 10 pM and sequenced on a HiSeq 3000 lane (Illumina) using 2 x 150bp reads.

Analysis of metatranscriptomic sequencing data. To detect the spiked viruses in the metatranscrip-
tomic sequencing data, reads from each individual sample were assembled into contigs using Trinity v2.4.0%*
with the read trimming (-trimmomatic) and normalisation (-normalize_reads) options selected. The assembled
contigs were taxonomically classified using BLASTn v2.7.1 4 with the NCBI nucleotide (nt) database (acquired
5t February 2019). BLASTn was used to identify the spiked virus contigs as it produced more specific results
than BLASTx (Table S1). To determine the breadth of coverage of the spiked viruses, the assembled contigs from
the individual sample reads were mapped to one set of full-length RRV and UMAYV contigs using BWA-MEM
v0.7.17% with default parameters. The BBMap pileup command?®® was used to calculate what percentage of the
virus genome was covered by the contigs.
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Cross-validation of the spiked virus detections was performed by mapping trimmed, interleaved reads from
the individual samples to the same set of full-length RRV and UMAYV contigs with BWA-MEM. Counts were
derived from the alignments with the SAMtools v1.9% flagstat command and used to calculate reads per million
(RPM). Correlation between RPM and virus spike levels was calculated using a Spearman rank correlation test
with R v3.6.1%%. The read alignments were also used to determine depth of coverage with the SAMtools depth
command and visualised with the ggplot2 package v3.1.0* as implemented in RStudio v1.1.463*. The BBMap
pileup command® was used to calculate average fold coverage of the virus genome by the reads.

The presence of other viruses in the mosquito pool was also assessed by performing a single de novo assem-
bly of all the sample reads combined using Trinity. For taxonomical classification, the assembled contigs were
compared to the NCBI non-redundant (nr) database (acquired 5% February 2019) using DIAMOND BLASTx
v0.9.22.123*. BLASTx was used as opposed to BLASTn to enable detection of divergent viruses. Trimmed, inter-
leaved reads from each individual sample were mapped to the assembled contigs from the combined sample
reads with BWA-MEM and counts were summed from viral contig alignments to measure the relative abundance
of viral families. Contigs were excluded from the count if they were <500bp long, or if they also matched to the
Culex quinquefasciatus (part of the Culex pipiens complex) genome (GCA_000209185.1) or the cell lines used to
grow the RRV and UMAV spiked into the samples (unpublished data).

To investigate the incidence of index cross-talk among the samples, the demultiplexed reads were mapped to
the PhiX genome (NC_001422.1) using BWA-MEM. PhiX is an unindexed spike-in control added to Illumina
runs prior to sequencing and theoretically should not be present in the demultiplexed sample reads. Furthermore,
the raw HiSeq data was re-demultiplexed using bcl2fastq Conversion Software v2.20 (Illumina) with the number
of index mismatches changed from 1 to 0. The re-demultiplexed reads were also mapped to the PhiX genome.

The HiSeq FASTQ files used in this study have been uploaded to the NCBI Sequence Read Archive (SRA)
under project ID PRJNA559742.

Re-sequencing of the negative control. To determine the source of contaminating RRV and UMAV
reads, the negative control was re-sequenced without the spiked subsamples. First, the negative control library
was re-quantified using a Qubit dsDNA HS Assay Kit. The library was then diluted to 10 pM and sequenced on a
NovaSeq 6000 System (Illumina) using 2 x 150 bp reads to the same depth as the previously sequenced samples
(25 million paired-end reads). The re-sequenced negative control reads were interleaved and mapped to the same
set of full-length RRV and UMAYV contigs as used in the analysis above.

Virus spike sample quantification using RT-ddPCR.  The viral load of the 15 spiked mosquito pool sam-
ples was determined using reverse transcription droplet digital PCR (RT-ddPCR), a highly sensitive method that
allows absolute quantification without the need for a standard curve*?. The primer and probe sequences used can
be found in Table S2. Double-quenched probes (Integrated DNA Technologies) were used to reduce RT-ddPCR
background and increase signal intensity. The RRV primers and probe sequences were previously published®. The
UMAV primers and probe were designed using the Primer3 algorithm in Geneious R8* (www.geneious.com)
based on an Australian strain of UMAV using the VP2/T2 gene (NC_012755.1) reference sequence*"*.

The One-Step RT-ddPCR Advanced Kit for Probes (Bio-Rad) was used to prepare 22 pL reaction mixtures
consisting of: 5uL of Supermix (Bio-Rad); 2 uL of reverse transcriptase (Bio-Rad); 1 uL of 300 mM dithiothreitol
(DTT; Bio-Rad); 1.98 uL of each forward and reverse 10 uM virus-specific primer (Sigma-Aldrich); 0.55 uL of
10 uM virus-specific probe (Integrated DNA Technologies); 7.49 uL of UltraPure water (Invitrogen); and 2 uL
of heat-denatured RNA. The reaction mixtures were loaded into an AutoDG Instrument (Bio-Rad) to gener-
ate droplets using Automated Droplet Generation Oil for Probes (Bio-Rad). The droplets were then used for
RT-ddPCR using the following cycling conditions: 50 °C for 60 min; 95 °C for 10 min; 40 cycles of 95°C for 305,
57°C for 1 min; 98°C for 10 min. After RT-ddPCR, positive and negative droplets were counted using a QX200
Droplet Reader (Bio-Rad) with FAM and HEX channels. The number of positive and negative droplets were used
to calculate the concentration of RRV and UMAV as copies per uL of the final reaction (22 L in total, including
2uL of RNA) using QuantaSoft Software (Bio-Rad). Correlation between copies/uL and virus spike levels was
calculated using a Spearman rank correlation test with R v3.6.1.

The unspiked negative control sample was also tested for RRV and UMAV using RT-ddPCR with the same
specifications as above.

Virus spike sample quantification using RT-qPCR. In addition to RT-ddPCR, the viral load of the 15
spiked mosquito pool samples was measured using RT-qPCR. A one-step reaction was performed with 25 uL
mixtures consisting of: 12.5 uL RT-PCR Buffer (Applied Biosystems); 1 pL of each forward and reverse 10 pM
virus-specific primer (Sigma-Aldrich); 1 uL of 3.12 uM virus-specific probe (Integrated DNA Technologies); 1 uL
RT-PCR Enzyme Mix (Applied Biosystems); 6 uL of UltraPure water (Invitrogen); and 2.5 uL of heat-denatured
RNA. The same primer and probe sequences used for the RT-ddPCR were also used for the RT-qPCR (Table S2).
The cycling conditions were as follows: 48 °C for 30 min; 95 °C for 10 min; 40 cycles of 95°C for 155, 57 °C for 45s.
Correlation between Ct values and virus spike levels was calculated using a Pearson correlation test with R v3.6.1.

The unspiked negative control sample was also tested for RRV and UMAV using RT-qPCR, however instead of
a probe-based assay, a SYBR-based assay was used to detect potential genetically divergent viral strains. The same
reaction volumes and PCR cycle were used as above, however the 1 uL of virus-specific probe was replaced with
1pL of 10X SYBR Green I (Invitrogen), and a melt curve protocol was added to the end of the cycle: 5seconds
at 0.5°C increments between 65 °C and 95 °C. The negative control sample melt peak was compared to RRV and
UMAV positive control melt peaks to determine if any virus was present.
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Figure 2. The relationship between copies/uL of Ross River virus (RRV) and Umatilla virus (UMAV) in the
spiked mosquito samples and (A) percent coverage of the virus genomes by assembled contigs (PCC);

(B) average fold coverage of the virus genomes by reads (FCR). The virus copies/uL was measured by reverse
transcription droplet digital PCR (RT-ddPCR) and represents the final reaction volume (22 pL).

Results

Metatranscriptomic sequencing. A consistent level of sequence reads (mean 20.3 million per library;
range 17.1-23.5 million) were obtained across the 15 spiked mosquito pool subsamples and negative control.
The percentage of viral reads (mean 15.6%; range 11.6-17.1%) and number of viral contigs (mean 524; range
482-557) were also consistent across all samples (Table 1). Index cross-talk occurred during the sequencing run,
with unindexed PhiX reads detectable in every sample (mean 20,944 PhiX reads, range 12,852-30,425; mean
0.05% of sample reads, range 0.03-0.08%). Re-demultiplexing the reads using more stringent parameters did not
resolve the index cross-talk (Fig. S3).

Detection of the spiked viruses using metatranscriptomic sequencing was first evaluated based on the percent
genome coverage of the spiked virus by assembled contigs (Percent Coverage by Contigs - PCC) (Table 1). An
increase in virus input resulted in an increase in PCC for both RRV and UMAY, reaching a plateau at approxi-
mately 2.2 X 10° virus copies/pL (Fig. 2A). The 1:1 spike subsample, which was estimated to represent the RRV
load of a pool of 100 mosquitoes containing a single RRV-infected mosquito, had contigs that covered the entire
spiked virus genome for both RRV and UMAYV. RRV 1:1 spike subsamples had a mean of 20 contigs covering
a mean 100% of the genome, whereas UMAV 1:1 spike subsamples had a mean of 40 contigs covering a mean
98.9% of the genome. Contig assembly efficiency differed among the 10 UMAV segments — for example Segment
5 (NS1/TuP) assembled in every spiked sample, but Segment 10 (NS3) only assembled in the three most concen-
trated UMAV spike subsamples (1:400, 1:20 and 1:1).

Cross-validation of the samples was performed by mapping sample reads to the spiked virus genomes to
measure average fold coverage (Fold Coverage by Reads - FCR) (Fig. 3). Like with PCC, an increase in virus input
resulted in an increase in FCR for both RRV and UMAYV, however FCR does not plateau like PCC does (Fig. 2B).
RRV 1:1 spike subsamples had a mean 873.9 fold coverage of the genome, whereas UMAV 1:1 spike subsamples
had a mean 5,778.9 fold coverage of the genome.

Sensitivity of metatranscriptomic sequencing. The PCC from the contig assembly and FCR from the
read mapping approach were both used to assess the analytical sensitivity of metatranscriptomic sequencing from
virus spiked mosquito pool samples. However, the determination of sensitivity was confounded by the presence
of virus contigs (Table 1) and reads (Fig. 3) specific to the spiked viruses in the negative control. The contamina-
tion was unique to the metatranscriptomic sequencing as no spiked virus was detected in the negative control by
RT-ddPCR or RT-qPCR. Re-sequencing of the negative control library without the spiked subsamples resulted
in zero spiked virus reads, suggesting that the contamination occurred during sequencing and not during library
preparation.

For the contig assembly, the three lowest RRV spike subsamples (1:400, 1:8,000 and 1:160,000) contained a
mean of two contigs covering 4.6% of the RRV genome, and the negative control had 2 RRV contigs covering
3.7% of the genome. Similarly, the two lowest UMAV spike subsamples (1:8,000 and 1:160,000) contained a mean
of 10.5 UMAV contigs covering 14.3% of the UMAV genome, and the negative control had six contigs covering
7.9% of the genome.

As for the read mapping approach, the two lowest RRV spike subsamples (1:8,000 and 1:160,000) had a mean
0.17 fold coverage of the genome, while the negative control had 0.11 fold coverage of the genome. For UMAY, the
two lowest subsamples (1:8,000 and 1:160,000) had a mean 1.01 fold coverage of the genome, while the negative
control had 0.91 fold coverage of the genome.
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Figure 3. Mean fold coverage of the (A) Ross River virus (RRV) genome and (B) Umatilla virus (UMAV)
genome across the differently spiked subsamples. RRV has a monopartite genome, whereas UMAV has a
segmented genome consisting of 10 segments.

PCCr FCRr
Subsample RRV UMAV RRV UMAV
?11(610,10(1){(51\.;MAV) 26.7 +0.0* 1.7+14 8,283.3 +744.0% 1.1+0.5
?ZSSSO%OL?I\I}IXV) 25.940.7* 2.0+0.8* 181.1£12.1% 1.1+0.1
?34310%)1(\)4%1\{/\)] 24£12% 11.340.7* 7.0+ 1.0% 9.74+0.6*
?jlzgli?igg\ov%RV 0.5+0.8 12.6 +0.0* 14403 204.2 +30.8%
??1%11462’\9;)0 RRV | gg+07 12.640.0* 1.840.7 6,353.4+731.5%

Table 2. Criteria established for detection of Ross River virus (RRV) and Umatilla virus (UMAV) in each
spiked mosquito subsample. The first criterion is based on the percent genome coverage by contig ratio (PCC-r),
which is calculated by dividing the percent coverage of the spiked virus genome by assembled contigs in the
sample (PCCg,pypie) by the negative control (PCC,,,). The second criterion is based on the average fold genome
coverage by reads ratio (FCR-r), which is calculated by dividing the average fold coverage of the spiked virus
genome by reads in the sample (FCRy,py1) by the negative control (FCR,,,). The threshold value for PCC-r and
FCR-r was > 2 (marked by *) and samples need both to be considered as a positive detection of either RRV or
UMAV.

To address the confounding negative control results, we established a detection criterion based on PCC and
FCR (Table 2). To determine if a sample was considered positive for virus spiked into the original mosquito sub-
sample, a normalised PCC ratio (PCC-r) was calculated, where the PCC of the sample (PCCg,y,.) is divided by
the negative control (PCC,,). A sample with a PCC-r > 2 was considered positive, which represents at least twice
the level seen in the negative control. The minimum PCC,, is set as 1% to prevent overinflated PCC-r values,
which means > 2% PCC;,,, is required for positive detection of virus. The same calculation and parameters were
used for a normalised FCR ratio (FCR-r). In order for a sample to be considered positive for a virus, the PCC-r
and FCR-r must both be > 2.

The 1:1, 1:20, 1:400, 1:8,000 and 1:160,000 spike subsamples had an RRV PCC-r of 26.7, 25.9, 2.4, 0.5 and 0.8
respectively, and a UMAV PCC-r of 12.6, 12.6, 11.3, 2.0 and 1.7 respectively. The RRV FCR-r for the 1:1, 1:20,
1:400, 1:8,000 and 1:160,000 spike subsamples was 8,283.3, 181.1, 7.0, 1.4 and 1.8 respectively, and the UMAV
FCR-r was 1.1, 1.1, 9.7, 204.2 and 6,353.4 respectively. Only the three highest spike subsamples (1:1, 1:20 and
1:400) had both PCC-r and FCR-r > 2 for RRV and UMAYV and were therefore considered positive for both
viruses.
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Sequencing (RPM) RT-ddPCR (copies/uL) RT-qPCR (Ct)
Subsample RRV UMAV RRV UMAV RRV UMAV
S1(1:1 RRV N
1:160,000 UMAV) 1,785.7 - 65.4 35+1.2 93,766.7 +1,517.3 1.9+0.5 17.9+0.1 340+1.1
52 (1:20 RRV 46.8 +£1.3* 4.0+0.1 3,851.2+£147.8 313£1.2 23.3+£0.1 30.6+0.1

1:8,000 UMAV)
$3(1:400 RRV 1:400

* %
UMAV) 1.6+0.1 30.6+2.0 88.6+£4.8 625.1+7.2 27.84+2.0 |26.2+0.05
$4 (1:8,000 RRV *
1:20 UMAY) 0.3+0.1 619.7£91.9 2.4+0.2 10,860.0 4 1,664.8 34.1£0.1 21.840.1
S$5 (1:160,000 RRV «
1:1 UMAV) 0.4+0.2 19,518.8 +281.4 0.1+0.04 336,466.7 £12,922.9 38.8+0.9 16.6+0.1
Negative control 0.1 1.4 0 0 0 0

Table 3. Comparison of Ross River virus (RRV) and Umatilla virus (UMAV) quantification in the spiked
mosquito subsamples and negative control using metatranscriptomic sequencing, reverse transcription droplet
digital PCR (RT-ddPCR) and quantitative PCR (RT-qPCR). The sequencing results are shown as mapped reads
per million (RPM), with the subsamples considered positive marked by an asterisk (based on having percent
coverage by contig ratio (PCC-r) and average fold coverage by reads ratio (FCR-r) both > 2). The RT-ddPCR
measurement refers to copies per uL of the final reaction (22 uL in total). Aside from the negative control, all
results are shown as mean with one standard deviation based on three technical replicates.

Viral family

Circoviridae (0.01%)
Dicistroviridae (0.01%)
Endornaviridae (0.0001%)
Mesoniviridae (27%)
Metaviridae (0.0003%)
Nodaviridae (5%)
Orthomyxoviridae (5%)
Partitiviridae (0.002%)
Reoviridae (15%)
Rhabdoviridae (0.01%)
Togaviridae (0.3%)
Tombusviridae (16%)
Totiviridae (0.3%)
Unclassified (31%)

Figure 4. The viral family composition of the pool of 100 Culex australicus mosquitoes, shown as percentage of
total read counts for each family.

Specificity of metatranscriptomic sequencing. Specificity was based on the accuracy of taxonomic
classification of the spiked virus contigs assembled for each sample. The BLASTn search of the nt database cor-
rectly identified all RRV contigs from the individual samples as RRV, whereas all but two (0.4%) of the UMAV
contigs were correctly identified as UMAV (Table S1B). Those two contigs were identified as Koyama Hill virus
(KHV), which is also a member of the Umatilla virus species**. On closer inspection of the two contigs it was
found the sequences matching KHV were in an untranslated region (UTR), and the UMAYV reference in the nt
database did not contain UTR sequences.

Comparison of virus detection methods. To compare the three virus detection methods: RPM from the
metatranscriptomic sequencing results; the copies/uL measurement from the RT-ddPCR; and the cycle threshold
(Ct) value from the RT-qPCR were used (Table 3). Virus spike levels positively correlated with RPM (R=0.927,
p=<0.001) and copies/pL (R=0.982, p= < 0.001), and negatively correlated with Ct (R=—0.76, p=10.002). The
lowest concentration spike subsample (1:160,000) was detectable by both RT-ddPCR and RT-qPCR, with mean
0.1 copies/pL and Ct 38.8 for RRV, and mean 1.9 copies/uL and Ct 34.0 for UMAV. Based on the PCC-r and FCR-r
criterion, only the three highest spike subsamples were considered positive for RRV and UMAV (1:1, 1:20 and
1:400). The lowest of these (1:400) corresponded to mean 1.6 RPM, 88.6 copies/uL and Ct 27.8 for RRV, and mean
30.6 RPM, 625.1 copies/uL and Ct 26.2 for UMAV.

Detection of other viruses. In addition to the two spiked viruses, metatranscriptomic sequencing revealed
the presence of other viruses in the pool of 100 Cx. australicus mosquitoes (Fig. 4). The most abundant assembled
virus contigs were classified as Mesoniviridae (27%), Tombusviridae (16%) and Reoviridae (15%) or were unclas-
sified (31%). Nineteen previously characterised viruses were present in the pool (Table S3) all of which have been
detected in mosquito samples and are currently considered to be insect-specific.
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Discussion

In this study, we used a spiking experiment to investigate the analytical sensitivity and specificity of a meta-
transcriptomic pipeline in detecting two RNA viruses with differing genome structure in a pool of 100 Cx. aus-
tralicus mosquitoes (Fig. 1). The metatranscriptomic pipeline successfully sequenced the full-length genome of
both viruses in the spiked subsample that corresponded to a biologically relevant viral load representing a single
RRV-infected mosquito in a pool of 100 mosquitoes (1:1 spike dilution). Detection of RRV in a pool of 1,000
mosquitoes containing one RRV-infected mosquito was also demonstrated (Fig. S2B). This level of sensitivity
was achieved by using a customised mosquito rRNA depletion, which helped to achieve a higher portion of viral
sequencing reads (11.7-17.3%) compared to other metatranscriptomic studies where mosquito pool samples
had as little as <1% viral reads**-*’. Notably, the rRNA depletion was effective only when a higher concentration
of the customised probe mixture was used than advised in the manufacturer’s instructions (Fig. S2A,B). It is
possible this is due to the particularly high level of host RNA when using a large pool of mosquitoes as starting
material. Other approaches that helped to increase sensitivity were the use of undiluted RNA as input for library
preparation (Fig. S2A) and RNA heat-denaturation to improve detection of dsRNA genomes (data not shown).
All these approaches are recommended to improve sensitivity when performing metatranscriptomic sequencing
of mosquito traps for arbovirus surveillance.

In order to increase accuracy, detection of the spiked virus genomes in the metatranscriptomic data was first
performed using a contig assembly approach from which Percent Coverage by Contigs (PCC) was derived, and
then cross-validated with read mapping to the virus genomes, from which Fold Coverage by Reads (FCR) was
derived. While there was a strong relationship between PCC/FCR and the viral copies/pL (Fig. 2A,B), the pres-
ence of contigs and reads specific to the spiked viruses in the negative control confounded detection at lower
viral loads (Table 1 and Fig. 3). Re-sequencing of the negative control library returned zero spiked virus reads,
indicating that the contamination occurred during sequencing and not during library preparation. It is possible
the contaminating reads are a result of index cross-talk, which occurs when reads are misassigned due to incor-
rect matching of the indexes used to multiplex samples*. The presence of PhiX in the sample reads also indicate
index cross-talk occurred, since the PhiX spike-in is unindexed and therefore should not be present in any of the
demultiplexed samples. Index cross-talk can be caused by spreading of signal on flow cells, sequencing errors
introduced during bridge amplification, improper cluster resolution and misread indexes*. The rate of index
cross-talk increases with the use of Illumina patterned flow cells, and also single indexes*’, both of which were
employed in this study. Using unique dual indexes to multiplex samples has been shown to significantly reduce
index cross-talk, thereby increasing the sensitivity of sequencing*®#. Therefore, the use of both negative controls
and unique dual indexes is recommended when using metatranscriptomics for sensitive applications such as
surveillance in order to improve detection and dependability of the results.

To account for the contaminating reads in the negative control, we established a detection criterion where
the PCC,pe and FCRy, . for a virus is divided by the PCC,,, and FCR,,,, respectively, to produce normalised
ratios (PCC-r and FCR-r). Both ratios must be > 2 for that sample to be considered positive for a virus. Using this
criterion, only the three highest spike subsamples (1:1, 1:20 and 1:400) were positive for both RRV and UMAV
(Table 2). The maximum FCR-r value for RRV was higher than for UMAV (8,283.3 vs. 6,353.4), which was due
to the negative control containing less RRV reads than UMAV reads (FCR,, 0.11 vs. 0.91). This pattern was also
present in the RRV and UMAV PCC-r and PCC,, values. The higher UMAV contamination in the negative con-
trol was due to the subsamples having higher concentrations of UMAYV than RRV (Table 3), leading to increased
index cross-talk®. The higher UMAV concentrations also meant that the PCC plateaued earlier for UMAV than
for RRV (Fig. 2A). The PCC-r and FCR-r values give an indication of the virus genome assembly and coverage,
and virus concentration present in a sample, respectively, while accounting for contamination in the negative
control. Patterns in these values can be useful for surveillance, for instance, a high PCC and low FCR suggests a
virus is present but at low concentration. Conversely, a low PCC and high FCR could be indicative of a related
virus or erroneous reference genome®'. This approach is dependent on complete genome sequences in the refer-
ence database for accuracy, and care needs to be taken when analysing segmented viruses to ensure coverage is
calculated for the whole genome and not just one segment. As with any detection tool, it is recommended that
any viruses of public health concern detected by metatranscriptomic sequencing are confirmed using alternative
virus detection methods such as PCR>.

Further studies utilising simulated samples with a finer scale of virus concentration and more negative sam-
ples will allow validation of the cut-oft values for the PCC-r and FCR-r criterion using a robust statistical-based
approach. The proposed value of > 2 means positive detections are at least twice the level seen in the negative
control, which has been previously used in other diagnostic tests such as PCR> and ELISA>, however remains
arbitrary when based on only one negative control sample. Future metatranscriptomic sequencing of mosquito
pools that are known to be positive for arboviruses can also be used for further evaluation of the criterion and will
improve this approach as a routine surveillance tool.

When investigating the assembly of the 10 UMAV genome segments, we found that certain segments assem-
bled in every sample, while other segments, regardless of segment size, only assembled in higher concentration
spike samples (Table 1). When reads were mapped to the UMAV genome all 10 segments had similar coverage
for each spiked subsample (Fig. 3B), suggesting the difference in assembly efficiency does not have to do with
the availability of the segments in the samples but rather with the contig assembly analysis. Often the inability
to detect all of a segmented virus genome suggests the segments are highly divergent from previously sequenced
viruses®, however the reference genome for the UMAYV strain spiked into the mosquito subsamples was in the
NCBI nt database used for analysis. Segment 5 (NS1/TuP) was the most frequently assembled segment (29.2-
100% PCC across all samples) and interestingly, has the longest UTR sequence that has been recorded for an orbi-
virus®!. It is possible the varying lengths of the UTR sequences for each segment may have affected the assembly>.
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Further work to investigate this anomaly could include the comparison of different transcriptome assemblers
when working with segmented genomes.

A consistently high specificity was achieved by assembling and taxonomically identifying the spiked viruses,
with 100% of RRV and 99.6% of UMAV contigs identified correctly. The misidentification of two UMAV contigs
as KHV (also a member of the Umatilla virus species) occurred because the UMAV genome in the nt database
did not contain any UTR sequences, demonstrating how incomplete reference databases can lead to errors. The
specificity was also dependent on the taxonomic classification approach - when BLASTx (translated nucleotide
query to protein database) was used instead of BLASTn (nucleotide query to nucleotide database), it led to a
decrease in specificity (Table S1B). BLASTx is commonly used in metatranscriptomic data analysis as it can detect
divergent sequences which enables novel virus discovery, however BLASTn produces less erroneous results and
therefore may be more suited for known pathogen identification®. Often studies take a combined approach that
utilises both nucleotide and protein information to achieve more accurate and sensitive virus classification®®-¢°.

Metatranscriptomic sequencing was not as sensitive as RT-ddPCR and RT-qPCR in detecting the spiked
viruses, with both PCR methods successfully detecting RRV and UMAYV in all of the spiked mosquito pool sub-
samples without producing background noise in the negative control (Table 3). Eliminating the contaminant
sequences in the negative control would improve the sensitivity of metatranscriptomic sequencing. However,
other factors can also affect sensitivity, including the type of sample being used. Metatranscriptomic sequencing
has reached a virus detection limit similar to diagnostic qPCR when liquid biological samples are being used, such
as blood®%2, nasopharyngeal swabs®>®* or clarified cell culture supernatant®. However, when complex samples
such as sewage®% or plant tissue®” are used, metatranscriptomic sequencing is considerably less sensitive. Despite
this reduced sensitivity, it is important to note metatranscriptomic sequencing can detect multiple regions, if not
the entire virus genome (Fig. 3), whereas PCR targets only a small region. Acquiring more genomic information
enables detection of viruses that may evade PCR due to sequence divergence in the diagnostic region and can also
be used for molecular epidemiology to gain insight into viral emergence and spread during an outbreak. The util-
ity of this approach was recently evidenced in Nigeria during a Lassa fever outbreak, where metatranscriptomic
sequencing on a MinION sequencer enabled simultaneous detection and characterisation of Lassa virus, a highly
variable RNA virus that poses difficulties for PCR-based diagnostics*. The use of whole genome information is
highly beneficial for surveillance not only to describe the diversity of viruses circulating, but also to understand
where they came from, how they will be transmitted, and how different strains have evolved over time.

The nontargeted nature of metatranscriptomics meant that not only were the whole genomes of the spiked
viruses sequenced, so were other viruses present in the pool of 100 Cx. australicus mosquitoes. De novo assem-
bly revealed a variety of viral families (Fig. 4), which included 19 previously characterised viruses (Table S3).
These results are consistent with prior metatranscriptomic studies, with 15 of the viruses identified in Australian
mosquitoes, and 11 of those from the Shi et al. study'!. This is the first time Culex circovirus-like virus, Culex
Hubei-like virus, Culex-associated Tombus-like virus and Yongsan picorna-like virus 2 have been detected in
Australia. The detection of a circovirus (ssDNA virus) confirms that the metatranscriptomic protocol used is
capable of sequencing DNA viruses, despite being targeted at RNA viruses. With DNase-treated RNA as the
input material it is possible this is mRNA produced by the circovirus, and it could also be DNA if the DNase
treatment was not 100% efficient®. A recent study on contaminating viral sequences in virome data suggests
circovirus-like viruses are a common contaminant derived from laboratory components®. Other types of DNA
viruses would need to be tested to determine if this protocol can detect both RNA and DNA without separate
nucleic acid library preparations. Whilst the known viruses identified in this pool of mosquitoes are not known
to cause disease in mammalian cells, the ability to detect these viruses without targeting them highlights the value
of metatranscriptomic sequencing in arbovirus surveillance.

The wealth of information provided by metatranscriptomic sequencing enhances arbovirus surveillance, how-
ever this tool needs to be affordable in order to be broadly utilised in surveillance programs. Processing a sample
with the same commercial kits and depth of sequencing used in this study costs approximately AUD$230. Over
half of this cost is attributed to the library preparation with customised rRNA depletion, and could be reduced
by using a cheaper kit (e.g. NEBNext Ultra IT RNA) and an in-house depletion method, such as the Cas9-based
approach described in Gu et al.”’. The second largest cost is sequencing, with the ~20 million reads per sam-
ple used in this study costing approximately AUD$100 using an Illumina NovaSeq sequencer’’. This depth of
sequencing enabled detection of RRV in the 1:400 spike subsample, which is equivalent to 1 positive mosquito in
40,000, therefore the sequencing depth and cost could be halved whilst remaining considerably sensitive. These
suggested changes lower the overall cost per sample to approximately AUD$110. This cost does not include labour
time, which amounts to approximately three days for the nucleic acid extraction and library preparation of 32
samples. Automation of some of the steps could increase the number of samples processed simultaneously. The
NovaSeq run time is 40 hours”’, resulting in a week turnaround time. Due to the cost and time involved, meta-
transcriptomic sequencing is currently suited as an additional tool to routine surveillance, providing in-depth
information on viral activity in mosquito populations at regular intervals throughout the season, perhaps on a
monthly basis. It is likely the time and cost associated with metatranscriptomic sequencing will decrease in the
future, allowing it to be used more routinely.

This study has provided information on the sensitivity and specificity of metatranscriptomic sequencing for
detection of arboviruses in large pools of mosquitoes, which is essential for the incorporation of this technique
into arbovirus surveillance programs. Metatranscriptomic sequencing successfully detected a virus in a pool of
100 mosquitoes at biologically relevant levels, and also in a pool of 1,000 mosquitoes (Fig. S2B). While meta-
transcriptomic sequencing was less sensitive than diagnostic gold standard approaches such as RT-qPCR and
RT-ddPCR, it provided more in-depth information by spanning the entire virus genome, and detecting all viruses
present in the mosquito pool. Choices made during the laboratory process and bioinformatic analysis affected
the sensitivity and specificity of virus detection, and therefore standardised protocols for both processes need to
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be established for routine use of metatranscriptomic sequencing. The criterion for positive detection of a virus
established in this paper is one example of a process that can be applied to produce comparable results, which also
accounts for potential contamination found in the negative control. Further work utilising wild caught mosqui-
toes from diverse populations will help to establish metatranscriptomic sequencing as a tool that can broaden the
capabilities of arbovirus surveillance.

Data availability

The sequences used for the customised mosquito rRNA probe design are available as a FASTA file on Figshare:
https://doi.org/10.6084/m9.figshare.9491258.v1. The unprocessed FASTQ files from the Illumina HiSeq are
available on the NCBI SRA Database under project ID PRINA559742.
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Supplementary Information

Estimating virus isolate concentration using RT-ddPCR
The virus isolates that were spiked into the mosquito homogenate subsamples were first

guantified using reverse transcription droplet digital PCR (RT-ddPCR). The method and

calculations used are described below using the Ross River virus (RRV) isolate as an example.

Lab method
RNA was extracted from the RRV isolate using a QlAamp Viral RNA Mini Kit and quantified

using an RNA HS assay on the Qubit:

e Qubit reading = 4.58 ng/uL

The RNA was thendiluted 1:1,000 forinput into RT-ddPCR, which was performed usinga One-
Step RT-ddPCR Advanced Kit for Probes. The diluted RNA input was 2 pL and the sample mix

was 22 L in total.

e RT-ddPCRreading =69.035 copies/uL

In order to normalise it with the Umatilla virus (UMAYV) isolate, the RRV isolate was diluted by

a factor of 2.4 and spiked into the S1 mosquito homogenate subsample. The calculation used

to estimate the concentration of the spiked RRV isolate is shown below.

Calculation
Start with RT-ddPCR reading:

e 69.035 copies/pL

Number of copies of cDNA/RNA in the entire 22 uL reaction:

e 69.035 x 22 = 1,518.774 copies



e Note:The assumption here is that conversion efficiency from RNA to cDNA is 100%.
Concentration of input RNA (2 uL used):

e 1,518.774 /2 =759.387 copies/pL

Concentration of RNA before 1:1,000 dilution:

e 759.387 x 1,000 = 759,387 copies/uL

Calculate copies/ng of RNA:
e Qubit reading = 4.58 ng/uL
e 759,387 /4.58 = 165,805 copies/ng of RNA
o Note:The assumption here is that all the RNA measured by the Qubit belongs to

RRV.

Adjustfor final dilution:
e 165,805 /2.4 =68,952.88 copies/ng of RNA

= 6.9 x 10* copies/ng of RNA



Table S1: A comparison of the number of assembled contigs from all individual samples

classified as A) ‘Togaviridae’ or B) ‘Orbivirus’ using a BLASTn search of the NCBI nucleotide

database, and a BLASTx search of the non-redundant database. Closely related viruses are

grouped together by different colours.

A)

BLASTnN results

BLASTxresults

No. of contigs

TaxonomiclID

No. of contigs

TaxonomiclD

131

Ross River virus

123

Ross River virus

1

Getahvirus

B)

BLASTh results

BLASTxresults

No. of contigs

TaxonomiclD

No. of contigs

TaxonomiclD

339 Anopheles hinesorum orbivirus 369 Anopheles hinesorum orbivirus
246 Anopheles annulipes orbivirus 236 Anopheles annulipes orbivirus
449 Umatilla virus M4941_15 54 Morris orbivirus
2 Koyama Hill virus 339 Umatilla virus M4941_15
51 Stretch Lagoon orbivirus
48 Koyama Hill virus
4 Umatilla virus USA1969/01
1 Minnal virus




Table S2: Primer and probe sequences used for reverse transcription qPCR and ddPCR quantification of Ross River virus (RRV) and Umatilla virus

(UMAV) in clarified mosquito subsamples.

Name Sequence (5'-3’) Amplicon size (bp) | Gene Reference
RRVE2F ACGGAAGAAGGGATTGAGTACCA E2 (Hall et al., 2011)
RRVE2R TCGTCAGTTGCGCCCATA 67 E2 (Hall et al., 2011)
RRV_E2 _ZEN_IB 56-FAM/CAACAACCC/ZEN/GCCGGTCCGC/3IABKFQ N/A E2 (Hall et al., 2011)
UMAV_84 F CAGAGAGATGACTATCGACG Seg2 (VP2/T2) This study
UMAV_84 R TTGTAGGTTCCGATCATAGG . Seg2 (VP2/T2) | This study
UMAV_84 ZEN_IB | 56-FAM/CACAAGCAT/ZEN/GGTTACGTACATATTC/3IABKFQ | N/A Seg2 (VP2/T2) This study




Table S3: Known viruses presentin the pool of 100 Culex australicus mosquitoes as identified
by de novo assembly. The length of the assembled contigs is shown along with the amino acid

percentage identity (AAP1%) to the reference sequence.

Viral family Virus Contiglength/s (bp) AA PI%
Circoviridae Culex circovirus-like virus T 1,256-1,472 96.9-97.2
Mesoniviridae Ngewotanvirus* 20,244 99.4
Nodaviridae Culex Hubei-like virus T 668 97.6
Orthomyxoviridae | Wuhan Mosquito Virus 6* 921-1.554 99.7-100
Reoviridae Anopheles annulipes orbivirus 4,414 99.6
Rhabdoviridae Beaumont virus 4,395 96.8
Tombusviridae Culex-associated Tombus-like virus t 1,752 99.6
Totiviridae Australian Anopheles totivirus 923-6,142 67.9-97.3
Unclassified Castlerea virus 9,456 100
Unclassified Culex mononega-like virus 1* 1,681-5,974 99.8-100
Unclassified Culex mononega-like virus 2* 8,668-13,297 99.8-100
Unclassified Culex negev-like virus 1* 11,002 99.6
Unclassified Culex negev-like virus 3* 1,494-7,299 99.6-100
Unclassified Culex phasma-like virus* 1,886-5,205 100
Unclassified Culex rhabdo-like virus* 11,455 100
Unclassified Hubei chryso-like virus 1* 3,149-3,370 99.8-100
Unclassified Hubei reo-like virus 7* 3,717 96.3
Unclassified Yongsan picorna-like virus 2t 9,781 96.4
Unclassified Zhejiang mosquito virus 3* 2,834 96.7

* Viruses previously detected in Western Australia mosquitoes (Shiet al., 2017).

T Viruses detected for the first time in Australia.



Fig. S1: The reverse transcription quantitative PCR (RT-gPCR) amplification curves for Ross
River virus (RRV)in: A) A pool of 100 Culex australicus mosquitoes containing a single RRV-
infected mosquito (run in triplicate); B) The RRV-spiked mosquito subsample (S1 — S5)

replicates (run in duplicate). The S1 subsample (1:1 spike dilution) is representative of the

viral load found in A) and is marked on the amplification plot.
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Fig. S2: Percentage of normalised reads mapping to mosquito ribosomal RNA (rRNA) from:
A) A pool of 100 mosquitoes (99 Culex australicus and one Aedes notoscriptus infected with
Ross River virus). NUGEN Ovation Universal RNA-Seq System library preparation was
performed with combinations of undiluted (82.6 — 112 ng/ulL) and diluted (30 ng/uL) input
RNA, and customised rRNA depletion probe mixture added at the recommended 500 nM
(blue)and 100 uM (red). The number of Ross River virus reads in each sample is displayed in

white text. Reads for each sample were normalised to 600,000.
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B) A pool of 1,000 mosquitoes (999 Cx. australicus and one Ae. notoscriptus infected with Ross
River virus). NuGEN library preparation was performed without the customised rRNA
depletion probe mixture (red), and with the customised rRNA depletion probe mixture added
at the recommended concentration of 500 nM (blue) and at 100 uM (green). The number of
Ross River virus reads in each sample is displayed in white text. Reads for each sample were

normalised to 600,000.
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C) Individual Cx. quinquefasciatus, Cx. australicus, and Ae. notoscriptus mosquitoes. Each
sample was prepared with (red) and without (blue) customised rRNA depletion. The
depletion was performed with customised probe mixture added at 100 uM. Reads for each

sample were normalised to 800,000.
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Fig. S3: Number of reads mapping to the PhiX genome from each set of FASTQ files output by
the HiSeq sequencer. The initial read demultiplexing allowed one index mismatch, whereas

the re-demultiplexed reads had no index mismatches.
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CHAPTER 3
Enhanced arbovirus surveillance with high-throughput metatranscriptomic processing

of field-collected mosquitoes

3.1 Chapter preface

The methods and positive detection criteria developed in Chapter 2 were evaluated using
unsorted, bulk mosquito traps collected from different locations in Victoria, Australia as
part of an existing arbovirus surveillance program in 2016-17. A curated database of
Australian arboviruses was compiled and used to screen the metatranscriptomic trap
data, with detections confirmed using established PCR methods. The detected arboviruses
were analysed phylogenetically using whole genome or segment sequences assembled
from the metatranscriptomic data. A curated database of cytochrome oxidase | (COl)
sequences was also compiled to enable identification of mosquito and biting midge
species from south-east Australia from the metatranscriptomic trap data. The
metatranscriptomic arbovirus detection and mosquito identification was compared to
corresponding surveillance data for the same traps produced by the arbovirus surveillance
program in 2016-17. Further analysis of the metatranscriptomic data revealed a broad
diversity of viruses endemic to mosquitoes, both known and previously undescribed. One

of these novel viruses is further investigated in Chapter 4.

This chapter is in final stages of preparation, with intended journal submission to PLOS
Neglected Tropical Diseases. The chapter is presented in a format compliant with the
journal submission guidelines and includes supplementary information. Sequences
generated in this chapter have been uploaded to GenBank and are awaiting approval. As
such, the associated accession numbers have been kept blank and once assigned, will be

added for journal submission.

3.2 Publication details

Title: Enhanced arbovirus surveillance with high-throughput metatranscriptomic

processing of field-collected mosquitoes

Stage of publication: In preparation
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Abstract

Background

Surveillance programs are essential for the prevention and control of mosquito-borne
arboviruses that cause serious diseases in humans and animals. Viral metatranscriptomic
sequencing can enhance surveillance by enabling untargeted, high-throughput arbovirus
detection. We used metatranscriptomic sequencing to screen field-collected mosquitoes for
arboviruses to better understand how metatranscriptomics can be utilised in routine

surveillance activities.

Methodology/Principal Findings

Following a significant flood event in 2016, more than 56,000 mosquitoes were collected over
seven weeks from field traps set up in Victoria, Australia. The unsorted traps were split into
samples of 1,000 mosquitoes or less and used for nucleic acid extraction. Libraries were
prepared using a mosquito-specific ribosomal RNA depletion method and sequenced on the
Illumina HiSeq. Screening of the metatranscriptomic data revealed the presence of five
arboviruses relevant to public health: Ross River virus, Sindbis virus, Trubanaman virus,
Umatilla virus, and Wongorr virus. A total of 33 arbovirus detections were made, 94% of which
were confirmed using reverse transcription quantitative PCR (RT-qPCR). Analysis of
cytochrome oxidase | (COIl) sequences in the metatranscriptomic data also led to the
detection of 12 mosquito and two biting midge species. Screening of mosquitoes from the
same traps by an established public health arbovirus surveillance program corroborated the
arbovirus and mosquito species detections made using metatranscriptomics. Whole genome
or segment sequences assembled from the metatranscriptomic data were used to
phylogenetically compare the detected arboviruses to previously sequenced strains. Further
analysis of the viral sequences also provided the first look into the viral diversity of
mosquitoes from south-east Australia, with the detection of 51 insect-specific viruses, both

known and previously undescribed.

Conclusions/Significance
We have demonstrated the power of metatranscriptomics to enhance arbovirus surveillance
by enabling untargeted arbovirus detection, providing genomic epidemiological data, and

simultaneously identifying vector species from large, unsorted mosquito traps. The methods
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53  and resources provided in this study will assist in the incorporation of metatranscriptomics

54 into routine arbovirus surveillance activities.
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Introduction

Arthropod-borne viruses (arboviruses) are distributed worldwide and in recent years have
caused epidemics such as dengue, chikungunya, and Zika fever (Mayer et al., 2017). Dengue
alone infects 390 million people a year, with a total economic cost of nearly US$40 billion
(Selck et al., 2014). Almost 30% of emerging infectious diseases are arboviral, fuelled by
increasing population growth, urbanisation, globalisation and international motility (Jones et
al., 2008; Wilder-Smith et al., 2017). Arboviral infections can often be asymptomatic or
present with non-specific symptoms, meaning that outbreaks can go undetected until
containment is no longer feasible. For instance, clinical similarity to dengue and chikungunya
viral infection enabled Zika virus (ZIKV) to circulate for over a year and half before the first
detection in Brazil occurred in 2015, by which point it had already spread to over 40 countries
(Grubaugh et al., 2019). Antibody cross-reactivity between flaviviruses and a lack of routine
testing further hindered early detection (Priyamvada et al., 2016). Preparedness for these
epidemics requires the ability to detect unexpected novel viral species and strains, and
genomic information to reconstruct transmission dynamics and inform public health

initiatives.

As the primary vector of arboviruses, mosquito populations are monitored by surveillance
programs in order to detect and control arboviral activity. A common approach is to trap
mosquitoes and test them for the presence of arboviruses using cell culture. This involves
morphologically identifying the mosquitoes to species level and inoculating a subsample onto
a range of suitable cell lines, which are then screened for arboviral presence using an
appropriate immunological staining method or by observing for cytopathic effect (Knope et
al., 2019; O’Brien et al., 2015). In recent years, molecular approaches such as reverse
transcription PCR (RT-PCR) have been used for arbovirus detection, with a capacity to test
pools containing thousands of mosquitoes (Ritchie et al., 2003). This is a significant upscale to
cell culture, which loses sensitivity with pool sizes larger than 200 mosquitoes (Sutherland
and Nasci, 2007), meaning that only small subsamples of trap catches are tested during flood
seasons when thousands of mosquitoes are trapped each week (Knope et al., 2019). Due to
the low arbovirus infection rates in mosquito populations, it is imperative to maximise sample
sizes in order to increase detection probability (Gu and Novak, 2004). Although RT-PCR offers

sensitivity and the ability to upscale surveillance, it requires a priori knowledge of the virus
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sequence, which limits detection of divergent strains and restricts the discovery of
unexpected novel viruses. Virus-specific PCRs also limit the number of targets and can
decrease in sensitivity over time due to genomic drift in rapidly evolving viruses

(Sozhamannan et al., 2015; Stellrecht, 2018).

Metatranscriptomics (total RNA sequencing) is an untargeted approach to virus detection
that, unlike PCR, can generate whole genome sequences for all of the RNA viruses present in
a sample. Focussing on RNA viruses is suited to arbovirus surveillance as all known arboviruses
have an RNA genome, with the exception of African swine fever virus (ASFV), a double-
stranded DNA virus that is transmitted by soft ticks (Gaudreault et al., 2020). The phylogenetic
resolution offered by whole genome sequencing is particularly valuable in outbreak
situations, where it can be used to reconstruct local virus transmission, elucidate the
geographic origin of cases, track virus mutations, and identify highly transmissible strains
(Pollett et al., 2020). For instance, genomics was used to uncover an unreported outbreak of
ZIKV in Cuba and trace it to multiple introductions from other Caribbean islands, helping to
direct vector control and further surveillance activities (Grubaugh et al., 2019). The
untargeted nature of metatranscriptomics makes it ideal for arbovirus surveillance as it not
only enables the detection of established viruses that can cause human disease, but also
novel, unexpected viruses in mosquitoes, and other organisms of interest such as parasites
(Ramos-Nino et al., 2020), bacteria, and fungi (Chandler et al., 2015). Furthermore, the
mosquito species composition of the trap can be determined from the metatranscriptomic
sequencing reads without manual sorting of the specimens (Belda et al., 2019), removing a

major bottleneck in mosquito processing.

One of the challenges in implementing metatranscriptomics as a surveillance tool is the
bioinformatics analysis involved in handling the sequencing data. A typical approach to
metatranscriptomic virus detection involves comparing the sequencing reads or assembled
contiguous sequences (contigs) to a reference database containing previously described virus
sequences. Using a large, public database such as those offered by the National Center for
Biotechnology Information (NCBI) provides comprehensive virus identification. However,
these databases are littered with misannotated sequences, which can confound results
(Steinegger and Salzberg, 2020). Alternatively, smaller, curated databases can be used to

achieve more trustworthy results, but usually limit the scope of identification, leaving a
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combined approach as the best but most time-consuming option (Chiu and Miller, 2019). In
any circumstance, the method chosen needs to be tested and standardised in order to provide

reliable and consistent results.

Decreases in sequencing costs have led to a rise in metatranscriptomic studies, with mosquito
pools often sequenced to characterise viromes and discover new viruses (Pettersson et al.,
2019; Sadeghi et al., 2018), investigate mosquito-specific virus ecology (Shi et al., 2017), and
identify vector control candidates (Ramos-Nino et al., 2020; Zakrzewski et al., 2018).
However, metatranscriptomics has yet to be applied to an established public health arbovirus
surveillance program. As such, there is limited information on the sensitivity and specificity
of metatranscriptomic arbovirus detection from mosquitoes and how this compares to
established methods of arbovirus detection. A recent study introduced a positive detection
criteria for metatranscriptomic detection of arboviruses from pooled mosquitoes (Batovska
et al., 2019), but it is yet to be tested with traps containing diverse populations of mosquito

and virus species.

The goal of this study is to assess the utility of metatranscriptomics in arbovirus surveillance.
Using traps collected in 2016 following a significant flooding event in regional Victoria,
Australia, we screened over 56,000 mosquitoes for arboviruses using metatranscriptomic
sequencing. The results were confirmed using quantitative RT-PCR (RT-qPCR) and used to
assess previously established positive detection criteria. The metatranscriptomic data was
further utilised for mosquito and biting midge identification, and detection of insect-specific
viruses, both known and previously undescribed. We also compared the metatranscriptomic
results to existing surveillance program data for the same traps to examine the different

outcomes of established methods and novel approaches to arbovirus surveillance.

Materials and methods

Mosaquito collection and initial arbovirus screening

The mosquitoes used in this study were collected as part of the Department of Health and
Human Services Victorian Arbovirus Disease Control Program (VADCP). Mosquito collection

was performed on a weekly basis using carbon dioxide-baited encephalitis virus surveillance
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(EVS) light traps (Rohe and Fall, 1979) overnight at three locations in Victoria, Australia (Figure
1). The three trapping locations were in the Rural City of Mildura (Mildura) (-34.249617,
142.218261), the Shire of Gannawarra (Gannawarra) (two traps spaced 2.2 km apart; -
35.707128, 143.906764 and -35.720019, 143.925958), and the Wellington Shire Council
(Wellington) (-38.206653, 147.396661). Traps were positioned in both bushland containing
native animal hosts and near areas populated by humans in order to sample across enzootic
and epizootic zones. The traps were collected over a seven week period during peak mosquito
season from 7 November 2016 (Week 45) to 19 December 2016 (Week 51), following a
significant flood event in the Murray-Darling Basin in September 2016 (Murray-Darling Basin
Authority, 2016). Upon collection, the mosquitoes from the traps were immobilised at -20°C

for 30 minutes, and then transported to the laboratory via chilled overnight delivery.

A subsample of mosquitoes was taken from each trap for arbovirus screening by the VADCP
(Table 1). These mosquitoes were morphologically identified and screened for arboviruses
using a cell culture-based system as previously described (Lynch et al., 2020). The remaining
mosquitoes from each trap were stored at -20°C until used in this study for

metatranscriptomic sequencing.

Sample preparation and nucleic acid extraction

Each mosquito trap was sorted into different sized subsamples. The first subsample for each
trap consisted of 100 mosquitoes, which were counted and weighed. The remainder of each
trap was then sorted into subsamples consisting of 1,000 mosquitoes, based on the weight of
the initial 100 mosquitoes. This sample size was chosen based on previous findings indicating
metatranscriptomic sequencing can detect an arbovirus from a single infected mosquito in a
pool of 1,000 (Batovska et al., 2019). Any remaining mosquitoes were weighed and allocated
as the last “remainder” subsample for each trap (estimated range: 78 to 906 mosquitoes). All
mosquito subsamples were placed into 50 mL Falcon tubes and stored at -80°C until further

use. A total of 86 subsamples from 21 traps were prepared.

To homogenise the mosquitoes for nucleic acid extraction, 3 mm glass beads (Sigma-Aldrich)
and Buffer AVL (Qiagen) scaled according to mosquito number (Table S1) were added to each
subsample. The mosquitoes were then mechanically homogenised for two 1 minute cycles at

1,200 rpm using a 2010 Geno/Grinder (SPEX SamplePrep). The homogenised mosquitoes
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were centrifuged for 5 minutes at 15,344 x g and 140 plL of supernatant was removed from
each subsample. Nucleic acid was extracted from the supernatant using the QlAamp Viral RNA
Mini Kit (Qiagen) according to manufacturer’s instruction, excluding the addition of carrier
RNA. A double elution was performed using 2 x 40 pL of Buffer AVE and stored at -80°C until
library preparation. An extraction negative control was included in each batch of extractions

and consisted of 140 pL of Buffer AVL as input.

Metatranscriptomic sequencing

Libraries were prepared for metatranscriptomic sequencing using the NuGEN Ovation
Universal RNA-Seq System with custom rRNA depletion. Briefly, 2 pL of undiluted RNA (68 —
200 ng) was DNase treated, converted into cDNA, and sheared into 200 — 400 bp fragments
using a Covaris S220 Focused-ultrasonicator. A library negative control was included in each
batch of library preparation and consisted of 2 uL of UltraPure water (Invitrogen) as input.
Additionally, 2 uL of RNA from a pool of 1,000 mosquitoes containing a single Ross River virus
(RRV) infected mosquito (Batovska et al., 2019) was used for a positive control library. After
performing end repair, adaptor ligation and strand selection, the libraries were depleted of
mosquito rRNA sequences using customised probes (Batovska et al., 2019). Libraries
underwent 14 cycles of PCR amplification and were then purified using AMPure XP beads
(Beckman Coulter). The libraries were quantified using a D1000 ScreenTape with the 2200
TapeStation (Agilent Technologies) and a dsDNA HS assay with the Qubit 3 Fluorometer
(Thermo Fisher Scientific) and pooled into three samples of equimolar concentration. Each
pooled sample was quantified using the TapeStation, diluted to 20 nM with UltraPure water,
and treated with Free Adapter Blocking Reagent (lllumina) according to manufacturer’s
instructions in order to reduce index hopping (lllumina, 2017). The treated sample pools were
quantified using the Qubit, diluted to 10 nM with 10 mM Tris buffer (pH 7.0; Invitrogen) and

sequenced on a lane of the HiSeq 3000 (lllumina) with 2 x 150bp reads.

Read assembly and taxonomic classification

The reads were demultiplexed into subsamples and used for de novo assembly, performed
using Trinity v2.4.0 (Grabherr et al., 2011) with read normalisation and trimming options

selected. Assembled contigs over 500 bp (Belda et al., 2019) were taxonomically classified
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using DIAMOND BLASTx v0.9.22.123 (Buchfink et al., 2015) with the NCBI non-redundant (nr)
protein database (acquired 2" September 2019) and an e-value threshold of 10~. Abundance
was measured by mapping trimmed, interleaved reads back to the contigs using BWA-MEM
v0.7.17-r1188 (Li, 2013) and obtaining read counts with SAMtools v1.9 idxstats (Li et al.,
2009). Taxonomy, abundance and sample information was imported into RStudio v1.2.1335
(RStudio Team, 2015) for analysis and visualisation with phyloseq v1.28.0 (McMurdie and
Holmes, 2013) and ggplot2 v3.2.1 (Wickham, 2009) packages. The abundance data was
normalised to even sampling depth and taxa with a mean abundance lower than 10 were
removed (Mariadassou et al., 2015). Non-metric multidimensional scaling (NMDS) based on
Bray-Curtis dissimilarity was used to compare taxa in the trap subsamples, the positive

control, and the extraction and library negative controls.
Metatranscriptomic mosquito and biting midge species identification

The mosquito (Diptera: Culicidae) and biting midge (Diptera: Ceratopogonidae) species in
each trap were determined by using BLASTn v2.9.0+ (Camacho et al., 2009) to compare the
subsample contigs to a custom database of cytochrome oxidase | (COIl) barcode sequences.
The database contained 138 COIl sequences belonging to 29 mosquito species (Batovska et
al., 2016) and 13 biting midge species (Dyce et al., 2007) found in Victoria, Australia. Biting
midges were included in the database as they are often found in mosquito traps and can also
transmit arboviruses (Tay et al.,, 2016). Members of the Culex pipiens mosquito species
complex that cannot be differentiated by COI had their names conglomerated so that they
would be counted as one (Batovska et al.,, 2016). The database is accessible via Figshare:

https://doi.org/10.6084/m9.figshare.10246826.v3. The BLASTn was performed with an e-

value threshold of 10~ and the results were filtered for contigs with >300 bp alignment length
and >95% identical match to COI sequences. Read counts for these contigs were acquired
from the previously performed idxstats analysis, summed per species and per trap, and used

to plot species abundance with ggplot2.

Targeted arbovirus screen

The metatranscriptomic data generated from the trap subsamples were screened for

arboviruses of public health interest using a targeted custom database based on those listed
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in Mackenzie et al. (1994) and Vasilakis et al. (2019). Whole genome sequences were used in
the database if publicly available, and segmented genomes were merged so that each
arbovirus was represented by a single sequence. The resulting database contains 74
arboviruses, representing nine viral families, and is available on Figshare:

https://doi.org/10.6084/m9.figshare.12055830.v1. Screening was performed by mapping the

subsample contigs and reads to the arbovirus database with BWA-MEM, and using BBMap
pileup (Bushnell, 2017) to measure the average Fold Coverage by Reads (FCR), Percent
Coverage by Contigs (%CC), and Percent Coverage by Reads (%CR). Each arbovirus coverage
value in the subsamples was divided by any corresponding coverage in the negative controls,
resulting in three coverage-based criteria: Fold Coverage by Reads ratio (FCR-r), Percent
Coverage by Contigs ratio (%CC-r), and Percent Coverage by Reads ratio (%CR-r), with values
> 2 considered positive (Batovska et al., 2019). The performance of these criteria was
compared by confirming every detection with RT-qPCR (as outlined below). Lastly, the
SAMtools idxstats command was used to get read counts for the arboviruses in each trap

based on the read alignments.

Confirmation of arbovirus detections using RT-qPCR

RT-qPCR was used to test all 86 subsamples for any arboviruses detected during the targeted
arbovirus screen, with a total of five assays performed: Ross River virus (RRV), Sindbis virus
(SINV), Trubanaman virus (TRUV), Umatilla virus (UMAV) and Wongorr virus (WGRV). The
mosquito subsample RNA was diluted 1:5 with UltraPure water (Invitrogen) for use in the RT-
gPCR assays. The RRV (Hall et al., 2011), SINV (Eshoo et al., 2007), TRUV (Lynch et al 2020)
and UMAYV (Cowled et al., 2009) primers were previously published, and the WGRV primers
were designed in-house. Further details on the primers, as well as the PCR cycles and kits
used, can be found in Table S2. For the probe-based RRV assay, subsamples with Ct <40 were
considered positive; for the SYBR Green-based SINV, TRUV, UMAV and WGRV assays,
subsample melt curves were also compared to negative and positive control melt curves to

determine positivity.
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Phylogenetic analysis of target arboviruses

In order to perform phylogenetic analysis, consensus sequences were derived from the read-
based alignments that had >90% coverage of reference sequences from the targeted
arbovirus screen. SAMtools mpileup and BCFtools consensus were used to generate the
consensus sequences, and then MAFFT v7.429 (Katoh and Standley, 2013) was used to align
them with other arbovirus sequences from GenBank. Full genome alignments were used for
RRV and SINV (11,362 nt and 11,460 nt respectively), Segment M for TRUV (4,152 nt), and
Segment 7 for UMAV (1,364 nt). Phylogenetic trees were created for each arbovirus alignment
with PhyML v3.3 (Guindon et al., 2010) using maximum likelihood and a general time
reversible (GTR) substitution model. Branch support was evaluated using 1,000 bootstrap
replicates. The resulting trees were viewed and edited using Geneious v8.1.8 (Kearse et al.,
2012). All arbovirus sequences generated for phylogenetic analysis have been uploaded to

GenBank (acc. xxx-xxx).
Virome analysis

Contigs from the initial de novo assembly classified as viral by DIAMOND BLASTx were used
to investigate the broader virome present in the trap subsamples. The contigs were compared
to the NCBI nucleotide (nt) database (acquired 28™" October 2019) using BLASTn with an e-
value threshold of 10 and filtered to remove non-viral contigs. For the sake of brevity, the
analysis was limited to RNA viruses by comparing the contigs to all viral RNA-dependent RNA
polymerase (RdRp) protein sequences on RefSeq using DIAMOND BLASTx with an e-value
threshold of 10°. Abundance estimates were determined by mapping reads back to the
contigs and measuring read counts, as previously described, and summing the reads per trap.
Viral contigs greater than 1,000 bp in length (Wille et al., 2019) had associated BLASTx and

abundance information plotted in RStudio using ggplot.

Viral contig abundances were imported into phyloseq along with COI contig abundances (as
previously identified via the COl BLASTn search). The read counts were normalised and
filtered to remove taxa with a mean abundance below 10 (Mariadassou et al., 2015). The
difference in viral and mosquito taxa amongst the subsamples was then visualised using an

NMDS based on Bray-Curtis dissimilarity.
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Results

Sample preparation and sequencing

Based on weight, a total of 62,218 mosquitoes were trapped in Gannawarra, Mildura and
Wellington over a seven week period in 2016 (Weeks 45 — 51; Table 1; Figure 2). The VADCP
subsampled 5,985 mosquitoes (9.6%) to use for cell culture-based arbovirus screening, with
the remaining 56,233 mosquitoes (90.4%) used for metatranscriptomic sequencing.
Mosquitoes were sorted into 2 — 15 subsamples per trap, resulting in a total of 86 mosquito
subsamples for sequencing (Table 1). Additionally, there were three extraction negative
controls, four library negative controls, and one positive control, resulting in a total of 94

samples for sequencing.

For the 86 mosquito subsamples, a mean of 10,575,201 paired reads were generated per
subsample (range: 7,971,017 — 16,414,900). When the reads were mapped to taxonomically
classified contigs (Figure 3), a mean of 78% (range: 17 — 99%) belonged to eukaryotes, the
majority of which were arthropod species (mean: 70%; range: 12 — 98%). A substantial
proportion of the reads (mean: 61%; range: 4 — 95%) were attributed to two ciliate species
(Oxytricha trifallax and Stylonychia lemnae) and two nematode species (Wuchereria bancrofti
and Brugia timori). However, further investigation indicated that these reads were derived
from mosquito rRNA and so they were re-classified as arthropod for counting. Archaea and
bacteria were represented by a mean of 1% of reads (range: 0.0 — 17%) and were not
characterised as part of this study. The percentage of viral reads varied among the subsamples
(1% — 82%), with certain traps having more viral reads than others. For instance, in
Gannawarra the Week 45 and 46 traps had a mean of 55% viral reads, whereas the Week 47

— 51 traps had a mean of 8% viral reads.

The three extraction negative controls had a low number of sequencing reads compared to
the subsamples, with a mean of 8,112 paired reads per sample (range: 5,249 — 10,139). Three
out of the four library negative controls also had a low number of sequencing reads (mean:
112,252; range: 5,245 — 258,192), however there was one library negative control with

11,926,882 paired reads. Of the taxonomically classified reads for this library negative control,
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80% were plant and 16% were bacterial, suggesting contamination. These plant and bacterial
species were also present in some other samples from the same sequencing pool as the
contaminated library negative control, but not in samples that were processed with it during
library preparation, indicating the contamination occurred during sequencing. When
comparing all taxa, both the extraction and library negative controls were distinct from the
trap subsamples (Figure S1). The taxonomic composition of the positive control was similar

to the subsamples.

Metatranscriptomic mosquito and biting midge species identification

The COl-based analysis of the metatranscriptomic data from all 86 subsamples identified 12
mosquito and two biting midge species in the 21 traps used in this study. The 12 mosquito
species were detected over the seven-week period, with the two inland locations,
Gannawarra and Mildura, sharing similar mosquito species in comparison to the coastal
location, Wellington, which primarily had Aedes camptorhynchus (Figure 4A). The mosquito
species composition changed over time, particularly in Gannawarra, where Anopheles
annulipes and Culex australicus/globocoxitus populations were gradually replaced by Culex
annulirostris. The two biting midge species were Culicoides marksi in Mildura, and Culicoides
multimaculatus in Wellington, both detected at low abundances (<5% of mosquito and midge

COl trap reads).

When only the 100-mosquito subsamples were used for COIl-based metatranscriptomic
analysis, abundance estimates for prevalent species were often comparable to those
generated with all of the trap subsamples (Figure 4B). However, only 11 of the 14 species
were present in the 100-mosquito subsamples, with low abundance (<5%) mosquito species
Aedes theobaldi and Tripteroides atripes, and biting midge species Culicoides marksi, not
detected. Analysis using only the 100-mosquito subsamples also resulted in the taxonomic
dropout of other species, such as Anopheles annulipes, which was absent in seven of 19 traps
positive for this species. In total, there were 26 taxonomic dropouts in 16 of the 21 traps when
using only the 100-mosquito subsample data, compared to when all of the trap subsamples

were used.
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Assessment of positive detection criteria

Three criteria were assessed for arbovirus detection during the targeted screen of the
metatranscriptomic data: Fold Coverage by Reads ratio (FCR-r), Percent Coverage by Contigs
ratio (%CC-r), and Percent Coverage by Reads ratio (%CR-r), with values > 2 considered
positive (Batovska et al., 2019). Counting at trap level, a total of 9 detections were made using
FCR-r, 15 using %CC-r, and 22 using %CR-r (Table S3A-C). No detections were made in the
negative controls. All trap detections were confirmed using RT-qPCR, making %CR-r the most

effective criterion to use for the targeted arbovirus screen of the metatranscriptomic data.
Arbovirus detection

Using the targeted database with the %CR-r criterion to screen the metatranscriptomic data
resulted in the detection of five arboviruses: RRV, SINV, TRUV, UMAV and WGRYV (Figure 5A).
Out of the 86 subsamples, 25 were positive for one or more arbovirus, resulting in 33
detections. Counting at trap level, these represented 22 detections in 13 of the 21 traps. The
majority of the trap detections came from Mildura (54.6%) and Gannawarra (31.8%), with
only 13.6% from Wellington. RRV was detected in all three locations, SINV, TRUV and WGRV
in Gannawarra and Mildura, and UMAYV in Mildura. Based on read number per trap, the
highest abundance arboviruses were SINV (mean 998.7 reads), TRUV (mean 663.8) and RRV
(mean 514.5), while there were less reads attributed to UMAV (mean 137.7) and WGRV
(mean 3). Out of the 33 detections, 22 (67%) were in a 1,000-mosquito subsample, nine (27%)
in a remainder subsample (509 — 799 mosquitoes), and two (6%) in a 100-mosquito

subsample, both of which were TRUV (Figure 5B).

Of the 33 metatranscriptomic subsample detections, 31 were confirmed using RT-qPCR (Table
S4). The two unconfirmed detections were both SINV in Gannawarra from traps that had
other subsamples positive for SINV via metatranscriptomics. The RT-qPCR testing revealed an
additional 12 detections in the subsamples, or counting at trap level, an additional four
detections: one RRV, two TRUV, and one WGRYV (Table S4). Based on the RRV RT-gPCR results,
lower Ct values corresponded to higher %CR (R? = 0.9, Figure S2). RRV-positive subsamples
with a Ct <30 had %CR >98, whereas subsamples with a Ct >35 had %CR <10. A quarter (25.6%)
of all the gPCR subsample detections had a Ct >35 (Table S4).
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Comparison to routine surveillance program data

Despite representing a separate subsample of mosquitoes in each trap, the results of the
initial screen performed by the VADCP in 2016 corresponded to the metatranscriptomic
results (Figure 6). Relative abundance estimates based on morphological identification were
similar to COI-based estimates for the most prevalent mosquito species (Figure 6A). However,
there were differences in detection of lower abundance species, with morphology-based
methods identifying 8 of the 14 species detected using metatranscriptomics. It should be
noted that the VADCP does not identify or record biting midge species present in the traps,
which accounts for two of the undetected species. Cell culture screening of the initial trap
subsamples performed by the VADCP detected four out of the five arboviruses detected via
metatranscriptomics (Figure 6B). UMAV was not detected, however, the VADCP orbivirus
(UMAV and WGRYV) screening was not as extensive as for other viruses of public health
significance due to orbivirus isolates producing cytopathic effects in mosquito cells but not in

mammalian cells (Lynch et al., 2020).

Phylogenetic analysis of arboviruses

Out of the 33 metatranscriptomic arbovirus detections made in the subsamples, only 10
provided the coverage required to generate a consensus sequence for use in phylogenetic
analysis: three for RRV (whole genome, 11,362 nt); three for SINV (whole genome, 11,460 nt);
three for TRUV (Segment M, 4,152 nt); and one for UMAV (Segment 7, 1,364 nt).

All three RRV detections grouped within the recently described Genotype 4 (G4) lineage
(Figure 7A), to which all contemporary RRV strains belong (Michie et al., 2020). The
Gannawarra and Mildura RRV detections were placed in the G4A sublineage, which contains
mosquito-derived strains from Queensland (QLD) and Western Australia (WA), and human-
derived strains from QLD. The Wellington RRV detection clustered with the smaller G4B
sublineage, which consists of mosquito-derived strains from WA and human-derived strains

from QLD. All three RRV detections shared >98% nucleotide identity with the G4 strains.

Phylogenetic analysis revealed that all three SINV detections belonged to the SINV-Il genotype
(Figure 7B), along with Australian strain 18953, which was isolated from Culex annulirostris

mosquitoes in 1975, and Chinese strain YN_222, which was isolated from a midge in 2013
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(Pickering et al., 2019). SINV from both Gannawarra and Mildura shared 96% nucleotide
identity with Australian strain 18953, and 90% with Chinese strain YN-222. The other
Australian SINV strain, SW6562, which was isolated in 1984 and belongs to the SINV-VI or the
south-west Australia genotype (Saleh et al., 2003), shared 72% nucleotide identity with SINV
from the Gannawarra and Mildura traps. Interestingly, SINV from one of the Gannawarra
subsamples shared more nucleotide identity with SINV from the Mildura subsample (99.51%)
than with SINV from the other Gannawarra subsample (99.16%), despite belonging to the

same trap.

When compared with Segment M sequences from orthobunyaviruses in the Mapputta group,
the three TRUV detections clustered with other TRUV strains (Figure 7C), forming a clade with
the type strain MRM3630, isolated in QLD in 1965, strain SW27572, isolated in WA in 1993,
and strain Murrumbidgee 934 (also known as Murrumbidgee virus), isolated in New South
Wales (NSW) in 1997 (Briese et al., 2016; Coffey et al., 2014; Shchetinin et al., 2015). These
three TRUV strains were all isolated from Anopheles annulipes mosquitoes. The TRUV
detections from Gannawarra in Week 46 and Mildura in Week 51 were similar (99.47%) and
shared >98% nucleotide identity with strains SW27572 and Murrumbidgee 934. The TRUV
from Mildura in Week 47 was 5% different to the other two detections, sharing most

nucleotide identity with strain MRM3630 (97.3%).

Of the three UMAV detections from Mildura, only the one from Week 50 had enough
coverage of a genome segment to allow phylogenetic analysis (Figure 7D). Comparison of
Segment 7 showed the Mildura UMAV detection was most similar to UMAV M4941 15
(94.19% nucleotide identity), which was isolated from Culex quinquefasciatus mosquitoes in
2015, also in Victoria (Batovska et al., 2019). The two Victorian strains grouped with the
Japanese Koyama Hill virus (KHV) (Ejiri et al., 2014), forming a separate clade to the two

American UMAYV strains.

Virome ecology

In addition to the five arboviruses detected using the targeted database, contigs matching 51
other viruses were assembled from the trap subsample reads, ranging in size from 1 —20 kbp
(Figure 8). Of the 51 viruses, 32 are from an existing viral group, with a total of 16 viral families

or orders represented, whereas the other 19 viruses are currently unclassified. Some of the
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viruses are closely related (Figure S3) and likely belong to the same viral species. All of the
viruses are insect-specific or have no known vertebrate host, except for Hypsignathus
monstrosus dicistrovirus (HMDV), which was sequenced from fruit bats but originated in
arthropods (Bennett et al., 2019), and Fisavirus 1 (FSV1), which was sequenced from the
intestinal content of freshwater carp and is also of arthropod origin (Reuter et al., 2015).
Furthermore, the contigs matching HMDV and FSV1 had a mean 50% and 38% RdRp protein
similarity to the reference sequences, respectively, which is indicative of new species (Wille
et al., 2019). Almost half of the viruses (25 out of 51) shared <90% RdRp protein similarity
with the matching contigs and likely represent novel viral taxa. The longest contig for each

virus has been uploaded to GenBank (acc. xxx-xxx).

Based on read number per positive trap, the most abundant viruses were those matching
Hubei arthropod virus 1 (mean 2,775,315.8 reads), Ngewotan virus (1,063,130.1), Culex-
associated Tombus-like virus (419,002.7), and Yongsan picorna-like virus 2 (313,737.5).
Certain viruses fluctuated in abundance over time, such as Ngewotan virus (Colmant et al.,
2020), which in Gannawarra went from a mean 2,567,730 reads in Weeks 45 to 48, to a mean
34,499 reads in Weeks 49 to 51. This pattern of abundance for Ngewotan virus was repeated
in Mildura but not in Wellington. Other viruses also had location-specific patterns of

abundance, with 15 of the 51 viruses detected in only one of the three locations (Figure 8).

Differences in virus abundance and geography were influenced by the mosquito species
present in the traps. For instance, the pattern of abundance for Ngewotan virus (Figure 8)
resembles that of Culex australicus/globocoxitus (Figure 4A). Additionally, the presence of
viruses such as Aedes camptorhynchus reo-like virus in only Wellington can be related to the
abundance of Aedes camptorhynchus mosquitoes in traps from that location. When the virus
and mosquito species were compared in the three locations, the species found in inland
Gannawarra and Mildura were similar compared to the species found in coastal Wellington
(Figure 9). Furthermore, the virus and mosquito species found in Gannawarra and Mildura
varied over time, however in Wellington there was minimal variation in the species detected
over the seven week trapping period. For each trap, the species composition was largely
similar amongst the subsamples, with outliers often a result of mosquito number variations

(Figure S4).
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Discussion

We demonstrate the utility of metatranscriptomics as a high-throughput arbovirus
surveillance tool by screening over 56,000 mosquitoes from 21 traps and detecting five
arboviruses of public health interest. Additionally, the metatranscriptomic data was used to
determine the species composition of the traps and to survey the broader viral diversity,

highlighting the versatility of the data.

The metatranscriptomic COl analysis resulted in the detection of 12 mosquito species and two
biting midge species in the traps (Figure 4A). Whilst COI could not differentiate certain species
(i.e. members of the Culex pipiens complex), it detected others that are difficult to identify
morphologically, such as Culex palpalis, which is almost indistinguishable from the closely
related Culex annulirostris (Jansen et al.,, 2013). Furthermore, by detecting biting midge
species such as Culicoides marksi, a vector of animal arboviruses (Tay et al.,, 2016),
metatranscriptomics further extends the utility of surveillance to veterinary health. Whereas
morphological identification of a separate insect family requires extensive taxonomical
expertise, metatranscriptomic identification only requires the addition of reference
sequences to the database used during analysis, thereby enabling the detection of any species
with a distinct, curated barcode sequence. Continued efforts to grow comprehensive barcode
databases based on accurately identified specimens for species relevant to surveillance are
essential in broadening the capacity of metatranscriptomic species identification (Ekrem et

al., 2007) (Table 2).

Targeted screening of the metatranscriptomic data resulted in the detection of five
arboviruses relevant to public health: RRV, which causes notifiable disease in humans and
animals (Harley et al., 2001); SINV and TRUV, which have been linked to human and animal
arboviral infection (Boughton et al., 1990; Doherty et al., 1970; Saleh et al., 2003); and UMAV
and WGRYV, which are both serologically linked to infections in animals (Belaganahalli et al.,
2011; Doherty et al., 1973). The coverage provided by metatranscriptomic sequencing
enabled phylogenetic analysis using long stretches of the viral genomes (range: 1,364 —
11,460 nt), offering valuable insights on genotypic diversity, viral lineages, and geographical

differences. For instance, whole genome phylogenies revealed the presence of two
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geographically separated RRV sublineages in Victoria (Figure 7A), with the inland Gannawarra
and Mildura RRV detections placed within the G4A sublineage, and the coastal Wellington
RRV detection placed within the G4B sublineage (Michie et al., 2020). The distinct lineages
warrant monitoring as ongoing evolution may lead to changes in RRV fitness and virulence
(Coffey et al., 2013). As for SINV, it is unclear why the detections in two subsamples from the
same Gannawarra trap were less similar than the SINV detected in Mildura (Figure 7B),
reflecting a need for more extensive sampling to better understand the genetic diversity of
SINV in Victoria. However, this demonstrates how splitting traps into subsamples for
screening helps to uncover the viral diversity present within trap mosquito populations. We
have made available all of the arbovirus sequences used for phylogenetic analysis, which will

strengthen future analyses.

More publicly available reference material could have improved the analysis of the detected
orbiviruses (UMAV and WGRV). Phylogenetic analysis of the NS2 protein (Segment 7) from
UMAYV showed that it was most similar to another UMAV sequence from Victoria (Batovska
et al., 2019) and KHV from Japan (Ejiri et al., 2014), together forming a clade separate to two
UMAV strains from the USA. Though useful to know these relationships, it is a limited
representation of the Umatilla virus species, which also contains Stretch Lagoon orbivirus
(SLOV), Minnal virus (MINV), Netivot virus (NETV), and Llano Seco virus (LLSV) (Belaganahalli
et al.,, 2011). These viruses do not have available reference sequences, apart from SLOV,
which has sequences for all segments except for 3, 7, and 10 (Cowled et al., 2009; Tangudu et
al., 2019). The issue of limited reference material was particularly evident with WGRYV, which
only had 1,368 bp of genomic sequence available for inclusion in the Australian arbovirus
reference database used to screen the trap subsamples

(https://doi.org/10.6084/m9.figshare.12055830.v1) and insufficient coverage (<30%) to

perform phylogenetic analysis. In an attempt to acquire more of the WGRV genome, the
assembled contigs were screened for sequences similar to those publicly available for WGRV
but none were found (data not shown). The search was confounded by the segmented nature
of the WGRV genome and the presence of other orbiviruses in the same traps (Figures 5A and
9). Evidently the utility of metatranscriptomic surveillance is dependent on the availability of
reference genomic material, stressing the importance of sequencing archival, curated

arbovirus collections (Pyke and Warrilow, 2016) (Table 2).
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The majority of metatranscriptomic arbovirus detections were confirmed by RT-gPCR, with
only two subsample detections missed by the SINV assay (Table S4). The four
metatranscriptomic SINV subsample detections that were confirmed by RT-gPCR all had high
Ct values (>38), even though three of them had high %CR values (>98) via metatranscriptomic
sequencing, which typically corresponds to low Ct values (Figure S2). It is likely primer
inefficiency is responsible for the lower sensitivity and high Ct values of the SINV PCR assay.
The SINV primers used were designed to detect a broad range of alphavirus species and only
the SINV-I genotype was included in the primer design (Eshoo et al., 2007), possibly missing
important differences in the primer region present in the SINV-Il genotype that was detected
in the trap subsamples. On inspection, there were four and six mismatches within the 24 and
28 base SINV primers used, respectively, when compared to the SINV genomes assembled
from the subsample metatranscriptomic data (data not shown). Primers that are designed to
amplify a broad range of targets are known to have lower detection sensitivity (Lemmon and
Gardner, 2008), especially when dealing with complex sample types such as bulk
homogenised mosquitoes, which can contain PCR inhibitors (Schrader et al., 2012). The
untargeted approach of metatranscriptomics means differences in arbovirus genotypes do

not affect detection, providing enhanced surveillance capabilities.

Apart from SINV detection, screening with RT-qPCR offered highly sensitive results, with an
additional four arbovirus detections made at a trap level: 1 RRV, 2 TRUV and 1 WGRV. The
RRV detection had a Ct value of 39.82, indicating RRV was present at a very low concentration
and at the limit of detection (Hall et al., 2011). These results are consistent with other studies
that have shown RT-gPCR is more sensitive than metatranscriptomics in detecting specific
viruses from complex sample types (Bibby and Peccia, 2013; Fernandez-Cassi et al., 2017,
2018). However, it is misleading to compare the two technologies on only this measure,
considering that metatranscriptomics also detects an abundance of other viruses, and also
the host species, all within the single sequencing reaction. As for TRUV, one of the qPCR
detections was also detected via metatranscriptomics but had a %CR of 1.52, which fell below
the positive detection threshold of 22. This was true of two other subsample detections (Table
S4) and may be reason to further optimise the positive detection threshold of %CR for
metatranscriptomic detection of viruses. Finally, the missed WGRYV detection is likely affected

by the lack of whole genome reference sequences, as discussed previously. The use of short
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sequences for screening lowers the chance of detection, particularly if the virus is of low
abundance, highly divergent, or has a segmented genome (Schlaberg et al., 2017). The utility
of genomic surveillance will increase over time as more whole genome sequences of local

arboviruses are made available (Table 2).

The metatranscriptomic results were supported by the initial screening performed by the
VADCP during the 2016-17 surveillance season, which recorded similar mosquito species and
arbovirus detections, despite using a separate subsample of mosquitoes in each trap (Figure
6). The use of labour-intensive techniques, such as morphological mosquito identification and
cell-culture based arbovirus detection, meant that during the surveillance season the VADCP
screened just under 6,000 mosquitoes (9.6%) from the 21 traps used in this study, which
contained over 62,000 mosquitoes in total. The high-throughput capabilities of
metatranscriptomics allowed screening of the other 90.4% of mosquitoes, amounting to over
56,000 mosquitoes in total, making this the largest mosquito metatranscriptomic study to
date. In addition to mosquito species identification and arbovirus detection,
metatranscriptomics was able to provide additional surveillance information, including biting
midge identification, genomic information for arboviruses, and a profile of the trap virome,
all within a single reaction. The metatranscriptomic laboratory protocol required one
technician and took approximately seven days: three days for sample preparation and four
days for sequencing using the lllumina HiSeq. The processing time could be considerably
reduced by automating parts of the sample preparation and utilising a different sequencer,
such as the lllumina NovaSeq, which halves the sequencing time to two days (Piper et al.,
2019). The cost to metatranscriptomically screen each subsample containing up to 1,000
mosquitoes was approximately AUDS$230, not including labour. Switching to in-house rRNA
depletion and the NovaSeq would reduce this to approximately AUDS110 (Table 2). As high-
throughput sequencing continues to decrease in price and turnaround time,
metatranscriptomics will progressively become the most cost-effective option for arbovirus

surveillance.

The subsampling employed by the VADCP in response to surges in mosquito numbers during
the 2016-17 surveillance season (Table 1) assumes that the mosquitoes and arboviruses
present in one subsample will be indicative of the whole trap. To investigate if this was true

using metatranscriptomic sequencing, an additional analysis using only 100-mosquito
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subsamples from each trap was performed. While the COI-based species composition was
predominantly the same as when all trap subsamples were used (Figure 4B), the arbovirus
detections were greatly reduced, with only two metatranscriptomic arbovirus detections
made using the 100-mosquito subsamples, compared to 33 detections made using all of the
trap subsamples (Figure 5B). These results are reflective of the low arbovirus infection rates
in mosquito populations and supports sequencing all trapped mosquitoes to maximise the
probability of detection (Gu and Novak, 2004) (Table 2). Future research could investigate the

effect of homogenising the whole trap and subsampling this for surveillance.

Metatranscriptomic arbovirus detection was determined by the percent coverage of the
arbovirus genome by reads ratio (%CR-r), which was shown to be the most effective criterion
for detection from the field traps (Table S3). This contrasts previous research that used the
percent genome coverage by contigs ratio (%CC-r) and average fold genome coverage by
reads ratio (FCR-r) as criteria for positive detection of arboviruses, based on pooled mosquito
samples spiked with known concentrations of arboviruses (Batovska et al., 2019). The
differences in criteria performance may partly be explained by the low abundance of
arboviruses in some of the field traps (Figure 4A), compared to the high titres used in the
spiking study. Differences in abundance may have also been due to the degradation of viral
RNA in the field traps, compared to the viral spikes grown via cell culture (Kramer et al., 2001;
Mavale et al.,, 2012). Low arbovirus abundance hindered contig assembly and prevented
depth of coverage, thereby lowering the sensitivity of %CC-r and FCR-r, respectively,
rendering them less useful when applied to field traps (Table S3). Unlike the spiking study, the
low arbovirus abundance also meant there were no arbovirus reads in the negative controls
as a result of index cross-talk (Larsson et al., 2018), thereby negating the need for
normalisation of arbovirus coverage metrics and changing the efficacy of the criteria. As such,
the higher sensitivity offered by the %CR-r criterion makes it the most suitable for arbovirus
detection from field traps. Further testing of the criterion using statistically robust methods
is encouraged to validate its usage in routine surveillance activities (Schlaberg et al., 2017)

(Table 2).

Further analysis of the metatranscriptomic trap data revealed a broad viral diversity, with
assembled contigs matching 51 viruses specific to or originating from arthropods (Figure 8).

This is the first time the viral diversity of mosquitoes from south-east Australia has been
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explored using a metatranscriptomic approach. Based on amino acid similarity (range: 31.3—
100%), some of the detected viruses are novel and warrant further investigation. Insect-
specific viruses can assist in understanding virus evolution (Li et al., 2015), be applied to
vaccine production and diagnostics (Hobson-Peters et al., 2019), and have potential as
biocontrol agents (Ohlund et al., 2019). Future efforts in these areas will be supported by the
representative viral sequences provided by this study (acc xxx-xxx). These sequences can also
assist routine surveillance activities by enabling identification of sequences belonging to the
endemic mosquito virome and reducing viral dark marker, which improves the efficiency of

detecting unexpected or emerging viruses (Batson et al., 2020).

While the exploration of broader viral diversity in the field traps enabled the detection of both
known and novel viruses, it was also a complex and time-consuming process that would
challenge routine surveillance activities. Unlike the targeted arbovirus screening of the
metatranscriptomic data, there is no established criteria for the positive detection of
previously undescribed viruses. While there are standards for reporting metatranscriptomic
virus genomes (Roux et al., 2019), it is difficult to classify divergent viruses that often only
have partially assembled genomes, let alone establish robust detection criteria. Determining
whether a contig sequence is divergent enough from known viruses to constitute a new taxon
is dependent on guidelines that vary between different viral groups (Simmonds, 2015). This
is further complicated by a lack of formal taxonomic classification for many of the viruses
derived from metatranscriptomic sequencing. Often these unclassified viruses have been
sequenced from invertebrate samples and are the closest match to viral sequences generated
from mosquito samples (Figure 8). Unclassified viruses hinder the efficiency of
metatranscriptomic arbovirus surveillance because they require further investigation to
determine if their detection is of significance to public health, which typically involves lengthy
phylogenetic analyses (Dacheux et al., 2014; Harvey et al., 2019). Metatranscriptomic
arbovirus surveillance would benefit from the development of an analysis tool that would
automate the process of determining the public health risk associated with novel or

unclassified viral sequences detected in field traps (Table 2).

By processing unsorted, bulk mosquito traps for untargeted, high-throughput arbovirus
detection and vector species identification, we have demonstrated metatranscriptomics as a

high-value resource for arbovirus surveillance programs. The methods and resources
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presented here, including the curated reference sequence databases and refined positive
detection criteria, can help facilitate the incorporation of metatranscriptomics into routine
surveillance activities. Future efforts should focus on standardising operating procedures,
further refining limits of detection to diagnostic standards, optimising the protocol to lower
assay cost, developing user-friendly data analysis software, and expanding reference
sequence databases (Table 2). The implementation of mosquito-based metatranscriptomic
arbovirus detection will herald a new era of genomic surveillance that strengthens our ability

to detect, track, and contain arboviral outbreaks and improve public health.

Data availability

The unprocessed Illumina HiSeq FASTQ read files for all 86 trap subsamples have been
deposited into the NCBI SRA database (BioProject ID PRINA642916). The custom nucleotide
database used for the COl-based identification of mosquito and biting midge species is

available on Figshare (https://doi.org/10.6084/m9.figshare.10246826.v3), as is the Australian

arbovirus database (https://doi.org/10.6084/m9.figshare.12055830.v1). The RRV, SINV,

TRUV and UMAV sequences used for phylogenetic analysis are available on GenBank (acc xxx-
xxx), as are the longest contig sequences assembled for each virus detected as part of the

broader virome analysis (acc Xxx-xxx).
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Tables and Figures

Table 1: Mosquito counts for the 21 traps used in this study, sampled over seven weeks (45 —

51) in 2016 in Gannawarra, Mildura and Wellington. The traps were first subsampled for cell

culture-based arbovirus screening by the Victorian Arbovirus Disease Control Program

(VADCP), and then the rest of the trap was split into differently sized subsamples for

metatranscriptomic sequencing. The sequencing subsample sizes consisted of 100, 1,000 and

the remaining mosquitoes in each trap. The mosquito counts are based on weight.

. Mosquitoes Mosquitoes Number of
Location Week Estlma"ced total screened via screened via sequencing
mosquito count cell culture sequencing subsamples

Gannawarra | 45 4,595 370 4,225 6

46 2,502 152 2,350 4

47 1,992 148 1,844 3

48 1,652 182 1,470 3

49 1,157 351 806 2

50 2,154 347 1,807 3

51 3,814 358 3,456 5
Mildura 45 618 340 278 2

46 2,014 149 1,865 3

47 2,051 152 1,899 3

48 3,958 349 3,609 5

49 2,356 350 2,006 3

50 1,189 348 841 2

51 1,706 350 1,356 3
Wellington 45 4,829 349 4,480 6

46 1,535 152 1,383 3

47 13,659 264 13,395 15

48 1,497 222 1,275 3

49 5,226 336 4,890 6

50 1,186 366 820 2

51 2,528 350 2,178 4
Total: 62,218 5,985 56,233 86
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Table 2: Recommendations for the incorporation of metatranscriptomics in routine arbovirus

surveillance programs.

Category Recommendation Outcomes

Sampling Sequence all the mosquitoes Increased likelihood of detecting arboviral
collected from surveillance traps. activity.
Investigate other sample types for | Less sequencing of uninfected mosquitoes,
metatranscriptomic sequencing thereby improving arbovirus detection
(e.g. gravid mosquitoes, FTA cards) | sensitivity.

Laboratory Develop an in-house ribosomal Greater ability to customise depletion,

protocol RNA depletion protocol. thereby improving arbovirus detection

sensitivity; decreased assay cost.

Use unique dual indexing to
multiplex samples.

Reduced index cross-talk, thereby
improving arbovirus detection sensitivity.

Automate library preparation
where possible.

Increased multiplexing capacity; decreased
assay cost and turnaround time.

Use ultra-high-throughput

sequencing (e.g. lllumina NovaSeq).

Increased multiplexing capacity; decreased
assay cost; faster turnaround than HiSeq.

Bioinformatics

Establish a user-friendly
bioinformatics pipeline.

Less reliance on specialised bioinformatics
expertise.

Develop a tool to assess the risk of
novel or unclassified viruses.

Faster, less complex data analysis with
relevant reporting for public health.

Formulate an organised and cost-
effective storage plan for high
volumes of sequencing data.

Ability to repurpose or re-analyse past
metatranscriptomic surveillance data with
updated databases and bioinformatics.

Reference Establish a DNA barcode database Comprehensive identification of mosquito
databases of local mosquito species. species in surveillance traps.
Acquire whole genome sequences Improved arbovirus detection sensitivity;
of arbovirus isolates for inclusion in | high-resolution phylogenetics to determine
databases used for screening data. | arbovirus origins and dispersal.
Curate a contamination database Improved ability to distinguish real signal
by sequencing samples from from background or contamination.
laboratory surfaces and reagents.
Quality Include negative and positive Detection of contamination; ability to
control controls. assess assay validity.

Standardise laboratory and
bioinformatics protocols.

Consistent, reproducible surveillance
results of known sensitivity and specificity.

Regularly validate assay sensitivity
and specificity in response to
protocol modifications.

Enables protocol updates while ensuring
adequate assay sensitivity and appropriate
detection thresholds.

Confirm important arbovirus
detections with RT-qPCR.

Confidence in reliability of arbovirus
detections for public health reporting.
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968  Figure 1: Map of the three locations traps were set up in Victoria, Australia. The highlighted

969 regions represent the local government areas of Mildura, Gannawarra, and Wellington.
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Figure 2: The estimated total number of mosquitoes used for sequencing per location per
week from 7 November 2016 (Week 45) to 19 December 2016 (Week 51).
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Domain-level taxonomic composition of the individual mosquito trap samples and control samples. Abundance is based on read counts

Figure 3
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for taxonomically classified contigs produced by de novo assembly.
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Figure 4: Mosquito and biting midge species identification based on metatranscriptomic

sequencing (MSeq) of traps from Gannawarra, Mildura and Wellington over seven weeks (45
—51) in 2016. Relative abundance estimations derived from a COI-based analysis is shown in
(A) when using all subsamples, and (B) when using only the 100-mosquito subsamples.

Members of the Culex pipiens species complex that cannot be differentiated by COIl have been

conglomerated.
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Figure 5: Arbovirus detections based on metatranscriptomic sequencing (MSeq) of traps from
Gannawarra, Mildura and Wellington over seven weeks (45 — 51) in 2016. Positive detection
was based on a Percent Coverage by Reads ratio (%CR-r) = 2, which is calculated by taking the
percent coverage of the arbovirus genome by trap reads and dividing it by the percent
coverage by negative control reads. Detections are shown in (A) when using all subsamples,
and (B) when using only the 100-mosquito subsamples. The size of the dots is proportional to
the number of reads contributing to each arbovirus detection.
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Figure 6: Surveillance data produced by the Victorian Arbovirus Disease Control Program
(VADCP) for the initial subsamples taken from the traps in Gannawarra, Mildura and
Wellington over seven weeks (45 — 51) in 2016 (Table 1). (A) The relative abundance of the
mosquito species in the initial trap subsamples, based on morphological identification. It
should be noted that the VADCP does not survey for biting midge species. (B) Arboviruses
detected in the subsampled mosquitoes from each trap, based on cell culture screening.
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Figure 7: Phylogenetic trees depicting the genetic relationship of the (A) Ross River virus
(RRV), (B) Sindbis virus (SINV), (C) Trubanaman virus (TRUV) and (D) Umatilla virus (UMAV)
detections. The trees are based on whole genome sequence alignments for RRV (11,362 nt)
and SINV (11,460 nt), Segment M for TRUV (4,152 nt), and Segment 7 for UMAV (1,364 nt). A
maximum likelihood (GTR model) analysis was used with 1,000 bootstrap replicates (only
values >70% shown). Coloured clades represent virus genotypes, as indicated by the clade
label. The naming convention for other viruses is virus/strain/host/location/year/GenBank
accession, with boldface indicating sequences generated in this study.
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Figure 8: Results of the virome analysis showing the BLASTx match for contigs assembled from
traps in Gannawarra, Mildura and Wellington over seven weeks (45 — 51) in 2016. The dot
colour indicates the similarity of the contigs to the virus GenBank sequence, as measured by
percentage of identical amino acids. The dot size indicates virus abundance, which is based
on the number of reads mapping to the matching contigs. Coloured names indicate highly
similar or identical viruses (Figure S3) that likely represent a single detection. The arboviruses
detected using the targeted database (Figure 5) are not included here.
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1022  Figure 9: Non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity of
1023  the (A) viruses and (B) mosquitoes in the trap subsamples from three locations over seven
1024  weeks showing a separation between coastal (Wellington) and inland (Gannawarra and
1025  Mildura) samples.
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1030 3.5 Supplementary information

1031 Table S1: The number of 3 mm glass beads (Sigma-Aldrich) and volume of Buffer AVL (Qiagen)
1032  that was added to each sample based on the number of mosquitoes present.

Mosquito no. Bead no. Buffer AVL (mL)
1-100 10 1
101-200 13 2
201-300 16 3
301-400 19 4
401-500 22 5
501-600 25 6
601-700 28 7
701-800 31 8
801-900 34 9
901-1000 37 10
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Table S2: Details of the reverse transcription quantitative PCR (RT-gPCR) assays used to screen trap subsamples for the following arboviruses:
Ross River virus (RRV), Trubanaman virus (TRUV), Umatilla virus (UMAYV), Sindbis virus (SINV) and Wongorr virus (WGRV).

. . Primer . o
Virus Primer/probe Prlmer/prlobe , conc. | Target A!npllcon Reference PCR kit PCR cycling conditions RNA | Additional
name sequence (5' - 3') (M) size (bp) (pL) reagents
ACGGAAGAAGGGA
RRVE2F TTGAGTACCA 75
TCGTCAGTTGCGCC (Hall et al., 30' 48°C; 10' 95°C; 40 x
RRV RRVE2R CATA 7.5 E2 67 2011) (15" 95°C, 1' 60°C) N/A
CAACAACCCGCCGG
RRVE2Prob TCCGE 5 AgPath-ID
MUR-BUC- | TGGAGACCTGGAA ISTTE&S;T& 30'48°C; 10' 95°C; 40% | &
TRUVS -F GTTGTTATTCA (Lynch et : (15" 95°C, 30" 56°C,
TRUV N 487 (Applied " o " acor. a1
MUR-BUC- ATTGTCTTGCAGCT al., 2020) Biosystems) | 4> 60 C); 15" 95°C; 1
TRUV S 718 -R TCTGACATG 56°C; 15" 95°C 1gX SYB|R
reen
SLOV S2 602F TGAACCGGCCGATA 30' 48°C: 10' 95°C: 40 x (Invitrogen)
CAGAAT (Cowled et e T
UMAV TCAGGGATTTEGTG T2 251 al, 2009) (15" 95°C, 1' 60°C); 15
N 95°C; 1' 60°C; 15" 95°C
SLOV S2 852R CTAATGTG
10
VIR9EEF TCCATGCTAATGCT Power SYBR | .., 8°C; 10' 95°C; 40 X
AGAGCGTTTTCGCA Green RNA- QLo 11 FAeY. 4 Ch
(Eshoo et (15" 95°C, 1' 60°C); 15
SINV nsP1 98 to-Ct 1-Step . " oo " 2
TGGCGCACTTCCAA al., 2007) . ) 95°C; 15" 60°C; 15
VIR966-R TGTCCAGGAT Kit (Applied 95°C
Biosystems) N/A
— TAATGGGTGGCAGT SensiFAST 15' 45°C; 2' 95°C; 40 x
GCG SYBR LO_ (5" 950C 1OII 58°C)' 1OII
WGRV VP3 214 In-house ROX One- . e 4
GCTGTGACATGAG . 72°C; 15" 95°C; 1' 58°C;
RC2 53 Step Kit 15" 95°C
GTTCATGTAATT (Bioline)

131




1036  Table S3: Arbovirus detections made by metatranscriptomic sequencing in the 21 mosquito traps from Gannawarra, Mildura and Wellington
1037 over seven weeks (45 — 51) in 2016 using three different positive detection criteria: (A) Fold Coverage by Reads ratio (FCR-r), resulting in 9
1038 detections; (B) Percent Coverage by Contigs ratio (%CC-r), resulting in 15 detections; (C) Percent Coverage by Reads ratio (%CR-r), resulting in 22
1039  detections. Ratios > 2 were considered a positive detection.

(A) FCRor Gannawarra Mildura Wellington
45 | 46 |47 | 48 | 49 |50 |51 |45 |46 |47 (48 |49 | 50 |51 (45 |46 | 47 | 48 | 49 | 50 | 51

Ross River virus
Sindbis virus
Trubanaman virus
Umatilla virus
Wongorr virus

(B) %CCor Gannawarra Mildura Wellington
4CC-
45 | 46 | 47 | 48 | 49 | 50 | 51 |45 46 [ 47 |48 |49 | 50 |51 (45 |46 | 47 | 48 | 49 | 50 | 51

Ross River virus
Sindbis virus
Trubanaman virus
Umatilla virus
Wongorr virus

(€) Gannawarra Mildura Wellington
%CR-r
4CR-
45 | 46 | 47 | 48 | 49 | 50 | 51 |45 |46 |47 | 48 |49 | 50 | 51 |45 |46 | 47 | 48 | 49 | 50 | 51

Ross River virus
Sindbis virus
Trubanaman virus
Umatilla virus
Wongorr virus
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1044
1045
1046

Table S4: Arbovirus detections in mosquito subsamples based on reverse transcription
guantitative PCR compared to metatranscriptomic sequencing (MSeq). Only Ct values are
reported for the Ross River virus (RRV) assay as it is probe-based, whereas both Ct and Tm
values are reported for the Sindbis virus (SINV), Trubanaman virus (TRUV), Umatilla virus
(UMAYV), and Wongorr virus (WGRV) assays as they are SYBR-based assays. The MSeq Percent

Coverage by Reads (%CR) is provided for each detection.
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Virus Location Week Subsample Mosq. no. Ct Tm MSeq positive  %CR
RRV  Gannawarra 49 1 100 39.99 - No 0.00
RRV  Gannawarra 49 R 706 27.97 - Yes 99.43
RRV  Gannawarra 50 2 1000 32.56 - Yes 29.61
RRV  Gannawarra 50 R 707 37.74 - No 0.00
RRV Mildura 48 2 1000 39.82 - No 1.73
RRV Mildura 48 4 1000 27.8 - Yes 98.22
RRV Mildura 49 2 1000 39.87 - No 0.00
RRV Wellington 47 2 1000 28.87 - Yes 98.28
RRV Wellington 47 6 1000 38.56 - Yes 4.32
RRV Wellington 47 11 1000 39.39 - Yes 2.15
RRV Wellington 49 2 1000 35.83 - Yes 3.83
RRV Wellington 51 2 1000 343 - Yes 45.22
SINV  Gannawarra 50 2 1000 Negative Yes 10.06
SINV ~ Gannawarra 50 R 707 39.84 82 Yes 9.17
SINV  Gannawarra 51 2 1000 38.78 82 Yes 98.86
SINV ~ Gannawarra 51 3 1000 39.21 82 Yes 98.30
SINV  Gannawarra 51 4 1000 Negative Yes 9.20
SINV Mildura 51 2 1000 3991 82 Yes 98.83
TRUV  Gannawarra 46 1 100 33.66 83 No 1.53
TRUV  Gannawarra 46 2 1000 27.49 83.5 Yes 28.73
TRUV  Gannawarra 46 3 1000 23.56 83 Yes 86.02
TRUV  Gannawarra 46 R 250 2892 83 Yes 3.77
TRUV  Gannawarra 47 R 744 26.52 83.5 Yes 49.92
TRUV  Gannawarra 51 2 1000 31.2 83 No 0.00
TRUV Mildura 46 2 1000 30.78 83 No 0.00
TRUV Mildura 46 R 765 28.89 83.5 Yes 2.35
TRUV Mildura 47 1 100 27.69 83 Yes 3.42
TRUV Mildura 47 2 1000 2458 83.5 Yes 32.12
TRUV Mildura 47 R 799 19.07 83.5 Yes 98.43
TRUV Mildura 48 2 1000 26.68 83.5 Yes 3.99
TRUV Mildura 48 R 509 25.11 83.5 Yes 34.60
TRUV Mildura 49 2 1000 30.29 83 No 1.52
TRUV Mildura 51 1 100 26.79 83.5 Yes 14.87
TRUV Mildura 51 2 1000 20.82 83.5 Yes 93.36
TRUV Mildura 51 R 256 29.96 83 No 0.00
UMAV Mildura 48 1 100 33.55 82 No 0.00
UMAV Mildura 48 2 1000 31.03 82 Yes 10.72




1047

1048

UMAV Mildura 50 R 741 26.04 81.5 Yes 55.89
UMAV Mildura 51 2 1000 32.78 82 Yes 28.51
WGRV Gannawarra 51 2 1000 34.7 86.5 Yes 30.34
WGRV Mildura 48 2 1000 33.47 86.5 Yes 17.11
WGRV Mildura 49 1 100 33.36 86 No 0.00
WGRV Mildura 49 2 1000 33.98 86 No 0.00
WGRV Mildura 50 R 741 33.73 85.5 Yes 7.75
WGRV Mildura 51 2 1000 33.72 87 Yes 9.58

R = remainder subsample
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1049  Figure S1: Non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity of
1050 the contigs in trap samples (crosses), the positive control sample (square), library negative
1051  control samples (triangles), and extraction negative control samples (circles).
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1053  Figure S2: The relationship between Ross River virus (RRV) Ct values produced by reverse
1054  transcription quantitative PCR and RRV Percent Coverage by Reads (%CR) produced by
1055  metatranscriptomic sequencing.
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1057  Figure S3: A maximum likelihood tree of reference GenBank RNA-dependent RNA polymerase
1058 (RdRp) sequences of the 51 viruses that were a BLASTx match for trap contigs as part of the
1059  broader virome analysis. Highly similar or identical reference RdRp sequences have been
1060 highlighted in distinct colours and indicate possible redundancies in virus detection.
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1062  Figure S4: Non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity of
1063  the (A) viruses and (B) mosquitoes in the trap subsamples from three locations over seven
1064  weeks showing a separation between coastal (Wellington) and inland (Gannawarra and
1065  Mildura) samples. The number of mosquitoes in each subsample is also shown.
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CHAPTER 4
Coding-complete genome sequence of Yada Yada virus, a novel alphavirus detected in

Australian mosquitoes

4.1 Chapter preface

The metatranscriptomic data produced from field traps in Chapter 3 revealed the
presence of a novel alphavirus, which was further characterised in this chapter. Most of
the novel viruses detected in Chapter 3 were from insect-specific viral families, which do
not pose a risk to public health. However, the Alphavirus genus contains viruses
pathogenic to humans, warranting investigation into the novel alphavirus detection. The
whole genome sequence for the novel alphavirus was assembled from the
metatranscriptomic data and used for phylogenetic analysis. The coding-complete
genome sequences were made publicly available, and the virus was named Yada Yada

virus (YYV).

This chapter is presented in published format, including a correction published after the
initial article that details additional information about a virus related to YYV that was not

included in the original analysis.

4.2 Publication details

Title: Coding-complete genome sequence of Yada Yada virus, a novel alphavirus detected

in Australian mosquitoes

Stage of publication: Published

Journal details: Microbiology Resource Announcements, 2020, volume 9, issue 2, e01476-

19. DOI: 10.1128/MRA.01476-19

Authors: Jana Batovska, Jan P. Buchmann, Edward C. Holmes, and Stacey E. Lynch

4.3 Statement of joint authorship

All authors contributed to the conception and design of the experiment; JB performed the

nucleic acid extractions, prepared the sequencing libraries, and wrote the manuscript; JB,
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ECH, and JPB analysed the data; all authors contributed to the editing of the final

manuscript and approved the version submitted for publication.
Statement from co-author confirming the contribution of the PhD candidate:

“As co-author of the manuscript ‘Batovska, J., Buchmann, J.P., Holmes, E.C., and Lynch,
S.E. (2020). Coding-complete genome sequence of Yada Yada virus, a novel alphavirus
detected in Australian mosquitoes. Microbiology Resource Announcements 9’, | confirm

that Jana Batovska has made the contributions listed above.”

Dr Stacey Lynch

22 June 2020
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Coding-Complete Genome Sequence of Yada Yada Virus, a
Novel Alphavirus Detected in Australian Mosquitoes

Jana Batovska,®® Jan P. Buchmann,c (2 Edward C. Holmes,< Stacey E. Lynch?
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bSchool of Applied Systems Biology, La Trobe University, Bundoora, Victoria, Australia
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ABSTRACT Here, we report the detection of a novel alphavirus in Australian mos-
quitoes, provisionally named Yada Yada virus (YYV). Phylogenetic analysis indicated
that YYV belongs to the mosquito-specific alphavirus complex. The assembled ge-
nome is 11,612 nucleotides in length and encodes two open reading frames.

Iphaviruses (genus Alphavirus, family Togaviridae) are small (10- to 12-kb) single-

stranded positive-sense RNA viruses and include species important to human and
animal health, such as Chikungunya virus and Eastern equine encephalitis virus (1). While
these viruses are transmitted primarily by mosquitoes and pathogenic in their verte-
brate hosts, there is a small complex of recently discovered alphaviruses that replicate
only in mosquito cells (2-5). Here, we report the detection of an alphavirus belonging
to this host-restricted complex in the Asia-Pacific region and provide the genome
sequence for the novel virus, named Yada Yada virus (YYV).

Virus detection was performed using mosquitoes trapped as part of the Victorian
Arbovirus Disease Control Program (6). Encephalitis virus surveillance (EVS) traps (7)
were set up overnight each week in three locations in Victoria, Australia, for a total of
7 weeks in late 2016, resulting in 21 trap collections. Traps were sorted into 86 pools
of up to 1,000 mosquitoes, which were homogenized in buffer AVL (Qiagen) and
centrifuged. RNA was extracted from the supernatant with the QlAamp viral RNA
minikit (Qiagen) and used for library preparation, which was performed using the
Ovation universal transcriptome sequencing (RNA-Seq) system (NuGEN) with a custom-
ized mosquito rRNA depletion (8). The libraries were then treated with free adapter
blocking reagent (lllumina) and sequenced on a HiSeq 3000 platform (lllumina) using
2 X 150bp reads. A total of 909,467,304 paired reads were generated (mean,
10,575,201 per pool; range, 7,971,017 to 16,414,900).

Trinity v2.4.0 (9) was used to trim, normalize, and assemble the reads into contigs,
which were taxonomically classified using DIAMOND BLASTx v0.9.22.123 (10) with the
NCBI nonredundant (nr) database (acquired 2 September 2019) and an E value cutoff
of 10>, Reads were mapped to assembled contigs using BWA-MEM v0.7.17 r1188 (11).
All analyses were performed using default parameters unless stated otherwise. Three of
the 21 traps tested contained contigs that had the strongest BLASTx match to the
mosquito-specific Eilat alphavirus (EILV). All three traps were collected in November
2016 in Mildura (latitude, 34.249617, longitude, 142.218261). The longest contig was
11,612 nucleotides (nt), with 21-fold average coverage depth and 75.7% amino acid
identity to EILV. This contig represents the coding-complete YYV genome, with two
open reading frames (ORFs), a 33-nt 3’ leader, a 470-nt 5’ trailer, and 53.4% G+C
content. The two ORFs correspond to the structural (1,247 amino acids) and nonstruc-
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FIG 1 Phylogenetic relationships of YYV and other alphaviruses based on alignments of structural proteins (850 amino acids)
(A) and nonstructural proteins (1,287 amino acids) (B). Maximum likelihood trees were estimated using the LG plus gamma
model of amino acid substitution in PhyML, with 1,000 bootstrap replicates, and rooted using salmon pancreas disease virus.
Bootstrap values greater than 70% are shown beside the branches, and the GenBank accession numbers are shown with the
virus names. The mosquito-specific complex is highlighted in blue with YYV in bold.
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tural (2,437 amino acids) proteins. Translation of the genome sequence was performed
using the ExPASy Translate tool (12).

Phylogenetic analysis was performed by the creation of alignments of YYV and the
structural and nonstructural protein sequences of other alphaviruses using MAFFT
v7.429 (13), the removal of ambiguously aligned residues with TrimAl v1.4.1 (14), and
maximum likelihood inference using PhyML v3.1 (15) employing the Le-Gascuel (LG)
plus gamma distribution model of amino acid substitution and 1,000 bootstrap repli-
cates. The resultant trees were then viewed in FigTree v1.4.4 (16). In both the structural
(Fig. 1A) and nonstructural (Fig. 1B) protein trees, YYV was placed in the mosquito-
specific alphavirus complex, suggesting that it might also have a restricted host range.

To investigate the vector of YYV, the assembled contigs were compared to a
cytochrome oxidase | (COI) database of Australian mosquito species (17) using BLASTn
v2.9.0+ (18) with an E value cutoff of 1073, and the results were filtered for alignments
>200 bp in length and matches of >95% identity. Only two mosquito species were
present in all three traps, Anopheles annulipes and Culex australicus/Culex globocoxitus
(these two Culex species are indistinguishable using COIl), supporting previous studies
that have detected mosquito-specific alphaviruses from only Anopheles and Culex
species (2-5). Due to the homogenization of the traps, the YYV vector species cannot
be definitively determined. However, read mapping showed that the abundance of A.
annulipes was associated with YYV genome coverage, whereas the abundance of C.
australicus/C. globocoxitus was not (data not shown).

The discovery of YYV expands the diversity and geographic range of the mosquito-
specific alphavirus complex and in doing so will help reveal the virus origin and
evolution of host switching (19). In addition, it is noteworthy that mosquito-specific
viruses that are closely related to pathogenic vertebrate viruses have potential appli-
cations in vaccine development and as biocontrol agents (20).

Data availability. The YYV genome sequence has been deposited in GenBank
under the accession number MN733821. The sequencing reads are available in the SRA
database via BioProject accession number PRJINA594295.
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Correction for Batovska et al., “Coding-Complete Genome
Sequence of Yada Yada Virus, a Novel Alphavirus Detected in
Australian Mosquitoes”
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Volume 9, no. 2, e01476-19, 2020, https://doi.org/10.1128/MRA.01476-19. After pub-
lication, the authors were made aware of a short sequence on GenBank (JQ749729.1)
with high similarity to Yada Yada virus (YYV). The 331-bp sequence is part of the
nonstructural polyprotein (NSP4) and shares 97% nucleotide identity and 99.1% amino
acid identity with YYV. This sequence was detected in an Aedes notoscriptus mosquito
collected in North Melbourne, Australia, in 2011. The similarity of this sequence to YYV
suggests that the virus from which it originated is part of the mosquito-specific
alphavirus complex, which consists of viruses that have been detected only in Anoph-
eles and Culex mosquitoes.
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CHAPTER 5

Metagenomic arbovirus detection using MinlON nanopore sequencing
5.1 Chapter preface

To further explore how metatranscriptomics can be applied arbovirus surveillance, this
chapter details the first time MinlON nanopore sequencing was used to
metatranscriptomically detect an arbovirus from a mosquito sample. The performance of
the MinlON was compared to the commonly used MiSeq sequencer. The information
produced in this chapter provides insights into the utility of the MinION for arbovirus
surveillance, with its portability, low cost, and real-time long read sequencing offering

enhanced, in-field surveillance capabilities.

This chapter is presented in published format. Chronologically, this chapter is the first of
the thesis, and uses the term ‘metagenomic’ instead of ‘metatranscriptomic’. While the
two are used interchangeably in the literature, ‘metatranscriptomic’ is specific to RNA

sequencing, and so was later switched to better describe the methods used in this thesis.
5.2 Publication details

Title: Metagenomic arbovirus detection using MinlON nanopore sequencing

Stage of publication: Published

Journal details: Journal of Virological Methods, 2017, volume 249, pages 79—-84. DOI:
10.1016/j.jviromet.2017.08.019

Authors: Jana Batovska, Stacey E. Lynch, Brendan C. Rodoni, Tim |. Sawbridge, and Noel
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With its small size and low cost, the hand-held MinION sequencer is a powerful tool for in-field surveillance.
Using a metagenomic approach, it allows non-targeted detection of viruses in a sample within a few hours. This
study aimed to determine the ability of the MinION to metagenomically detect and characterise a virus from an
infected mosquito. RNA was extracted from an Aedes notoscriptus mosquito infected with Ross River virus (RRV),
converted into cDNA and sequenced on the MinION. Bioinformatic analysis of the MinION reads led to detection
of full-length RRV, with reads of up to 2.5 kb contributing to the assembly. The cDNA was also sequenced on the

MiSeq sequencer, and both platforms recovered the RRV genome with > 98% accuracy. This proof of concept
study demonstrates the metagenomic detection of an arbovirus, using the MinION, directly from a mosquito with

minimal sample purification.

1. Introduction

Metagenomic next-generation sequencing (NGS) allows for the un-
biased detection of organisms within a sample. This powerful approach
has enhanced pathogen detection for both diagnostic and surveillance
applications (Barzon et al., 2011; Temmam et al., 2014). Until recently,
NGS was restricted to the laboratory due to the size of the sequencers
available; however, the release of the MinION (Oxford Nanopore
Technologies) enables NGS in-field. The MinION is a low-cost, hand-
held sequencer that produces long reads (up to 233 kb) in real-time
(Jansen et al., 2017). At time of writing, the cost of a starter kit that
includes the sequencer is USD $1000, with additional kits and flow cells
ranging from USD $500 to $900. The sequencing accuracy is con-
siderably lower than popular short-read sequencers such as the [llumina
MiSeq and HiSeq, with an error rate of approximately 5-10% (Tyson
et al., 2017) for 2D R9 reads, compared to < 0.1% for the Illumina
sequencers (Houldcroft et al., 2017). However, multi-fold genome
coverage can be used to generate an accurate consensus sequence, with
the MinION achieving > 99% accuracy post-data analysis (Wang
et al., 2015). Furthermore, low quality reads can often be adequate to
identify a known pathogen (Walter et al., 2016), allowing rapid de-
tection with more accurate characterisation performed later.

The MinION has been used to detect a variety of viruses, including
Ebola (Hoenen et al., 2016; Quick et al., 2016), dengue (Mongan et al.,
2015), Zika (Quick et al., 2017), influenza (Eckert et al., 2016; Wang
et al., 2015), Flock House (Jaworski and Routh, 2017), and cowpox

(Kilianski et al., 2015). The MinION has a lower throughput than NGS
platforms such as Illumina (Lu et al., 2016), so these studies targeted
the virus using PCR amplicons or hybridisation capture. This approach
limits detection to known pathogens with characterised genome se-
quences. Despite a lower throughput, the MinION has been used to
sequence Ebola, chikungunya, and hepatitis C viruses using an unbiased
metagenomic approach with randomly amplified ¢cDNA (Greninger
et al., 2015). Kilianski et al. (2016) also used a metagenomic approach
when sequencing Ebola virus and Venezuelan equine encephalitis virus
with the MinION, however unamplified RNA/cDNA-hybrids were used
for library preparation. Both of these studies indicate the MinION is
sensitive enough to detect viruses without target enrichment. While all
of the viruses sequenced using nanopore technology have been from
clinical samples or viral cultures, the MinION has yet to be used to
detect viruses directly from a viral vector, such as a mosquito.

Aedes albopictus and Ae. aegypti are key vectors of medically im-
portant arboviruses such as dengue, chikungunya and Zika (Patterson
et al., 2016). As invasive species, they readily colonise new territories
(Medlock et al., 2012; Zhong et al., 2013) and have been implicated in
importing arboviruses into non-endemic areas (Lindsay et al., 2015). In
efforts to prevent their establishment, biosecurity surveillance pro-
grams have included exotic mosquito monitoring at high-risk interna-
tional ports for early detection (Knope et al., 2016; Medlock et al.,
2012; Vaux and Medlock, 2015). Exotic mosquito surveillance relies on
morphological identification of collected specimens, and is often com-
plemented by molecular approaches, such as PCR, to confirm mosquito
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species or screen for specific arboviruses. These approaches can take
several days and delay appropriate control measures. The MinION can
bring molecular testing of invasive species to the port of entry, and
identify vector species and arbovirus carriage in real-time.

The aim of this study was to determine if MinION nanopore se-
quencing could be used to detect an arbovirus from a single mosquito
using a metagenomic approach. In order to provide the most utility in
biosecurity situations, the ability to detect the species of the mosquito
was also tested. The performance of the MinION in this study was di-
rectly compared to the commonly used, lab-based MiSeq.

2. Materials and methods
2.1. Nucleic acid extraction and cDNA synthesis

A single Ae. notoscriptus mosquito infected with Ross River virus
(RRV) strain QML1 (Jones et al., 2010) was used as the test sample.
Rearing and infection of the mosquito is described in Batovska et al.
(2017). The mosquito was homogenised in 180 uL of viral lysis buffer
(Buffer AVL, Qiagen) using a TissueLyser (Qiagen) at 30 Hz and 2 cycles
of 1 min. The homogenate was centrifuged (5 min, 10,000 rpm), and
140 L of the supernatant was used for viral RNA purification using the
QIAamp Viral RNA Mini Kit (Qiagen). The kit was used according to the
manufacturer’s instructions, however no carrier RNA was added to the
Buffer AVL. The purified RNA was eluted in 80 pL and DNase treated
using a TURBO DNA-free Kit (Ambion) according to manufacturer’s
instructions.

The RNA extract was quantified by a 2200 TapeStation using the
RNA ScreenTape assay (Agilent Technologies). The quantification re-
sulted in 10 uL of RNA being used as input for first-strand cDNA
synthesis. The RNA was reverse transcribed with the SuperScript III
First-Strand Synthesis System (Invitrogen) using 100 ng of random
hexamers. Second strand cDNA synthesis was performed with the
NEBNext mRNA Second Strand Synthesis Module (New England
BioLabs). The cDNA was purified using AMPure XP beads (Beckman
Coulter) with a 1.8 x beads ratio, quantified by a Qubit 1.0 Fluorometer
(Life Technologies), and stored at —20 °C.

2.2. Quantification of viral load

The viral load of the mosquito was quantified using droplet digital
PCR (ddPCR). The primer pair RRVE2F and RRVE2R, and RRVE2 Probe
were used to amplify and detect RRV (Hall et al., 2011). The reaction
mixture consisted of 12 pL of 2 x ddPCR Supermix for Probes (No dUTP)
(Bio-Rad), 0.12 L of each 100 uM/L primer, 0.06 pL of 100 pM/L
probe, 0.03 uL of 100,000 U/mL HindIII-HF (New England Biolabs),
10.7 uL of water, and 6.25-200 pg of cDNA. The reaction mixture was
partitioned into droplets using the Automated Droplet Generator loaded
with oil for probes (Bio-Rad). After droplet generation, PCR was per-
formed using the following conditions: 95 °C for 10 min; 40 cycles of
94 °C for 30s and 60 °C for 1 min; and 98 °C for 10 min. A 2 °C/sec
ramp rate was used for each step. The droplets were then analysed with
a QX200 Droplet Reader (Bio-Rad) and QuantaSoft™ Analysis Pro
software was used to provide the number of RRV ¢cDNA copies per pL of
the ddPCR reaction. A positive and negative control was used in the
quantification reaction to verify results.

2.3. Nanopore library preparation and sequencing

Libraries were prepared with the SQK-NSK007 Sequencing Kit (R9
version) using the Oxford Nanopore Technologies (ONT) 2D cDNA se-
quencing protocol. The undiluted ¢cDNA was A-tailed using the
NEBNext Ultra II End Repair/dA-Tailing Module (New England
BioLabs). The incubation periods were extended to 30 min to improve
A-tailing. Adapters (ONT) were ligated onto the cDNA, and PCR was
performed using LongAmp Taq DNA Polymerase (New England
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BioLabs), primers (ONT) and a 10 min 65 °C extension step. The am-
plified cDNA was again A-tailed using the method specified above, and
ONT hairpin adapters and tethers were ligated onto the cDNA. Library
purification was performed using Dynabeads MyOne Streptavidin C1
beads (Invitrogen) with a 0.5 x beads ratio, and a 30 min incubation at
room temperature. The eluted library was quantified by a Qubit, and
sequenced on a primed MinION Spot-ON Flow Cell Mk I (R9 version).
The NC_48Hr _Sequencing Run FLO_MAP103 program was run on
MinKNOW with local basecalling, thereby producing 1D reads. The use
of 1D reads was chosen to determine if the field-appropriate Rapid 1D
Sequencing Kit would be adequate for virus detection.

2.4. Illumina library preparation and sequencing

The ¢cDNA was diluted to 0.2 ng/ul and a total of 1 ng was used for
library preparation, performed as per the Nextera XT DNA Sample
Preparation Kit protocol (Illumina). The resulting library was quantified
and evaluated for fragment size using a 2200 TapeStation (Agilent
Technologies), diluted to 10 pM and sequenced on an Illumina MiSeq
platform (2 X 250 bp reads).

2.5. Data analysis

The MinION HDF5 files were processed using poretools version
0.6.0 (Loman and Quinlan, 2014) to extract read data in FASTA format.
Adapters were removed from the MinION reads using Cutadapt version
1.9 (Martin, 2011). The trimmed MinION reads were aligned to the
RRV strain QML1 genome reference sequence (GQ433354.1) using
BWA-MEM version 0.7.7 (Li, 2013) with default parameters. The polyA
tail was removed from the RRV reference sequence to improve relia-
bility of the alignment. Coverage was calculated using SAMtools ver-
sion 0.1.19 (Li et al,, 2009), and similarity was calculated by de-
termining the number of matches/mismatches at each base using
pysamstats version 0.24.3 (available at: https://github.com/alimanfoo/
pysamstats, accessed 10 January 2016). Variant calling was performed
with BCFtools in the SAMtools package, with a quality threshold set at
200. The consensus sequence was derived and aligned to the RRV re-
ference sequence using ClustalW in Geneious version 8.1.8 (Kearse
et al., 2012). Taxonomic classification of the trimmed MinION reads
was performed using a BLASTn version 2.3.0 search with the NCBI
nucleotide database and the following parameters: e-value 1 X 10~5;
word size 28; and a maximum of one hit per read. Mosquito species
identification was also performed using BLASTn with the same para-
meters and a custom database of Cytochrome oxidase I (COI) sequences
from Australian mosquito species (Batovska et al., 2016).

The demultiplexed MiSeq reads were trimmed of adapters and bad
quality bases using Trim Galore version 0.4.0 (Krueger, 2015). Reads
were trimmed of bases with a PHRED quality score < 20 and were
removed if they were < 100 bp long. In order to have comparable data,
the trimmed MiSeq reads were normalised so that the total number of
base pairs generated was similar to the total number of MinION base
pairs. The normalised MiSeq reads were then analysed using the same
method as for the MinION data.

The unprocessed MinION HDF5 files (SRR5572188) and MiSeq
FASTQ files (SRR5572189) used in this study have been deposited into
the National Centre for Biotechnology Information (NCBI) Sequence
Read Archive under project ID PRINA386415.

3. Results
3.1. Virus sequencing using the Min[ON

The viral load of the RRV-infected mosquito was estimated at
1.17 x 10* cDNA copies/jL using ddPCR.

When sequenced on the MinION, a total of 229 reads were identified
as originating from RRV, accounting for 0.28% of the total reads
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Sequencing run data and Ross River virus (RRV) reference alignment statistics for the MiSeq and MinION. The mean read length is post-adapter trimming. The MiSeq raw reads are

unpaired have been normalised according to total base pairs (bp).

Raw reads Total bp Mean read length (bp) Mapped reads to RRV (%) Mean RRV coverage (x) Pairwise identity (%) % of ref. seq.
MinION 82,259 89,244,295 1,084.9 0.28 10 98.1 98.9
MiSeq 467,756 89,244,548 190.8 0.41 62 98.3 97.8
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Fig. 1. Descriptive statistics of Ross River virus (RRV) reads generated by the MinION. A) The cumulative number of RRV reads generated throughout the 48 h sequencing run. B) A
comparison of the length of the MinION reads that were mapped to the Ross River virus (RRV) reference sequence, compared to the original full length of the reads.

(Table 1). After 10 min of sequencing 12% of the RRV reads had been
generated, increasing to 32.3% at one hour, and after 10 h the majority
of RRV reads (87.3%) were sequenced (Fig. 1A). The generation of the
RRV reads was proportional to the total number of reads generated
during the course of the MinION run.

The MinION produced a range of RRV read lengths (mean:
1388.4 bp; range: 355-7159 bp); however, often large regions of the
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RRV reads produced by the MinION did not align to the reference se-
quence (Fig. 1B). A mean of 45.6% of the MinION read length aligned to
the reference, with the remainder being clipped by the BWA-MEM
aligner. Upon manual inspection, it was found that the clipped regions
had higher levels of sequencing error compared to the mapped regions.
After clipping, the longest RRV read length was 2528 bp and the mean
RRV read length was 547.8 bp.
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A

All reads:
82,259

B Undetermined (33,152)

B Mosquito (35,914)

B Non-mosquito eukaryota (12,889)
M Viruses (216)

M Bacteria (87)

H Archaea (1)

3.2. Taxonomic classification of the MinION reads

A BLASTn search using the NCBI nucleotide database allowed for
characterisation of the MinION reads and untargeted detection of RRV.
The majority of reads (59.3%) were classified as eukaryota, with most
of these belonging to mosquito (Fig. 2A). Of the non-mosquito eu-
karyota reads, 79.9% were assigned to nematodes. The finding of ne-
matode sequences was supported by the Illumina data, with 95.5% of
non-mosquito eukaryote MiSeq reads belonging to nematodes. The
majority of these reads belonged to a 4.2 kB region of the Brugia timori
assembly (GenBank accession LK907835.1; 87.6% and 72.1% of
MinION and MiSeq reads respectively). Of the 216 MinION reads that
were identified as virus, 93.1% were RRV, with the rest classified as
phage-related (Fig. 2B).

In addition to virus detection, the species of the host mosquito was
successfully derived from the MinION data, with 100% of the mosquito
COI BLASTn results matching Ae. notoscriptus (total = 24 reads).

3.3. MinION vs. MiSeq

The MinION generated poorer quality RRV reads than the MiSeq,
with a 4.7% error rate compared to 0.7% for the MiSeq (Fig. 3A). The
MinION also generated less RRV reads than the MiSeq (229 vs. 1919
reads), giving it less coverage of the genome (10-fold vs. 62-fold;
Fig. 3B). However, the MinION RRV reads were longer than those
produced by the MiSeq, with a mean RRV read length of 547.8 bp
(range: 30-2528 bp) compared to 187.6 bp (range: 30-250 bp).

When comparing consensus RRV genome sequences, the perfor-
mance of the MinION and MiSeq were comparable, with both platforms
acquiring a similar percentage of the reference genome (98.9 vs.
97.8%), and similar pairwise identity (98.1 vs. 98.3%; Table 1).

Variant calling revealed a homozygous single nucleotide poly-
morphism (SNP) from the RRV reference genome at 10,065 bp. The SNP
was present in both the MinION and MiSeq data (Fig. 3A).

4. Discussion

This study demonstrates the ability of the MinION to detect and
sequence an arbovirus directly from an infected mosquito. The full-
length RRV genome was recovered from the MinION reads, and a
BLASTn search revealed the presence of RRV without targeting known
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Fig. 2. BLASTn analysis of the MinION reads. A)
Taxonomic classification of all the MinION reads,
post adapter trimming. B) Taxonomic classification
of the reads identified as virus. The total number of
reads used is shown in the centre of the donut,
whereas the number of reads assigned to each taxon
are shown in brackets below the donut.

Virus reads:

216

M Ross River virus (201)
M Phages (15)

viruses (Fig. 2). The BLASTn search also detected the presence of other
organisms such as bacteria and nematodes, highlighting the MinION’s
potential to detect all the pathogens present within a mosquito. Due to
the limited coverage of the nematode genome, the source of the ne-
matode sequences requires further investigation. It should be noted that
pathogen detection using metagenomic approaches is limited by the
sequence databases available for classification.

The MinION is able to perform pathogen detection rapidly, with
12% of the RRV reads produced within the first 10 min of the run
(Fig. 1A). Due to the MinION’s real-time sequencing, reads can be
analysed as they are generated, significantly speeding up virus detec-
tion (Walter et al., 2016). The ability to rapidly detect pathogens di-
rectly from a mosquito combined with the MinION’s portability and
affordability make it ideal for in-field biosecurity surveillance.

The utility of the MinION in biosecurity is further demonstrated by
its ability to determine the species of the mosquito, in addition to de-
tecting viruses. Despite being DNase-treated, reads specific to Ae. no-
toscriptus were present in the MinION data, leading to the correct
identification of the mosquito host. Invasive mosquitoes such as Ae.
albopictus are intercepted at international ports throughout the year,
making species identification a vital aspect of biosecurity surveillance
(Vaux and Medlock, 2015). Current methods involve morphological
identification, which can be unreliable and difficult to perform on im-
mature specimens. Molecular identification of species using a portable
sequencer would allow decisions about vector control to be made
quickly and help prevent the establishment of exotic mosquitoes.

This study supports previous findings (Greninger et al., 2015; Wang
et al.,, 2015) that indicate virus characterisation using the MinION is
comparable to that of the MiSeq. While the MinION had a higher error
rate and lower coverage (Fig. 3), the pairwise identity and length of the
two RRV consensus genomes was similar (98.1 vs. 98.3%; Table 1).
Furthermore, even with a high error rate, the raw MinION reads could
still be used for accurate virus detection (Fig. 2). The longer reads
produced by nanopore sequencing facilitate the ability to accurately
identify viruses, with reads as long as 2.5 kb mapping to the RRV
genome. However, many of the mapped RRV MinION reads had regions
clipped by the BWA-MEM aligner due to high error rate (Fig. 1B).
Clipping could be reduced by error correcting the reads first with
programs such as Nanocorrect (Loman et al., 2015). Alternatively, an
aligner that does not clip reads could be used to analyse the data, al-
though this could lead to decreased pairwise identity. Nevertheless,
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Fig. 3. Comparison of the A) similarity and B) coverage of MinION and MiSeq reads when aligned to the Ross River virus (RRV) reference sequence. The * symbol in A indicates the
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using BWA-MEM with uncorrected MinION reads remains sufficient for
virus identification and directly comparable with short-read sequencing
technology.

Now that the capacity of the MinION to sequence virus from a
mosquito sample has been established, future studies can test the
method in-field. A range of protocols and equipment have been de-
signed to mobilise laboratory procedures and shorten turnaround time.
For instance, the VolTRAX library preparation system, and the pro-
spective SmidgION (Lu et al., 2016). However, the quality of the data
produced by these devices has yet to be established. Improvements in
bioinformatic processing also assist with in-field use, with the recent
release of local basecallers, such as Nanocall (David et al., 2017), re-
moving the need for an internet connection. Currently, the primary
restriction to local basecalling is the large amount of computing power
required; however, this will likely improve with time (Walter et al.,
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2016).

In-field use of the MinION would be further enabled with the Rapid
1D Sequencing Kit, which reduces library preparation time to ap-
proximately 10 min (Mitsuhashi et al., 2017). The results of this study
indicate 1D reads are of sufficient quality for virus detection in mos-
quitoes. The direct sequencing of RNA would also reduce sample pro-
cessing time, and has recently been demonstrated with the MinION
(Garalde et al., 2016). The method currently applies only to poly-
adenylated RNA, but future advancements could expand this capability
to all RNA and help avoid the biases associated with cDNA synthesis.

This study serves as a proof of concept for the metagenomic de-
tection of an arbovirus from a mosquito sample using a MinION se-
quencer. This method of pathogen detection and characterisation dif-
fers from previous nanopore sequencing studies in that it uses the
mosquito as the sample rather than clinical samples or viral cultures,
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thereby providing a rapid and unbiased surveillance tool. Furthermore,
no target enrichment is used, allowing virus detection without a priori
knowledge. The MinION is affordable, portable, and able to detect ar-
bovirus quickly and with sufficient accuracy, demonstrating its poten-
tial for in-field virus surveillance. Utilisation of recent protocols and
device releases could allow virus detection on the MinION to be per-
formed within a few hours in-field. Nanopore sequencing technology is
advancing at an unprecedented pace, promising a future where portable
sequencing will be routine in surveillance and many other fields.
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CHAPTER 6

General discussion
6.1. Overview of the research

Monitoring arboviral activity in mosquito populations is essential for the prevention and
control of arboviral outbreaks in human and animal populations. The techniques
traditionally used by surveillance programs to screen mosquitoes for arboviruses are
either low-throughput or require a priori knowledge of the virus, which limits surveillance
capacity and range of detection. The utilisation of a high-throughput, untargeted
approach, such as metatranscriptomic sequencing, would enable upscaled surveillance of
mosquito populations, capable of detecting both known and novel viruses, providing
valuable genomic and phylogenetic information, and identifying mosquitoes to species
level, in a time and cost-efficient way. The incorporation of metatranscriptomics into
arbovirus surveillance programs does, however, require the development of mosquito-
specific protocols with a clear understanding of the sensitivity and specificity of arbovirus
detection relative to current surveillance methods. Furthermore, metatranscriptomic
data provides a comprehensive profile of the microbial and invertebrate community
within a trap that could be further explored to expand the scope of existing surveillance

programs.

The aim of this PhD project was to investigate how mosquito-based arbovirus surveillance
can be enhanced using metatranscriptomic sequencing. The discussion in this chapter

addresses the following questions:

e How can metatranscriptomics be optimised to detect arboviruses from pools of
mosquitoes?

e What is the analytical sensitivity and specificity of metatranscriptomic arbovirus
detection?

e Does metatranscriptomics enhance arbovirus surveillance when using unsorted,
bulk mosquito traps collected from a variety of field locations over time?

e How does metatranscriptomic sequencing compare to existing surveillance

methods and is it sensitive enough for public health outcomes?
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e Other than arbovirus detection, what other ways can metatranscriptomic data be
used to enhance mosquito-based arbovirus surveillance?
e |s long-read nanopore sequencing suitable for metatranscriptomic arbovirus

detection?

6.2. Summary of key findings

6.2.1. Development of resources enabling the use of metatranscriptomics in routine

arbovirus surveillance

A number of essential resources enabling the use of metatranscriptomics in routine
arbovirus surveillance have been developed as part of this PhD project, including an RNA-
seq protocol that enables simultaneous detection of arboviruses and identification of
mosquito and biting midge species from unsorted, bulk traps; mosquito-specific ribosomal
RNA (rRNA) depletion probes that increase the sensitivity of metatranscriptomic arbovirus
detection; curated reference sequence databases for use during bioinformatics analysis;
and a criterion for positive detection of arboviruses from metatranscriptomic data based

on sensitivity and specificity measurements from a virus spiking study.

The RNA-Seq protocol that was developed (Chapter 2, Batovska et al., 2019) can be used
to simultaneously detect arboviruses and identify mosquito and biting midge species from
unsorted, bulk traps (Chapter 3). Many surveillance programs identify and sort
mosquitoes to species level prior to screening for arboviruses, causing a major bottleneck
(Akiner et al., 2019; Knope et al., 2019; Ochieng et al.,, 2013; Oliver et al., 2018). By
simultaneously identifying mosquitoes to species-level and detecting arboviruses in large,
unsorted samples, screening can be dramatically upscaled, thereby increasing the speed
and capacity of surveillance programs while reducing dependency on experts, such as
entomologists, cell culture teams, and molecular biologists (Martinez et al., 2020).
Upscaling the number of mosquitoes that are screened increases the chance of detecting
circulating arboviruses in the community (Gu and Novak, 2004). Previous studies have
used unsorted mosquito samples (Frey et al., 2016; Sadeghi et al., 2018; Shi et al., 2016);
however, few have used large (i.e. 1,000 mosquitoes or more) unsorted samples as input

for sequencing (Xiao et al., 2018).

155



The RNA-Seq protocol was further optimised for mosquito samples with the design of
mosquito-specific rRNA depletion probes for use during library preparation (Chapter 2,
Batovska et al., 2019). While mosquito-specific rRNA depletion has been achieved before
(Fauver et al., 2019; Kukutla et al., 2013), it is important to adapt the approach to the
species being sequenced due to the specificity of the probes used. The advantage of the
chosen method is that rRNA depletion probes can easily be added or removed to
customise the protocol as needed. The mosquito rRNA sequences used for probe design

are publicly available (https://doi.org/10.6084/m9.figshare.9491258.v1) and could be

customised by surveillance programs to include different mosquito species, or other

insects that might be found in traps, such as biting midges or moths.

In addition to the rRNA depletion probe sequences, other publicly available databases
established as part of this PhD project include the Australian arbovirus sequence database

used for targeted arbovirus screening (https://doi.org/10.6084/m9.figshare.12055830.v1)

and the cytochrome oxidase | (COIl) database used for determining trap mosquito and

biting midge species composition (https://doi.org/10.6084/m9.figshare.10246826.v3).

While these databases are specific to Australia and south-eastern Australia respectively,
they provide a framework that can be expanded, thereby broadening viral and insect
detection. These databases can be used by surveillance programs to produce consistent
and comparable results across sites and over time. Curated databases are important as
they help ensure the reference sequences used for bioinformatic analysis are relevant,

accurate, up to date, and as complete as possible (Méric et al., 2019).

A positive arbovirus detection criterion from metatranscriptomic data was also
established (Chapter 2, Batovska et al., 2019) and refined (Chapter 3) as part of this PhD
project. The criterion put forward defines a positive detection as an arbovirus with a
Percent Coverage by Reads ratio (%CR-r) > 2. The ratio is calculated by taking the percent
coverage of an arbovirus genome by metatranscriptomic reads and dividing it by any
corresponding coverage in the negative controls. By normalising the coverage using the
negative control, any contamination or index cross-talk that may have occurred during the
preparation and sequencing of the sample can be accounted for. Positive arbovirus
detection criteria are important for consistent interpretation of metatranscriptomic

sequencing data for routine surveillance activities (Schlaberg et al., 2017).
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6.2.2. Sensitivity and specificity of metatranscriptomic arbovirus detection

A spiking experiment was used to demonstrate metatranscriptomic arbovirus detection
from mosquito samples is both highly sensitive and highly specific (Chapter 2, Batovska et
al., 2019). The experiment involved spiking different dilutions of Ross River virus (RRV), a
single-stranded, positive-sense RNA virus, and Umatilla virus, a double-stranded RNA
virus, into subsamples of a pool of 100 mosquitoes. The 1:1 dilution represented a
biologically relevant viral load of a single experimentally RRV-infected mosquito in a pool
of 100 mosquitoes. The full-length genome of both RRV and UMAY could be detected in
subsamples spiked with a 1:400 dilution of each virus, suggesting that metatranscriptomic
sequencing is sensitive enough to detect one positive mosquito in 40,000. This level of
sensitivity permits large-scale arbovirus surveillance that is capable of handling large

influxes of mosquito numbers as a result of climatic events that promote breeding.

As a result of the spiking experiment, an initial criterion was developed based on the
percentage of arbovirus genome coverage by contigs (%CC) and also the average fold
coverage by reads (FCR) (Chapter 2, Batovska et al., 2019). However, when this criterion
was applied to metatranscriptomic data generated from unsorted, bulk mosquito traps, it
was found to be less sensitive compared to a criterion based on percentage of arbovirus
genome coverage by reads (%CR) (Chapter 3). This incongruency was a result of index-
cross talk caused by the high viral titres used in the spiking study, which affected the
thresholds used for positive detection. When the field traps were sequenced, a blocking
reagent was used to reduce index cross-talk, so the previously established thresholds
were no longer suitable and required reassessment. Future metatranscriptomic
experiments using field-collected traps will help to refine and further validate the criteria
used for arbovirus detection and the associated thresholds, which should be regularly
assessed to ensure any changes in the samples or protocol have not affected the

sensitivity and specificity of detection (Schlaberg et al., 2017).
6.2.3. Enhancing arbovirus surveillance with metatranscriptomics

When applied to unsorted, bulk mosquito traps collected from a variety of locations over
a seven-week period by the Victorian Arbovirus Disease Control Program (VADCP),

metatranscriptomics enabled the detection of five arboviruses of relevance to public
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health (Chapter 3). Whole genome sequences were acquired for most of these
arboviruses, providing valuable information for surveillance. Phylogenetic analysis using
whole genome sequences is at the core of genomic epidemiology, which can help reveal
information about an arbovirus outbreak, such as where the outbreak originated, how it
is spreading, the emergence of highly transmissible strains, host range of different
lineages, occurrence of viral recombination, and mitigatable predictors of viral dispersal
(Pollett et al., 2020). Genomic epidemiology has been used to combat arboviral outbreaks
such as yellow fever (Faria et al., 2018), chikungunya (Nunes et al., 2015) and Zika
(Grubaugh et al., 2019), with its utility currently exemplified by the SARS-CoV-2 outbreak,
the novel coronavirus responsible for the present-day global COVID-19 pandemic (Fauver
et al., 2020; Lu et al., 2020). The ability to capture whole genome information is vital to
effective outbreak response and needs to be incorporated into arbovirus surveillance
programs now to prevent delays resulting from the reactive establishment of laboratory

and computational capacity.

Apart from arbovirus detection, the metatranscriptomic data was also used to determine
the insect species composition of the unsorted, field-collected traps, enabling the
detection of both mosquito and biting midge species (Chapter 3). The simultaneous
detection of arboviruses and vector species is a clear demonstration of how
metatranscriptomic sequencing can enhance surveillance activities. It also expands
surveillance output, as the VADCP currently does not record the presence of biting midge
species in traps, despite their ability to transmit viruses of veterinary importance such as
bluetongue virus and bovine ephemeral fever virus (Mellor et al., 2000). One disadvantage
of using unsorted samples is the inability to reliably link detected arboviruses to their
mosquito vector. This is also a problem faced by other arbovirus surveillance approaches
such as sentinel animals or the testing of mosquito excreta or saliva via FTA cards (van den
Hurk et al., 2012). However, arbovirus vector associations are well-established (Mackenzie
et al., 1994; Russell and Dwyer, 2000) and arbovirus detections sans vector identification

is better than no testing at all due to limited resources.

6.2.4. Additional outcomes relevant to public health
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In addition to the five medically important arboviruses in south-eastern Australia, analysis
of the metatranscriptomic trap data revealed a plethora of other viruses in the field-
collected mosquitoes (Chapter 3). Further investigation indicated these viruses were likely
insect-specific viruses (ISVs), reflecting the findings of other mosquito virome studies
(Ohlund et al., 2019; Sadeghi et al., 2018; Shi et al., 2017). Comparison to existing viruses
indicated that some of the detections were divergent and likely represent new viruses.
Prior studies have used metatranscriptomic sequencing to characterise viral diversity in
mosquitoes from Western Australia (Shi et al., 2017) and eastern Australia (Colmant et al.,
2017); however, this is the first time the viral diversity of mosquitoes from south-eastern
Australia has been metatranscriptomically explored. With over 50,000 mosquitoes
sequenced, this is also the largest mosquito metatranscriptomic study to date.
Characterisation of the virome endemic to mosquito populations is necessary to establish
a baseline for diversity, which makes it possible to detect new or emerging viruses that
are of importance to public health, thereby bolstering surveillance. The discovery of new
ISVs is also useful for investigations into novel biocontrol agents, as some ISVs have been
shown to reduce vector transmission of arboviruses of public health importance (Goenaga

et al., 2015; Hall-Mendelin et al., 2016; Romo et al., 2018).

While the majority of the divergent viruses detected in the metatranscriptomic trap data
belonged to insect-specific viral families or genera, one detection belonged to the
medically important Alphavirus genus (Chapter 4, Batovska et al., 2020). The Alphavirus
genus contains zoonotic viral species such as Chikungunya virus and Eastern equine
encephalitis virus, however, the detected virus grouped with a recently formed clade
containing ISVs such as Eilat virus (Nasar et al., 2012). The full genome of the virus was
published (GenBank accession MN733821) and it was named Yada Yada virus (YYV), the
first insect-specific alphavirus in the Asia-Pacific region. Although YYV does not have a
direct effect on public health outcomes, its close relationship with pathogenic
alphaviruses means it can be used to better understand the evolution of host switching
(Li et al., 2015) and has potential applications in diagnostics and vaccine development
(Hobson-Peters et al., 2019). Further characterisation of YYV will require isolation of the
virus in cell culture, which has been achieved for only two of the other four insect-specific

alphaviruses (Hermanns et al., 2020; Nasar et al., 2012). Issues isolating these viruses likely
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stem from their narrow mosquito vector range and may require genus-specific cell lines
(Torii et al., 2018). Due to the lack of known vector species for YYV, a cDNA clone

generated using reverse genetics may be the best approach (Nasar et al., 2012).
6.2.5. Comparison of metatranscriptomics to established surveillance methods

The performance of metatranscriptomic arbovirus detection was compared to reverse
transcription quantitative PCR (RT-gPCR) and droplet digital PCR (RT-ddPCR) (Chapter 2,
Batovska et al., 2019). Furthermore, RT-qPCR was used to confirm metatranscriptomic
arbovirus detections in the field-collected traps (Chapter 3). In Chapter 2, RT-gPCR and
RT-ddPCR both detected the lowest concentration RRV and UMAV spike subsamples
(1:260,000), whereas metatranscriptomic sequencing detected the 1:400 spike
subsamples and above. In Chapter 3, there were a total of 43 arbovirus detections made
using RT-gPCR, whereas there were 33 arbovirus detections made using
metatranscriptomic sequencing. Previous studies have corroborated the higher sensitivity
of PCR-based methods when detecting viruses from complex input material containing
high levels of host background (Bibby and Peccia, 2013; Fernandez-Cassi et al., 2017,
2018). However, the ability to detect minute levels of virus may not necessarily confer the
most effective surveillance results. Arboviruses must sufficiently replicate in order to
successfully disseminate throughout a mosquito and be transmitted in their saliva,
suggesting that higher viral loads are more indicative of active local transmission in the
community (Vazeille et al.,, 2019). With the ability to detect a single RRV-infected
mosquito in a pool of 40,000 mosquitoes, metatranscriptomic sequencing is capable of
detecting viral loads relevant to public health outcomes. Furthermore,
metatranscriptomics allows untargeted virus detection, unlike PCR-based methods that
require knowledge of the viral sequence. In Chapter 3, metatranscriptomics was used to
screen mosquitoes for 74 known arboviruses of medical importance and explore the
broader virome, leading to the detection of five arboviruses and dozens of known and
novel ISVs, many with full genome sequences to allow genomic epidemiological analysis.
Additionally, the mosquito and biting midge species in the trap were also identified using
the metatranscriptomic data. To be able to screen for and detect the same level of

information using PCR-based methods would be time, labour, and cost-prohibitive.
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When the detections of medically important arboviruses and mosquito species in the
same field-collected traps were considered, the results of the metatranscriptomic and
VADCP surveillance approaches were similar (Chapter 3). Four out of five arboviruses were
detected by the cell culture-based VADCP methods, with UMAV detected only via
metatranscriptomics. As for mosquito species, the morphology-based VADCP methods
detected 8 out of the 12 species detected metatranscriptomically. Some of the differences
observed may be attributed to the separate subsamples used per trap for each
surveillance approach, while others are a result of the differing sensitivities of the
methods used. For instance, the sensitivity of morphological identification is lowered
when mosquitoes share similar morphology or have been damaged by the field trap
(Cansado-Utrilla et al., 2020; Rodrigues et al., 2014). The overall similarity of the results
confirms the ability of metatranscriptomics to achieve the surveillance outcomes
currently achieved by traditional screening methods. Additionally, metatranscriptomics
offers many advantages, including the ability to considerably upscale the number of
mosquitoes that can be screened simultaneously, reduce the time and expertise required
to perform the surveillance, and expand the range of detection, both for viral and vector

species.

The cost of metatranscriptomic arbovirus detection and mosquito species identification
was approximately AUDS$230 per sample containing up to 1,000 mosquitoes. Protocol
alterations, such as in-house rRNA depletion and using the lllumina NovaSeq instead of
the HiSeq, could potentially reduce this to AUDS110 per sample (Batovska et al., 2019). In
comparison, PCR for four arboviral targets per trap costs approximately AUD$100, and
morphological mosquito species identification costs an additional AUDS120 for a trap
containing 1,000 mosquitoes (Lynch et al., 2020). Based on arbovirus detection and vector
species identification alone, metatranscriptomics is a more cost-effective surveillance tool
than PCR for screening traps due to its ability to detect an essentially unlimited number

of targets.
6.2.6. Long-read sequencing for metatranscriptomic arbovirus detection

In addition to short-read sequencing, this PhD project also included an investigation into

the use of long-read sequencing for metatranscriptomic arbovirus surveillance. The
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Oxford Nanopore Technologies (ONT) MinlON sequencer was used to detect RRV from an
infected mosquito using a metatranscriptomic approach (Chapter 5, Batovska et al., 2017).
This proof-of-concept study was the first time the MinlON sequencer was used for
metatranscriptomic arbovirus detection from a mosquito sample, with later studies
demonstrating this using pools of mosquitoes (Russell et al., 2018). When compared to
short-read sequencing on the MiSeq, the MinlON generated poor quality reads; however,
RRV consensus sequences were of comparable quality for both platforms. Long reads are
beneficial for surveillance as they provide more genetic and epidemiological information
on viral strains (Russell et al., 2018), resolve viral haplotypes (Quick et al., 2016), and can
recover entire viral genomes within a single read, surpassing the need for read assembly
(Beaulaurier et al., 2020). The MinlON has unique features suited to surveillance,
specifically its small, portable size enabling in-field sequencing, its low instrument cost
permitting smaller surveillance programs to invest in sequencing, and its real-time
sequencing, which allows detection of arboviruses as they are being sequenced (Gardy et
al., 2015). These advantages, along with the continuously improving error rate and
throughput, warrant further investigation of long-read nanopore sequencing for

metatranscriptomic arbovirus surveillance.

6.3. Future directions and recommendations
6.3.1. Protocols and resources used for metatranscriptomic sequencing

Further optimisation of the metatranscriptomic arbovirus detection protocol developed
as part of this PhD project would increase assay sensitivity and make it more cost-effective
when compared to current surveillance methods. One of the first steps of the protocol
involves extracting nucleic acid from homogenised mosquitoes using a column-based kit
(Chapter 2, Batovska et al., 2019). A recent study showed that using magnetic beads to
extract nucleic acid from homogenised insects can increase viral reads during
metatranscriptomic sequencing by 120.8 fold, which could possibly be attributed to the
lack of clogging by cell debris that can occur when using columns (Akello et al., 2020).
Further increases in viral reads could be achieved by expanding the range of rRNA probes

used for depletion during library preparation, ensuring that they are specific to the species
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being trapped during surveillance. In-house alternatives to the kit-based depletion used
in the protocol should be explored to lower costs (Culviner et al., 2020; Gu et al., 2016).
Viral enrichment could also increase the sensitivity and specificity of metatranscriptomic
sequencing, with options such as pan-viral amplification (Deng et al., 2020) and probe
capture (Briese et al., 2015; Metsky et al., 2019) helping to maximise viral reads while still

allowing a broad range of detection.

Apart from increasing the proportion of viral reads, cost per sample could also be
decreased by multiplexing large numbers of trap samples on ultra-high-throughput
sequencers, such as the lllumina NovaSeq. When multiplexing, unique dual indexing
should be used to reduce index cross-talk that can lead to false positive results (Costello
et al., 2018; MacConaill et al., 2018). Currently, commercially available options are limited
to £384 unique dual indexes and so in-house index design and validation may be required
for larger surveillance activities (Glenn et al., 2019). High levels of multiplexing would also
require automation of the library preparation steps, which would also decrease the time
and labour involved for sample preparation (Chiu and Miller, 2019). While increased
sequencing throughput can lower costs, the large amount of data generated will need to

be stored so long-term data management should be taken into consideration.

Utilisation of metatranscriptomic sequencing in arbovirus surveillance programs will
require the development of user-friendly bioinformatics analysis programs. Currently,
metatranscriptomic analysis is performed by staff with bioinformatic expertise using
customised pipelines that vary in choice of software, thresholds, parameters, and strategy
(Nooij et al., 2018). Many of the initial pipeline steps such as read trimming, removing
host reads, de novo assembly, and read mapping can be automated. However, the output
is often a long list of detected viruses, many of which have not yet been assigned a
taxonomic classification. It is difficult to know whether these unclassified viruses are
capable of infecting vertebrates without further investigation into the history and
phylogeny of each virus, which creates an analysis bottleneck and delays reportable
outcomes for surveillance (Simmonds, 2015). Future efforts should focus on creating a
bioinformatic tool that automates the detection of vertebrate viruses from assembled
metatranscriptomic data and can flag the presence of unclassified or novel viruses with a

higher risk of infecting vertebrates that may need to be further investigated.
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Development of a metatranscriptomic protocol that preserves the infectivity of viral
particles would further enhance arbovirus surveillance by enabling more in-depth
investigation of the novel viruses detected via sequencing. The majority of methods used
to extract nucleic acid from homogenised mosquitoes result in the inactivation of viruses,
preventing downstream applications that require a viral isolate (Temmam et al., 2015).
These applications include competence testing to determine the virus host range and
vector specificity, pathogenesis testing to assess disease potential, and serological testing
to investigate antigenicity (Brault and Blitvich, 2018). A metatranscriptomic protocol that
preserves viral infectivity can be achieved by altering the viral purification steps and
reducing host DNA and RNA contaminants (Temmam et al., 2015). Another option is to
store an aliquot of the mosquito trap homogenates in conditions that retain virus
infectivity, so that if sequencing identifies a virus of interest, it can be isolated and
characterised using the original mosquito sample (De Paoli, 2005). By maintaining the
ability to isolate viruses for further characterisation, the findings of metatranscriptomic
arbovirus surveillance can be fully understood and used to inform control and prevention

strategies.

6.3.2. Standardisation of metatranscriptomic protocols

Routine surveillance requires robust, standardised protocols that have been validated to
produce reliable and reproducible results. Metatranscriptomics is a relatively new field,
and as such the reagents, sequencers, and bioinformatic tools available are constantly
changing without any definitive guidelines or requirements on how to validate
metatranscriptomic protocols (Chiu and Miller, 2019). Any changes can affect detection
sensitivity and specificity, and therefore it is necessary to develop a method to regularly
validate the metatranscriptomic protocol in response to any modifications, which might
lead to updating the sequencing depth, limits of detection, or detection thresholds (Gu et
al., 2019). The untargeted nature of metatranscriptomics creates a unique challenge as it
is difficult to validate the detection of an essentially unlimited number of organisms;
however, custom mixtures containing a diverse range of microbes or synthetic RNA can
be used to regularly test performance metrics and ensure assay accuracy (Hardwick et al.,

2018). While a range of these are commercially available (Mason et al., 2017), most are
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not designed for metatranscriptomic virus detection, representing a future avenue for

development.

6.3.3. Further enhancements of mosquito-based arbovirus surveillance using

metatranscriptomics

The versatility of metatranscriptomic sequencing means that it can be applied to many
different sample types, creating opportunities to further enhance arbovirus surveillance.
For instance, instead of metatranscriptomically screening mosquitoes trapped via CO;
light traps, mosquitoes caught using gravid traps could be screened instead. Since gravid
mosquitoes are typically blood-fed, they are more likely to contain arboviruses, and can
also provide information on mosquito host-feeding patterns (Tomazatos et al., 2019).
Additionally, blood meals can be used to conduct xenosurveillance, where mosquitoes
serve as “flying syringes” to survey the environment for the circulation of host-specific,
non-arboviruses, such as hepatitis B in humans (Fauver et al., 2018), canine distemper
virus in dogs (Grubaugh et al., 2015), and avian influenza virus in poultry (Barbazan et al.,
2008). Other sample types include mosquito excreta collected from the bottom of traps
(Ramirez et al., 2018), and mosquito saliva deposited on FTA cards (Birnberg et al., 2020),
the latter of which has the advantage of detecting only arboviruses that are transmitted
by the mosquito via feeding. All of these alternative sampling approaches could be used
to perform more targeted metatranscriptomics to achieve specific public health

outcomes.

Apart from virus detection and mosquito species identification, metatranscriptomic trap
data can be mined for additional surveillance-relevant information. Arbovirus detections
could be further explored by performing variant analyses to quantify and characterise
genetic diversity of virus subpopulations present within traps (Grubaugh et al., 2017). The
screening of metatranscriptomic data could be expanded beyond arboviruses to the
detection of bacteria (Ramos-Nino et al., 2020), fungi (Chandler et al., 2015), parasites (Shi
et al., 2017), and endosymbionts such as Wolbachia (Hall-Mendelin et al., 2013). Due to
the large amount of mosquito sequences in metatranscriptomic data, it could also be used
for gene annotation of mosquito genome assemblies (Prasad et al., 2017). The mosquito

metatranscriptomic data could also be screened for the presence of variants in genes

165



associated with insecticide resistance, such as the sodium channel gene (Endersby-
Harshman et al., 2020) and cytochrome P450 (Faucon et al., 2015). The COI-based insect
species identification could also be further developed to find divergent COl sequences for
the discovery of novel species, or the generation of reference material for known species
that have not yet been barcoded. These examples of how the one metatranscriptomic
dataset can be utilised highlights the wide-ranging applicability of the technique, which

will be further expanded with the development of new computational methods.

While this PhD project has focused on enhancing arbovirus surveillance for public health
outcomes, metatranscriptomic sequencing could be used to help answer broader
ecological questions. For instance, the large diversity of mosquito viruses found in the
metatranscriptomic data could be further explored to gain a better understanding of their
emergence and evolution (Li et al., 2015). Although many studies have explored the viral
diversity of mosquito populations, few have investigated how the mosquito virome is
transmitted across different developmental stages or how it changes over time. Gaining a
better understanding of the core mosquito virome can lead to insights into how it
influences vector competence and the transmission of arboviruses relevant to public
health (Agboli et al., 2019; Patterson et al., 2020). Metatranscriptomics could also be used
to characterise the virome of parasitic mites that are occasionally found on mosquitoes
(Simmons and Hutchinson, 2016), and investigate whether they play a role in arbovirus

transmission.

Now that metatranscriptomic arbovirus detection from mosquito samples has been
demonstrated on the portable MinlON sequencer (Batovska et al., 2017; Russell et al.,
2018), further investigation is required to develop an in-field protocol for mobile
surveillance activities. Similar to short-read sequencing, the sensitivity and specificity of
long-read nanopore sequencing needs to be established for use with bulk, unsorted
mosquito pools. A mobile surveillance protocol will require cost-effective and rapid in-
field sample preparation, multiplexing of samples on the MinION, and remote data
analysis capable of basecalling nanopore sequencing signals (Gowers et al., 2019). The
recently released Flongle, a small, single-use flow cell for the MinlON, and VoITRAX II, a
portable device that automates library preparation, could be used to build in-field

capabilities (Hall et al., 2020). Other advancements in nanopore technology, such as direct
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RNA sequencing, should also be investigated to assess their ability to enhance arbovirus

surveillance.

6.4. Concluding remarks

The work presented in this thesis demonstrates how metatranscriptomics can be used to
revolutionise arbovirus surveillance. The methods and resources that were developed
provide a comprehensive framework for the use of metatranscriptomic sequencing to
support an active surveillance program for enhanced detection of arboviruses of public
health significance. Further work is required to define the experimental and validation
parameters of metatranscriptomic sequencing and ensure that the reported output is
clearly defined and easily interpreted. Once established, automated high-throughput
sequencing workflows and bioinformatics pipelines will enable cost-effective
metatranscriptomics to be incorporated into routine, mosquito-based arbovirus

surveillance for improved public health outcomes.
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