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Abstract

Viral pathogens are having a significant impact on Tilapia health, threatening
global food security. It is critical to increase biosecurity measures, diagnostic
testing, and sequencing to better understand their evolution and spread in
aquaculture. Yet, this is not feasible or adapted in many countries, as numerous
fish farms are situated in resource limited regions with reduced access to
diagnostic labs. Delays in turn-around time for results reduces the capacity for
timely interventions. One way to avoid devastating outcomes of viral outbreaks
in aquaculture is real-time whole genome sequencing (WGS) of isolates, using
in-field tools to rapidly resolve chains of transmission and implement control

measures.

Here, we investigate the feasibility of a tiled PCR method for genomic surveillance
of Infectious spleen and kidney necrosis virus (ISKNV), a powerful tool
successfully adapted for genomic surveillance of important human pathogens.
We perform a complete phylogeographic analysis on isolates collected from Lake
Volta, Ghana, since 2018. ISKNV, a slow evolving double stranded DNA virus
has been causing mass mortalities in Ghana, and is capable of infecting a wide
range of marine and freshwater fish. In addition, an in-field, non-destructive water
sampling method was developed to monitor viruses in tilapia fish cages, by
concentrating viral fraction on filters. Challenges were encountered when
applying these methods in the field in Ghana, and the technical and economic
issues are discussed. We evaluate our developed method on an equally
important single stranded RNA virus, known as Tilapia Lake Virus (TiLV), which
has been affecting the growth of tilapia for more than a decade. Finally, we
highlight the challenges faced during a field -based genomic surveillance
campaign performed on Lake Volta. This work is the first of its kind to develop
and test a valuable in-field, routine monitoring and detection tool for viral
outbreaks impacting the prosperity of aquaculture.
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My research and analysis were further impacted in February 2021 when there
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1. General Introduction:

Today, 811 million people suffer from hunger and three billion cannot afford
healthy diets. The United Nations has listed Zero Hunger as one of the global
sustainable development goals to end extreme poverty by 2030 (Boykin et al.
2018). As global populations continue to grow, we aim to find ways to meet
demand for food security, and aquaculture could potentially play an important role
if its growth remains sustainable (FAO 2022). According to the Food and
Agriculture Organisation (FAQO), the total global fisheries and aquaculture
production reached 178 million tonnes in 2020, with a total first sale value
estimated at USD 406 billion, of which USD 265 billion was from aquaculture
production alone. Aquaculture production remains the main driver of the growth
of total fisheries production since the late 1980s, and continues to expand, albeit
at a slower rate in the last two years (FAO 2022). New strategies have been
suggested, such as Blue Transformation to enhance the role of aquatic feeding
systems, by providing the legal, policy and technical frameworks required to
sustain growth and innovation (FAO 2022). Blue Transformation builds on
existing successes while providing a framework to overcome sustainability
challenges, to maximise the contribution of aquatic (both marine and inland) food
systems to food security (FAO 2022). Despite an increase in output, all forms of
production are limited by infectious diseases, causing direct production loss and
closure of aquaculture facilities. Recognizing the capacity of aquaculture for
further growth demands new sustainable aquaculture development strategies.
The priority should be to further develop aquaculture in Low- and Middle-Income
Countries (LMICs), including Africa and in other regions where population growth

will challenge food systems most (FAO 2020).

Tilapia are important for the sustainability of ecological systems and are the
second most important group of farmed fish worldwide (FAO 2020). Eleven tilapia
species are currently farmed in Africa, compared to only three species in 1980
(El-Sayed and Fitzsimmons 2023). In particular, Nile tilapia (Oreochromis
niloticus) is a key fish species for freshwater aquaculture and is the most widely
cultured tilapia species, with a global production estimated at 4,525,400 tons (El-
Sayed and Fitzsimmons 2023; FAO 2020). This genus is hugely important for
providing employment, as well as domestic and export earnings to large
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populations worldwide (Machimbirike et al. 2019; Eyngor et al. 2014). Associated
production has almost doubled over the past decade, due to their relative ease
of farming, marketability and stable market prices (Wang and Lu 2016).
Additionally, their fast growth rates, tolerance to extreme environmental
conditions, high resistance to stress and diseases, trophic plasticity, high
adaptation to tropical, subtropical and temperate environments, and their ability
to reproduce in captivity has made them an ideal candidate for aquaculture all

over the globe (El-Sayed and Fitzsimmons 2023).

Despite the fact that Nile tilapia (Oreochromis niloticus) are African freshwater
fish, they have been introduced into many countries, where their journey started
during the second half of the 20th Century, especially in Southeast Asia and the
Americas, for aquaculture and fisheries enhancement. As a result, aquaculture
of Nile tilapia became well established and has been steadily expanding in many
countries (El-Sayed and Fitzsimmons 2023). In Africa, tilapia production is still
dominated by Egypt (Yacout et al. 2016), but has become increasingly important
in several other countries, boosting the local economy as an affordable source of
animal protein for human consumption. Tilapia aquaculture provides an important
source of nutrition, especially for populations that are otherwise dependent on a
narrow range of staple foods. Tilapia have also been used to biologically control
vectors of disease, such as malaria, Zika and bilharzia through predation on the

hosts of the parasites (e.g., mosquitoes) (FAO 2018a).

In Ghana, Nile tilapia production has risen rapidly from only 954 tonnes in 2005
(FAO 2018b; Verner-Jeffreys et al. 2018; Ramirez-Paredes et al. 2021) to 52,470
tonnes in 2016 due to the government/World Bank-funded fisheries program
through Ministry of Fisheries and Aquaculture Development (MOFAD)
(Amenyogbe et al. 2018). Ghana, with its prosperous environment; full of rivers,
seas, dams, dugouts, and suitable topography, climate, authority support, and
high demand for fish, has all made aquaculture practicable and established
countrywide (Amenyogbe et al. 2018). Tilapia is the preferable species for fish
farming and consumption in Ghana, creating economic opportunities by
employing thousands of people and improving the livelihoods and the general
economy (Asiedu et al. 2017). Most production in Ghana is conducted under high
density stocking in floating cage systems, as occurs in Lake Volta (Figure 1).
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Most Ghanaian production of tilapia is centred around Lake Volta, (Figure 2), in
cage culture units, with hatcheries predominantly located besides the River Volta,
below the dam to the lake. This lake area provides an ideal location to support
further expansion of the industry as it has a very large surface area, with an ideal

temperature profile (28-30°C) for year-round production of tilapia (Verner-
Jeffreys et al. 2018).

Figure 1. A tilapia farm on Lake Volta in Ghana, showing floating cage culture units.
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Figure 2. A map of the lower region of Lake Volta in Ghana, West Africa. Red
triangles indicate the regions in chronological order (A to D) where the outbreaks of

mortality occurred (Ramirez-Paredes et al. 2021).

Despite Ghana making rapid advances in aquaculture development, the sector
faces several challenges related to management and production problems, such
as limited knowledge of modern aquaculture techniques, inadequate supplies of
improved seed, lack of continuing aquaculture policy direction, and inadequate
funding for research (Amenyogbe et al. 2018). Furthermore, high density
production of fish makes tilapia more susceptible to infectious diseases. Initially
the major diseases threatening intensively cultured tilapia farms have been
identified as predominantly bacterial infections, such as streptococcal infections
(Dong et al. 2015). However, there is an increasing number of emerging viral
infections that affect farmed tilapia worldwide. Most recently, global attention has
been focused on the emergence of a new virus, tilapia lake virus (TiLV), due to
the widespread outbreaks of the disease in three continents, signalling a serious
threat to tilapia aquaculture globally (Dong, Siriroob, et al. 2017; Machimbirike et
al. 2019; Jansen, Dong, and Mohan 2018). Meanwhile, several other viral
infections with equal importance have been neglected by the scientific
community. These viruses require systematic investigation, as they have been
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reportedly associated with relatively high mortalities (20-100%) in several
occurrences of natural disease outbreaks or laboratory challenges. Examples of
some of these viruses described in tilapia include Bohle iridovirus (BIV,
Ranavirus), betanodavirus, tilapia larvae encephalitis virus (TELV), infectious
pancreatic necrosis virus (IPNV), nervous necrosis virus (VNN, Betanodavirus),
and infectious spleen and kidney necrosis virus (ISKNV) (Machimbirike et al.
2019; Shlapobersky et al. 2010).

In late 2018, unusual patterns of very high mortality in the Asutsuare region (see
Figure 2) were reported in intensive tilapia cage culture systems across Lake
Volta in Ghana (https://goo.gl/LmgbG2). Polymerase chain reaction (PCR)
confirmation, quantitative polymerase chain reaction (qPCR) and DNA
sequencing showed that all samples were strongly positive for the presence of
the ISKNV virus. Samples collected from the same farms had all tested negative
for the virus the previous year. A week following the first report, a second farm
located in the Akuse region suffered the same problem. By the end of 2018,
despite the attempts to reduce losses by increasing the production of fingerlings,
or treatment with antibiotics, most tilapia farmers in Lake Volta were not able to
contain these mortalities. By mid-October to late November, the Dodi region and
the Asikuma region reported massive mortalities (Ramirez-Paredes et al. 2021).
Tilapia production on lake Volta, accounting for over 90% of Ghana'’s aquaculture
output, has severely suffered due to the ISKNV disease outbreaks. This has led
to the closure of more than 50 farms, loss of over 400 jobs, and the disruption of
the livelihoods of the communities along the lake (Okai 2021).



1.1 Infectious Spleen and Kidney Nicrosis Virus

ISKNV is a species of the genus Megalocytivirus, and is one of five genera within
the Iridoviridae family of large, enveloped, double stranded DNA viruses (Mohr et
al. 2015), that appeared in ornamental fish in the late 1980s until the early 1990s
(Go et al. 2016). These five genera include: Iridovirus, Chloriridovirus, Ranavirus,
Lymphocystivirus, and Megalocytivirus (Mahardika et al. 2009). Recently,
Megalocytiviruses were divided into three genotypes: infectious spleen kidney
necrosis virus (ISKNV), red seabream virus (RISV) and turbo reddish body
iridovirus (TRBIV). This division was based on phylogeny of the conserved major
capsid protein and the ATPase genes (Fu et al. 2011; Shiu et al. 2018). In
general, RSIV, ISKNV, and TRBIV represent three genotypes, with similar viral
properties to ISKNV species. However, phenotypic diversity still exists among the
different isolates, even within the same genotype or subgenotype, with
concomitant differences in virus replication, virulence, and host range (Fu et al.
2023). Megalocytivirus have been identified as pathogens that cause fatal
systemic infections, leading to mass mortalities of numerous fish species,
attracting attention with significant impact on ecological and economical wild and
cultured fish (Xu et al. 2008; Sukenda et al. 2020). ISKNV infects invertebrates
and poikilothermic vertebrates, including insects, fish, amphibians, and reptiles
(Shi et al. 2010).

The characterizations of the ISKNV genome by molecular cloning and physical
mapping have been reported, and the complete genome sequence has been
determined from mandarin fish (Siniperca chuatsi) samples collected in 1998.
The genome was 111,362bp in length and contained 124 putative ORFs (Figure
3) (He et al. 2001).
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Figure 3. An ISKNV genome map created in Geneious Prime (v. 2022.1.1), showing
the repeat region; the inner ring showing the genes (124 ORFs); and the outer ring

showing the coding sequences (CDS).

ISKNV virions are icosahedral, around 150 nm in diameter, and show an electron
lucent core under transmission electron microscopy (TEM) (Figure 4) (Ramirez-
Paredes et al. 2021). The core contains a single linear dsDNA molecule, whose
structure is highly methylated at cytosines in the CpG and circularly permuted

upon infection (Fu et al. 2011).



Figure 4. Mature icosahedral ISKNV virion from Lake Volta; showing the outer capsid

and inner membrane with central electron lucent core (Ramirez-Paredes et al. 2021).

The structure of the virions possess a lipid membrane that lies between the viral
DNA core and the capsid, and plays a role in infection of the host through the
involvement in virus entry to the cell (Williams et al. 2005). The major capsid
protein (MCP) is also considered an important structural component that
mediates virus entry into the host cell, as it is involved in the process of ISKNV
virus infection by interacting with caveolin-1-protein (Cav 1) of the host cell to
induce the caveolin endocytosis, shown in Figure 5 (Islam et al. 2023;
Throngnumchai et al. 2021). Although enveloped virions of ISKNV were observed
in Nile tilapia (Oreochromis niloticus) infected with ISKNV in Ghana (Ramirez-
Paredes et al. 2021), Iridoviruses can be either enveloped or nonenveloped,
depending upon whether they are released from the cell by lysis, or bud from the
plasma membrane. The envelope is not essential for cell entry and naked virions
can also be infectious (Williams et al. 2005). While both enveloped and naked
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virions are infectious, the infectivity of the enveloped virions is higher, suggesting
that one or more viral envelope proteins play an important role in virion entry
(Williams et al. 2005).

Caveola-mediated endocytosis in ISKNV

1 2
Virus attaches to receptors Caveolin Endocytosis
on host cells facilitated by the host cell
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Figure 5. An illustration of the cellular entry of ISKNV; showing viral entry via

Caveola- mediated endocytosis, facilitated by host receptors on the cell membrane.

The MCP (ORFO006) is one of the major ISKNV immunogenic proteins, along with
ORFO054 (transmembrane protein), ORF055 (transmembrane protein), ORF101
(transmembrane protein), ORF117 (transmembrane protein), and ORF125
(ankyrin repeat protein). Moreover, ORF086 (helicase protein) is presumed to be
a helicase vital to virus replication (Dong et al. 2013; Fu et al. 2015), while Zeng
et al. (2021) stated that ORF022 is a virulent gene (Zeng et al. 2021). Their proof
was based on a study which involved testing a live attenuated gene-deleted
vaccine candidate, AORF022L, in mandarin fish. They reported 100% survival of
the AORF022L-infected fish challenged with ISKNV infection, inducing the

response of an anti-ISKNV-specific antibody.




1.2 Clinical Symptoms of ISKNV:

The typical external and internal signs of megalocytivirus disease are lethargy,
anorexia, darkening of skin tissue, distended body cavity (coelomic distension
due to ascites) (Figure 6). Other reported signs include: erratic swimming,
increased ventilation, ulceration, haemorrhages (including pinpoint
haemorrhages on the skin and gills), pale gills/anaemia, fin erosion, white faeces,
and heavy mortalities (Jung-Schroers et al. 2016; Subramaniam et al. 2016;
Yanong and Waltzek 2010). In the outbreak of ISKNV affecting tilapia in Ghana
between the year 2018 and 2019, fish were observed swimming away from their
school with erratic behaviour, and displayed a range of clinical signs, including
skin nodules, frayed fins, loss of eyes, opaque eyes, loss of scales, exophthalmia,
anorexia, discoloration or darkened skin, excess of mucous, skin haemorrhages
and distended abdomen (Ramirez-Paredes et al. 2021). During the 2023

outbreak, samples were observed with similar symptoms as the above, along with

white lips and tail erosion, seen in Figure 6 (a).
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Figure 6. Moribund Tilapia fish (Oreochromis niloticus) collected from Lake Volta,
Ghana (2023); a) distended body cavity and tail erosion; b) friable, pale, and
haemorrhages liver; ¢) skin darkening and bulging eyes d) a healthy Nile tilapia collected
from Khulna, Bangladesh, for comparison. Fig 5.d Photo credit: to Jamie McMurtrie.
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Histopathological examination of fish infected with ISKNV reveals a severe
systemic abundance of intravascular megalocytes that are especially prominent
in the gills, kidney, spleen, liver, and intestinal submucosa. Enlarged cells could
be observed by light microscopy due to the formation of inclusion body-bearing
cells (IBCs) (hypertrophied cells containing large foamy or granular basophilic
inclusions) as well as necrotized cells, allowing virus propagation within the
intracytoplasmic virus assembly site (VAS). During necropsy, fish are presented
with enlarged and haemorrhagic organs including the spleen, heart, brain, gills,
but most notably liver and kidney. Other organs and tissues, including muscles,
gonads, heart, gills, and the gastrointestinal tract, may also be affected. Some
fish may have amber coloured haemorrhagic fluid visible within the body cavity
(Mahardika, Muzaki, and Suwirya 2009; Yanong and Waltzek 2010;
Subramaniam et al. 2016; Ramirez-Paredes et al. 2021). Additionally, use of cell
lines can provide a method for demonstrating the presence of infectious ISKNV
in a sample by examining the cytopathic effects (CPE) of ISKNV infected cell
lines when examined under a light microscope. This can be done by using
different cell-lines such as Grunt fin (GF), Bluegill fry (BF-2) and Snake head (E-
11) fish cell lines (Ramirez-Paredes et al. 2021; OIE 2023). Diagnosis post
inoculation, is achieved by observing altered cellular morphology, including
rounding cells, as well as cell dropout and monolayer disruption (Figure 7).
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Figure 7. Microscopic examination of the Cytopathic effect (CPE) of ISKNV in cell

lines. a) Blue-gill fry (BF-2) cell line control post 48 hr inoculation; b) infected BF-2 with
ISKNV strain (PM382596), showing enlarged and refractile cells; ¢) Control flask of E-
11 cell lines at 48 hr; d) infected BF-2 with ISKNV (strain PM382596) showing enlarged
and refractile cells. Obvious detachment of the cell line monolayer. Scale bar = 100 um.

1.3 Transmission of ISKNV:

In many forms of aquaculture, farmed fish share the same water column with wild
aquatic animals and thus will experience the same viral challenges. Viruses
carried by wild aquatic animals are often not sufficiently abundant to sustain the
natural transmission cycle, but can be facilitated by the high density of hosts in
aquaculture which, with associated chronic stress, provides opportunities for the
emergence of viral diseases (Kibenge 2019). Spread of viral diseases in
aquaculture is due to many factors such as fish migration, and the return of the
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migratory species to the spawning sites, carrying both host and viral pathogens
long distances. Human activities have also played a key role in the spread of viral
diseases in farmed fish, such as industrial activities and mining, through the
introduction of new fish species in the area. An increased viral transmission has
also been related to an increase in the number of ships entering a farm, as well
as a shorter distance between farms (Mugimba et al. 2021). Additionally, the
expanding global trade in live aquatic animals and their products has been
accompanied by long distance geographical redistribution of aquatic animal
species and their viruses, causing a continuous emergence of viral diseases in
aquaculture (Kibenge 2019). ISKNV can infect both freshwater and marine fishes,
in both cultured and wild stocks, and is potentially spread through fish trading
from Asia and other Southeast Asian countries (Sukenda et al. 2020; Yanong and
Waltzek 2010). Affected stages are usually adult female (ovary), fertilised eggs,
fry and fingerlings (Machimbirike et al. 2019). Susceptibility in juvenile fish is
generally higher than that in adults. ISKNV is capable of inflicting mass mortalities
especially at early stages (fry and juvenile stages). Since infections with this virus
have the potential to be transmitted by both horizontal (transmission among the
same generation) and vertical (transmission from parent to offspring) sources,
there is an obvious risk to commercial aquaculture (Suebsing et al. 2016;
Figueiredo et al. 2020).

1.4 Emergence and geographic distribution of ISKNV:

Megalocytiviruses are causative agents of severe disease accompanied by high
mortality in multiple species of marine and freshwater fish (Kurita and Nakajima
2012). ISKNV has been reported in most continents such as Asia (Fusianto et al.
2021), Africa (Ramirez-Paredes et al. 2021), North America (Shahin et al.
2021), South America (Figueiredo et al. 2022), and Australia (Go and Whittington
2006) (Table 1).

ISKNV, which is diagnosed by a characteristic histopathology and electron
microscopically studies, was first identified to infect Chinese mandarin fish 1994
(Table 1), and has resulted in significant economic losses in many fishponds in
China. In 2001, mandarin fish was the only species affected by ISKNV in natural
outbreaks. In 2002, infection trials on 20 other teleosts cultured in China showed
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that large-mouth bass, Micropterus salmoides, were also highly susceptible to
ISKNV, yet the other 18 fish under examination were resilient, including tilapia.
(He et al. 2002; Jung-Schroers et al. 2016). Subsequently, outbreaks of ISKNV
were reported in many parts of the world with an increasing host range (Table 1).
Mortality events due to ISKNV were reported in North America, South America,
Europe, Australia, Africa, Southeast Asia. The first observation of ISKNV in tilapia

species was on a tilapia farm in the United States in 2012 that reported a 50-75%

mortality rate over a two-month period (Howell 2019).

Table 1. Literature reports of different species of fish infected with ISKNV.

SPECIES Year MAIN FINDINGS SITE IMPORT SOURCE
AFFECTED
(HOST)
Mandarin fish 1994- Restricted to Asian China (He et al. 2002)
(Siniperca 2001 countries NA
chuatsi) o ) .
2012 Transmission: Japan China (Subramaniam et
contaminated al. 2016)
water/feeding
Zebrafish 2012 Malaysia (Subramaniam et
(Danio rerio) al. 2014)
Ornamental fish 2008 Induced mortality Korea Singapore (Jeong et al. 2008)
(Trichogaster up China
leeri) to 70%
Nile tilapia 2012 USA (Howell 2019)
(Oreochromas NA
niloticus)
2016 Recurring outbreak USA  Latin America (Subramaniam et
in same facility and Asia al. 2016)
2018-  levels of morbidity Ghana Africa, Asia  (Ramirez-Paredes
2019 & mortality and South et al. 2021).
(60-90%) America
2022  levels of morbidity Ghana NA (Alathari et al.
& mortality 2023)
(60-90%)
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Angel fish
(Pterophyllum

scalare)

molly (Poecilia
sphenops)

& Angel fish
(Pterophyllum
scalare)
Ornamental fish
(Platys
xiphophorus)

Dwarf gourami
Trochogaster

lalius

Asian sea bass
barramundi

(Lates calcarifer)

2020

2014

2018-
2019

2012

2013-
2014

2000

2004

2000

2000

2001-
2009

2012-
2014

2017

Brazil
Transmission:

through water Germany

India

97 of 111 imported Australia
fish were infected

Australia

Korea

Singapore

Malaysia

Taiwan

1st documented Vietnam
infection is Asian
sea bass

Indonesia

(Figueiredo et al.
NA 2020)

(Jung-Schroers et

Colombia al. 2016)

(Pattanayak, Paul,
and Sahoo 2020)

Singapore,  (Mohr et al. 2015)

Malaysia, Sri

Lanka

(Go and
Whittington 2006)

(Jeong et al.
2008)

(Kurita and

Nakajima 2012)

(Kurita and

Nakajima 2012)

(Huang 2011)

(Dong et al. 2017)
NA

(Thanasaksiri et
al.,, 2021)
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Orange-spotted
grouper
(Epinephelus
coioides)

Three-Spot
gourami
Trichogaster
trichopterus
Paradisefish
Macropodus

opercularis

Giant gourami
Osphronemus
goramy)
Siamese fighting
fish

Gourami

Pearl gourami

Trichogaster leeri

Murray cod
Maullochella
peelii
Flatted grey
mullet

Mugil cephalus

2000

2001-
2009

2004

2015

2015

2020

2016-
2018

2004

2012

2003

1999-
2000

Philippines

Malaysia

China

Brazil

Brazil

Indonesia

Thailand

Korea

Malaysia

Singapore

(Kurita and

Nakajima 2012)

(Razak,
Ransangan, and
Sade 2014)

(Kurita and

Nakajima 2012)

(De Lucca
Maganha et al,
2018)

(De Lucca
Maganha et al,
2018)

(Sukenda et al.
2020)

(Baoprasertkul
and Kaenchan,
2019)

(Jeong et al. 2008)

(Subramaniam et
al,, 2014)

(Lancaster et al,
2003)

(Gibson-Kueh et al
2004)
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1.5 Containing ISKNV:

Few controls or mitigation measures currently exist for viral diseases in
aquaculture, which continue to negatively impact aquaculture significantly
(Kibenge 2019). ldentification of persistent infection with low prevalence is
challenging because viral load may be below limits of detection, especially in
asymptotic carriers from natural populations. Thus, it is important to develop a
sensitive tool that can help early diagnosis (Suebsing et al. 2016). Too often, a
prolonged period from the first observation of mortality in fish to the identification
and reporting of the causative agent occurs, delaying the application of
appropriate control and risk management measures. Unless a paradigm shift
occurs in dealing with aquaculture biosecurity risks, this sector will remain
vulnerable to new and emerging diseases (FAO 2020). The use of pathogen-free
tilapia for breeding programmes, could increase producers’ chances in avoiding
viral infections. Developing therapeutics and implementing a vaccination
programme would also be beneficial as part of a long-term development strategy.
Unfortunately, vaccination is usually ineffective for these viruses, as they infect
fish at early stages (i.e. larvae and fingerlings), when the fish do not have a fully
developed immune system (Mondal and Thomas 2022). A commercial vaccine
designed for RSIV did not offer protection against other genotypes, such as
ISKNV (Dong et al. 2017). Recently, a new study has presented an inactivated
ISKNV-I vaccine, which is a formalin-killed cell (FKC) vaccine generated from an
ISKNV-I isolate, that could confer almost complete protection against RSIV-1 and
RSIV-II as well as ISKNV-I, belonging to the genus megalocytivurus (Fu et al.
2023). However, such vaccines are costly, and challenging to administer to
individual fish, especially in remote farms.

Some simple but effective preventative methods were reported, such as the use
of disinfectants in a study done by Fusianto and et al (Fusianto et al. 2019), while
another method was listed to assess the potential of seaweed compounds to
block viral entrance by inhibiting the MCP (Islam et al. 2023). Incorporating
disease resistance and feed efficiency traits into fish breeding has been
suggested, and could create genetically improved fish strains. In Southeast Asia
the introduction of genetically improved farmed tilapia (GIFT) has led to improved
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productivity, ranging from 18% to 58% in China and Bangladesh with each
generation yielding 7-10% gains in productivity (Ragasa et al. 2022).

1.6 Diagnosis & Monitoring ISKNV

1.6.1 Polymerase Chain Reaction:

PCR has been used as a confirmatory diagnostic method for detecting ISKNV,
making it useful for surveillance in support of aquaculture biosecurity. Targeted
organs for ISKNV PCR assays are spleen, kidney, or liver, with subsequent
purification of nucleic acid. The first PCR assay developed for ISKNV in fish
samples was described by Kurita and et al, and is recommended by the OIE
(Office International des Epizooties) as the ‘gold standard’ reference PCR assay
for its detection (Kurita et al.1998; OIE 2019). Other molecular techniques have
been described for the detection of ISKNV such as, nested PCR, qPCR, and
LAMP assay (Xu et al. 2008; Suebsing et al. 2016; Pattanayak, Paul, and Sahoo
2020). Although conventional PCR is a useful tool for megalocytivirus detection,
because of its high specificity and sensitivity, its results are semi-quantitative and
therefore unable to quantify the viral load precisely. gPCR is considered to have
more advantages compared to conventional PCR, including quantitative
measurement, minimal standardisation using a standard curve and easy data
analysis (Lin et al. 2017). qPCRs are now frequently used to quantify viral
pathogens in aquaculture, such as fish and shrimp, with the TagMan assay being
more specific than the SYBR Green assay. Lin et al have shown that using
TagMan quantitative real-time PCR for detecting ISKNV Genomic DNA was
10,000 times higher than that of conventional PCR (Lin et al. 2017). In general,
all the methods mentioned above usually lack the specificity for ISKNV, and may
fail to reliably differentiate ISKNV from other subgroups of Megalocytiviruses, i.e.
RSIV and TRBIV (Pattanayak, Paul, and Sahoo 2020).

Furthermore, droplet digital PCR (ddPCR) has been established as a novel,
sensitive, accurate and absolute quantitation method that does not require a
standard curve (a calibration curve which is specifically constructed for each
pathogen). Standard curves that mimic the samples well enough for accurate
results are difficult to create, and batch-to-batch differences must be accounted
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for. Additionally, small differences in efficiency in the lower ranges of the standard
curve may further bias quantitative results (Kiselinova et al. 2014; Maar and
Prantner 2020). In a recent study (Lin et al. 2020), a sensitive ddPCR protocol
was developed to rapidly detect and quantify ISKNV DNA. This method proved
to be highly specific to ISKNV and does not cross-react with other iridoviruses.
This study also showed that the sensitivity of the ddPCR assay was 20-fold higher
than that of the gPCR assay, and the positive detection rate of ddPCR (65.22%)
was higher than that of gPCR (30.43%), showing superiority for detection in
samples with low ISKNV viral loads, enabling the surveillance of sources and
transmission routes of ISKNV (Lin et al. 2020).

Despite this method being reliable for the detection of ISKNV, important
differences between genotypes and further subgroups within the ISKNV species
could be overlooked. Conventional clinical tests such as PCR and serology, are
being continually optimised, but are restricted to specific gene targets. Simple
visualisation of PCR products can provide a measure of presence/absence of a
particular region of interest and variation outside of these regions remains
undetected (Kiselev et al. 2020). Therefore, viral diagnosis based on gene
sequencing, using single nucleotide polymorphisms (SNPs) could differentiate
isolates from different host species, country of origin, and time of collection
(Fusianto et al. 2023).

1.6.2 Genomic Surveillance:

To mitigate the effects and spread of viral diseases in aquaculture, it is critical to
achieve rapid detection of the causative agent, understand their epidemiology;
and to disseminate the information efficiently to raise awareness (Assefa and
Abunna 2018). Until recently, comprehensive surveillance systems relied on case
counting and simple genotyping techniques (Ghosh et al. 2012), but surveillance
has been markedly improved through recent advances in genomics. In human
health, genome sequencing has revolutionised our ability to track infectious
disease outbreaks, from initial detection to understanding factors that contribute
to its geographical spread. It has emerged as a critical tool in real-time response
to these outbreaks, by providing insights into how viruses transmit, spread and
evolve (Gardy, Loman, and Rambaut 2015; Quick et al. 2017).
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Virus genomics have been used to investigate infectious disease outbreaks for
several decades. Each time a virus replicates, errors in the genome sequence
can occur that generate genetic variation. At the population level, the rate at
which this occurs is related to the number of transmission events and error-
correcting capability of the virus (with ssSRNA viruses mutating two orders of
magnitude faster than dsDNA viruses) (Peck and Lauring 2018). Variants
(viruses that differ in their genomic sequence) can emerge with different
phenotypic characteristics (Lauring and Hodcroft 2021). Genomic surveillance
can assist in detecting these new variants, and allow the understanding of
epidemiological and emergence dynamics from virus genomes sampled and
sequenced over short epidemic timescales. The science of using genomics and
associated epidemiological analyses is known as ‘Genomic epidemiology’. Early
virus sequencing from an outbreak could uncover the identity and geographic
location of the reservoir host, and determine its evolutionary rate to help predict
its future course (Gardy, Loman, and Rambaut 2015; Grubaugh, Ladner, et al.
2019; CDC 2021).

As shown by the recent emergence of variants of concern (VOC) for SARS-CoV-
2; (a recent term used to describe variants that have potentially enhanced
transmission, pathogenicity, immune escape, or a combination of all three)
viruses can evolve, rapidly gaining fithess advantages. An example is the new
lineages of SARS-CoV-2 that have been associated with elevated rates of viral
spread, and decreased sensitivity to natural and/or vaccine acquired immunity
(Lythgoe et al. 2021; Altmann, Boyton, and Beale 2021; Naveca 2021). Genetic
diversity increases as an outbreak progresses, due to the accumulation of genetic
changes in the viral genomes at each round of replication (Grubaugh et al. 2019),
increasing the probability of new variants emerging. The greater the prevalence
of the disease, the greater the likelihood of VOCs emerging due to the increased
number of replication events. This gives rise to an urgent need for rapid and

reliable diagnostics.

Targeted assays only cover specific genes and new VOCs could be missed. In
contrast, whole genome sequencing captures all variation across the full genome,

providing greater resolution of emerging diversity. With the information obtained
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from genomic surveillance (using whole genome sequencing data) and
epidemiological data, it is possible to reconstruct chains of transmission. The
branching patterns of phylogenetic trees can be used to predict linkages between
infected hosts, identify super spreaders and detect putative routes of
transmission. In addition to tracking the spread of a virus in the present, it can
reconstruct the processes that drove their spread in the past, determining when
it first arose within a population (Grubaugh, Ladner, et al. 2019; Quick et al. 2020).
Viral gene sequences were used in 2006 to reconstruct the spread of foot-and-
mouth disease virus (FMDV) in the United Kingdom, and its transmission was
traced from farm to farm (Cottam et al. 2006). Genomic data also played an
important role in understanding the West African Ebola outbreak, as it identified
unconventional transmissional chains and showed that most outbreaks were
linked to persistently infected survivors, demonstrating sexual transmission of the
virus (Arias et al. 2016; Diallo et al. 2016; Grubaugh, Ladner, et al. 2019).

Most phylogenetics-based transmission chain analyses have focused on
mutations observed in viral consensus genomes, which represent the dominant
variants within infected hosts. For slow-evolving viruses, this is performed under
the assumption that a single individual will only be infected by a single strain of
the virus. Some RNA viruses, however, evolve sufficiently rapidly to produce
multiple new variants within a single round of infection. Knowledge of within-host
diversity (containing intra-host single nucleotide variants (iISNVs)) of the virus at
the population level, and how frequently this is transmitted, is critical for
determining rates of adaptation and patterns of transmission. Additionally, newer
methods incorporating viral iISNVs may increase the resolution of transmission
chain analyses as multiple variants are transmitted between hosts (Lythgoe et al.
2021; Grubaugh et al. 2019).

Phylogeographic methods, which assess how an epidemic may unfold through
time and space, have been transformed by genomic epidemiology. Using simple
stochastic models, it provides location estimates for every ancestral node in a
virus phylogeny, by reconstructing a detailed spatial history of virus spread from
the origin of an outbreak (Figure 8). These analyses are enabled by the
integration of virus genomics and diverse metadata sets, and are dependent on

the timeliness of data generation and open data sharing (Grubaugh et al. 2019).
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Phylogeographic analyses, for example, have revealed that multiple introductions
of Zika virus were responsible for sustaining the 2016 outbreak in Florida
(Grubaugh et al. 2017). Additionally, these analyses shed light on the factors
driving the viral spread, such as geographic distances and population size.
Critically, such analyses may only be capable of elucidating partial pictures of
outbreak spread, and sampling biases may severely affect these analyses,
especially when locations are poorly represented and lineages are missed (Quick
et al. 2020). Moreover, pathogen genome sequences are of limited utility when
viewed in isolation. They must be examined in the context of a constantly updated
database of comparator strains, and the associated epidemiological and
surveillance data (Gardy et al. 2015).
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Figure 8. A diagram showing how phylogeographic maps support genomic
analysis as an epidemic tracking tool; displaying the phylogenetic relationships

between isolates and their putative transmissions on a map.

Once the outbreak has been brought under control or resolved, phylogenetic
analyses can give insight into evolutionary patterns during inter-epidemic periods
by comparing virus genome sequences sampled across different outbreaks. In
aquaculture, this can answer the question of whether the virus in question was
able to persist in the fish between outbreaks; whether each new outbreak has

arisen from an endemically circulating lineage, or whether they represent
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independent events from a different reservoir. Inter-epidemic analyses can also
be used to reveal the nature of virus evolution and spread in reservoir species,
and adaptation to its host, as well as assisting in vaccine development and drug
design (Faria et al. 2016; Grubaugh, Gangavarapu, et al. 2019; Quick et al. 2020).

Genomic surveillance of aquaculture provides several benefits to fish farmers.
Whole genome studies of ISKNV and other megalocytiviruses will enable
genomic epidemiology and will provide information to enhance disease control in
aquaculture (Fusianto et al. 2023). First, they can identify putative sources of
infection by comparing the variant in their farms to existing datasets of known
variants at other sites. Analysis of phylogeny with associated metadata (e.g.
transportation logs; introduction of new fish etc; patterns of water movement) can
identify sources of transmission. Second, altered phenotypic properties such as
increased virulence, viral load, virion stability outside the host etc. can be linked
to genomic variants of concern. When these new VOCs are detected in future
events, farmers can act appropriately e.g. increasing distance between cages,
culling stock to avoid transmission or moving affected cages outside of the main
water course to avoid downstream transmission. Finally, since the absence of
cases cannot directly indicate the absence of the virus, surveillance and control
programs must remain active during inter-epidemic periods. With the availability
of a sufficiently sensitive test, the continuous monitoring of water samples from
the fish cages, in search of ISKNV variants present in the farms and the
environment, could also be used as a precautionary method to monitor
background prevalence and emergence of new variants without destructive

sampling of the fish.

Effective genomic surveillance requires virus genome data sharing and
standardisation of approaches (such as variant calling and phylogenomic
approaches) during aquaculture outbreaks to provide relevant information to both
farmers and decision makers. Setting up a national or regional information
exchange between farmers and responsible parties should be both compulsory
and centrally managed and funded to enable this (Assefa and Abunna 2018).
Currently, the speed, nature and extent of virus genome data sharing is
inconsistent, sometimes resulting in confusion over choosing the best practice
(Gardy et al. 2015).
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1.6.3 Whole Genome Surveillance Using a Tiling Amplicon

Scheme:

Although shotgun metagenomics (the process of sequencing a random
subsample of total nucleic acid content in a mixed community sample), has been
successfully applied to both virus discovery and diagnostics, direct metagenomic
sequencing from clinical samples becomes challenging as genome coverage
may be low or absent if viruses are present at low abundance in a sample with
high levels of host nucleic acid background (Quick et al. 2017). Other challenges
include requiring a complex procedure of sample preparation, expensive
equipment and advanced bioinformatic training (Kiselev et al. 2020). To
overcome these issues, and to generate complete viral genomes from clinical
samples in an economic manner, target enrichment is often required. A multiplex
PCR approach (tiling amplicon scheme), which produces amplicons that span the
viral genome has been utilised for targeted enrichment of viral genomes from
samples containing very few genome copies per reaction, shown in Figure 9
(Quick et al. 2017). Quick and et al, have developed a web-based primer design
tool known as the ‘Primal Scheme’ to produce efficient multiplex primer schemes.
By adapting this method for different viral targets, the Artic-network has
developed a pipeline that is an end-to-end system for processing samples from
viral outbreaks to generate real-time epidemiological information that is feasible
for deployment and interpretation in resource-limited settings. Additionally, the
exponential nature of PCR makes the technique robust to a large range of input
titres, and has been successfully used by several groups studying viral outbreaks
in humans, such as Ebola and Zika virus. Recently, the pipeline was adapted to
sequence samples from the SARS-CoV-2 outbreak, supporting early sequencing
efforts in many countries as it can be established rapidly to monitor outbreaks
(Quick et al. 2016, 2017; Tyson et al. 2020; Resende et al. 2020).
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Figure 9. An illustration of multiplex tiling PCR and pooling; showing primers are
designed using the PrimalScheme; primers in pool ‘A’ and ‘B’ overlap between but not

within reactions; amplicons are generated by pool ‘A’ and ‘B’ and are pooled together.

Current sequencing approaches, based on second-generation sequencing
platforms (e.g., lllumina and lon Torrent), mean that only sequencing large
batches of samples is economically viable, with a significant upfront cost for
equipment and personnel. These approaches require a specialised laboratory
and several days’ turnover for the library preparation and sequencing, even under
highly automated settings (Deeg et al. 2022). Additionally, these conventional
sequencing technologies are difficult to deploy in Low- and middle-income
countries, where availability of continuous power and cold chains, laboratory
space, and trained personnel is restricted (Quick et al. 2016). The availability of
the portable genome sequencer, MinlON, developed by Oxford Nanopore
Technologies (ONT), which is compact size and supports real-time data analysis,
could facilitate the application of genomic sequencing in point-of-care testing for
infectious diseases (Xu et al. 2018). The data throughput of MinlON is high,
allowing users to make more efficient use of the flow cell (and reduce cost) by
multiplexing many samples in a single sequencing run, as ONT has developed
PCR-free barcode sets (Native Barcode Expansion 96-PBC096), compatible with
the R 9.4.1 flowcells, allowing multiplexing of up to 96 samples (Srivathsan et al.
2018). This has now been replaced with the most recent Rapid Barcoding Kit 96
(SQK-RBK110.96); compatible with the latest flow cell R10.4, achieving higher
model read accuracy of over 99.1%, superior variation detection, lower false-
discovery rate (FDR) in methylation calling, and comparable genome recovery
rate (Ni et al. 2023). However, rapid changes in ONT platforms and chemistries
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pose a challenge for low- and middle- income countries (LMIC) where access to
the updated version is limited, and expensive to purchase all updated devices
and reagents.

A challenge that remains with a PCR tiling approach to genome sequencing is
that it has traditionally been used for viruses with small genomes, such as Ebola
(19kbp) and SARS-CoV-2 (30kbp) (Quick et al. 2016; ltokawa et al. 2020). This
is because the length of PCR products are limited by the efficiency of the DNA
polymerase used during the extension step, and it is important to choose the
correct, high accuracy polymerase capable of amplifying such long amplicons
(Warr et al. 2021). Longer genomes require a larger number of ‘tiles’ to span the
genome, which increases the likelihood of interference between primer pairs. In
addition, increased viral genome length requires increasingly complex
mechanisms for proof-reading to avoid over-accumulation of deleterious
mutations. For instance, the genome of SARS-CoV-2 is unusually long for an
RNA virus, encoding proof-reading machinery. RNA viruses mutate at a rate of
10 to 10 substitutions per nucleotide per infection (s/n/i) while the rate in DNA
viruses is much slower (10 to 108s/n/i) (Peck and Lauring 2018). RNA virus
evolution involves error-prone polymerases, and a constant interplay of mutation
and fitness-based selection. In contrast, DNA viruses are less error-prone and
can perform error-correction provided by the complementary strand and can also
encode specific proof-reading DNA polymerases (Choi 2012). Thus, outbreaks
of dsDNA viral diseases accumulate mutations at a much slower rate, potentially
limiting the utility of genomic surveillance, at least in the short-term as
transmission rates could potentially outstrip mutation rates by several orders of
magnitude. Nevertheless, the larger size of many DNA virus genomes allows for
the accumulation of genetic variation in every round of viral replication, and
hotspots of mutation such as hypervariable regions have been identified in viral
genomes (Szpara and Van Doorslaer 2019).

Applying a tiled amplicon sequencing approach to segmented RNA viruses could
create a further challenge. Frequent mutations would mean that a constant
update and re-evaluation of primers selected will be required to mitigate mutation
related impacts. Additionally, Influenza A and TiLV, both segmented viruses are

well known for their ability to perform reassortment. Each segment of TiLV has
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different degrees of nucleotide and amino acid variation (Chaput et al. 2020; Li
and Chen 2014). This results in the failure of the phylogenetic analysis of one
segment of the viral genome to give a complete picture for tracking and predicting
their movement between countries. Therefore it is highly recommended to use
whole genome sequencing wherever possible (Croville et al. 2023; Chaput et al.
2020), directly from samples, as culture and concentration of viruses could affect
the sequencing results and should be avoided. Other challenges for tiled
amplicon sequencing of segmented RNA viruses are that these segments are
often short, and capturing a single tile on a segment would result in loss of enough
coverage at the ends of the consensus sequences.

Limitations of tiled amplicon sequencing include its inability to discover new
viruses or sequencing highly diverse or recombinant viruses, as primer schemes
are highly specific. Amplicon sequencing is prone to coverage dropouts that may
result in incomplete genome coverage, especially at lower abundance, in regions
of high mutation rates, and the loss of both 5’ and 3' regions that fall outside the
outer primer binding positions (Quick et al. 2017). Several new viruses infecting
aquatic organisms have been discovered through Next-generation sequencing
(NGS) methods (Kibenge 2019). Advanced molecular diagnostics, such as those
being designed in this thesis, will assist farmers in tracking these infections at
different points in the tilapia life cycle once they have been identified (Howell
2019).

1.6.4 Water Sampling for Viruses

Monitoring the spread of viral pathogens in water is crucial for an effective
response, and understanding the viral lineages that constitute the infections can
uncover the origins and transmission patterns of outbreaks, as well as detecting
the emergence of novel variants before its detection in clinical samples. Due to
the often high infectivity and rapid transmission of viruses, comprehensive
screening of individuals is often challenging, particularly in cases with mild or no
symptoms (Farkas et al. 2020; Child et al. 2023). In human viral genomic
surveillance, wastewater sampling has been considered a vital source to
understand mutations and infection dynamics at a population level, as well as an

early indicator of new outbreaks.
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Following the SARS-CoV-2 outbreak, methods have been developed for
monitoring wastewater to be used to detect the arrival and subsequent decline of
outbreaks and associated variants. For many years, research on the surveillance
of viruses in wastewater has been considered a vital source to understand
mutations and infection dynamics for human viruses, especially for detecting
enteroviruses, such as Polio, Hepatitis A, and Retroviruses. This is usually done
using accurate and validated methods, with subsequent risk analysis and
modelling, which is paramount in understanding the dynamics of viral outbreaks
(Farkas et al. 2020; Kittigul et al. 2000; Dharmadhikari et al. 2022). Viral
concentration is usually followed by viral quantification, using amplification-based
viral quantification. Culture-based analysis of viral infectivity is rarely performed
on wastewater samples due difficulty to maintain the virus in vitro (Farkas et al.
2020). Next Generation Sequencing (NGS) platforms are then used to determine
genomic variants, providing a comprehensive depiction of infection dynamics in
the population (Dharmadhikari et al. 2022).

In aquaculture, water-transmitted viral pathogens are a significant threat,
challenging fish welfare and the economy of this industry. They have been difficult
to control due to an increased susceptibility among hosts and limited
understanding of the transmission dynamics. Traditional sampling of fish is
destructive, limiting farmer engagement, and relies on a costly, time-consuming,
and resource-demanding approach based on routine sampling. Water sampling
surveillance could reduce, to a great extent, the overall sacrifice of fish, as well
as being a straightforward, cost-efficient, and timesaving, approach for detecting
viruses in fish farms. All these factors make water monitoring a reliable tool to
predict or prevent outbreaks in aquaculture, or even to ensure that the water is
free from the causative agent before resuming farming following an outbreak
(Haramoto et al. 2009; Bernhardt et al. 2021).

Some of the early methods used to concentrate fish viral pathogens in water,
used Tangential Flow Filtration (TFF). This proved to be an effective method for
concentrating Infectious hematopoietic necrosis virus (IHNV) and IPNV from
large volumes of water (Watanabe et al. 1988). For the sensitive detection of
viruses in wastewater, samples are usually concentrated before quantification,

and are often centrifuged or filtered to eliminate debris, followed by
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electronegative membrane filtration, ultrafiltration, polyethylene glycol (PEG)
precipitation ultracentrifugation, or precipitation with ammonium sulphate,
enabling a 20x-800x concentration (Farkas et al. 2020; Child et al. 2023).
Recently, Bernhardt et al have carried out a study for the concentration and
detection of Salmon alphavirus (SAV) by filtration through an electronegative
membrane filter with subsequent rinsing of the filter with a lysis buffer (Bernhardt
et al. 2021). Although concentration methods are usually inexpensive and easy
to set-up, they can be time-consuming and difficult to perform with high sample
throughput, especially when high turbidity samples are processed (Farkas et al.
2020; Child et al. 2023). Another disadvantage of these methods is the co-
concentration of organic compounds, which often interfere with downstream virus
detection such as the PCR assays and extraction. Concentration efficiency may
vary among different samples, therefore, appropriate process controls should be
added to the sample to estimate viral recoveries (Farkas et al. 2020; Kittigul et al.
2000).

1.6.5 In-field Sequencing of ISKNV:

The need for accurate, rapid and on-site diagnosis of infectious disease grows
as globalised human activity accelerates (Boykin et al. 2019). To achieve
genomic surveillance for aquatic viruses affecting the growth of aquaculture,
sequencing technologies are needed. Recent advances in sequencing platforms
such as the Oxford Nanopore minlON allow real-time sequencing on a pocket-
sized portable sequencer that requires little library preparation, therefore enabling
sequencing in remote locations (Deeg et al. 2022). These sequencers can be
used with a portable miniPCR for amplicon generation, powered easily by
connecting to a mobile phone. The portability of this technology enables training
for scientists or veterinarians with little molecular knowledge in remote or
resource limited regions of the world, eliminating not only the need for
transporting samples for diagnostics, but also their travelling abroad to obtain the
training. Using a portable lab could be possible in areas such as Ghana, using a
Pelicase to transfer equipment and reagents to facilitate the movement of all the
lab necessities.
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For nanopore sequencing, real-time basecalling to fastq files can be achieved by
connecting to a portable laptop or a GPU-enabled basecalling unit, such as the
Nanopore computation unit MinlT or the MK1C. However, several technical
hurdles to adapting Nanopore sequencing do exist. While Nanopore sequencing
can yield extremely long reads, the number of sequencing pores and their loading
rate is limited, resulting in low throughput when sequencing short reads such as
amplicons. One of the major barriers to producing sequencing outputs in the field
is the lack of a simple, quick and effective method to extract DNA from a sample
without the need for laboratory equipment requiring mains power and space,
items such as benchtop centrifuges, fridges, freezers and temperature- sensitive
extraction kits which can be bulky and rely on traditional laboratory infrastructure
(Boykin et al. 2019). An additional issue for using Nanopore sequencing is the
low accuracy of the sequencing platform at the time of this project using the
R9.4.1 flow cells, ranging from 5% to 15%, obscuring true variation,
consequently, creating a challenge to determine VOC-defining SNPs (Deeg et al.
2022; Liu et al. 2022). This low accuracy requires high alignment coverage at
SNP locations to ensure accurate SNP calling (Figure 10). However, newer
Nanopore flow cells promise greatly increased accuracy due to a longer barrel
and dual reader head in the pore protein and have recently become available,
replacing the R9.4.1 flow cells. This updated flow cell, the R10.4 technology, is
therefore expected to greatly improve sequencing accuracy and possibly allow
the lowering of alignment thresholds for SNP calling, thereby increasing the
throughput more than two-fold (Deeg et al. 2022). Benchmarking has confirmed
R10.4 outperforming R9.4.1 for high read accuracy and variant detection,
however, genome recovery rates of R10.4 and R9.4.1 are comparable, and the
increased accuracy of R10.4 flow cells is coupled with a decreased yield (Ni et
al. 2023). Problems related to the availability of ONT suppliers in certain
countries, could also be a limiting factor, where even centralised laboratories
have supply chain issues and lack MinlON-specific sequencing skills (Wasswa et
al. 2022). Undoubtedly, the advantages of adopting in-field sequencing for

aquatic, infectious viruses has the potential to outweigh its limitations.
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Figure 10. Single nucleotide polymorphisms (SNPs) called in genome sites where
the consensus sequence has bases that differ from the reference genome. Error-
prone reads can be corrected with high genome coverage when generating consensus

sequences.

1.7 Tilapia Lake Virus: A segmented RNA virus affectinq the

growth of tilapia aquaculture

In the late 2000s, large losses of farmed tilapia were recorded throughout Israel.
This was subsequently identified and termed Tilapia Lake Virus (TiLV) (Eyngor
et al. 2014). Tilapia mortality associated with TiLV infections has also been
described in Ecuador (Tsofack et al. 2017), Egypt (Fathi et al. 2017), Thailand
(Dong et al. 2017) India, Malaysia (Amal et al. 2018) and the Philippines (OIE
2017). Mortality levels between 20% and 90% have been reported in farmed and
wild tilapia populations (Jansen et al. 2018). In Egypt, during the summer months
of 2015, TiLV mortalities indicated a potential economic impact of around USD
100 million, with 37% of fish farms being affected (Fathi et al. 2017). This has
resulted in a huge impact on global food security and nutrition (Chaput et al. 2020;
Kibenge 2019). Due to the international trade of tilapia for more than 50 years,
TiLV may have been circulating worldwide through movement of live fish for
aquaculture in the absence of knowledge of the existence of an associated risk
(Dong, Ataguba, et al. 2017; Jansen, Dong, and Mohan 2018; Kibenge 2019).
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TiLV, an Amnoonviridae, has a genome of 10 segments of linear negative sense
single stranded RNA. Infections vary widely in severity (from asymptomatic to
extremely lethal) for reasons that are currently unresolved, but reassortment may
be a contributing factor. Furthermore, in other segmented RNA viruses, such as
influenza, reassortment has been the cause of the sudden emergence of
extremely virulent strains (Chaput et al. 2020).

Currently, there is no cure for viral diseases in aquaculture and while vaccines
and selective breeding have proved successful in reducing the severity of some
viral diseases, there are currently severe knowledge gaps relating to TiLV, one
of the most significant emerging pathogens in tilapia aquaculture with no
effective, affordable vaccines yet available (Jansen et al. 2018). Tracking TiLV’s
movement across borders is crucial for minimising its impact on farmed and wild
fish populations, and methods described previously for ISKNV could be used to
monitor its spread. As a segmented virus, this poses a challenge for tiled PCR
approaches and its ability to reassort is an additional hurdle to identifying

mutations for applying genomic surveillance.

Finally, effective disease control in aquaculture requires knowledge of the
pathogens and their hosts and a detailed understanding of the epidemiology of
the disease (FAO 2019). Progressive farming practices now enable discovery of
emerging viruses through surveillance and laboratory diagnosis (Kibenge 2019).
The best option for controlling the continuous emergence of viral diseases in
aquaculture is ideally at the farm level, where better knowledge about the viral
diseases and their improved diagnosis, inspection and surveillance programs
translate into higher profits for the farmer and, therefore, motivation for a

sustainable industry (Kibenge 2019).
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The overall aims of this thesis work were to develop further understanding on the
strains of ISKNV in outbreaks circulating Lake Volta, Ghana. This was conducted
through the development of methods to track the phylogeography of ISKNV
across Lake Volta through the application of sequencing methods, including for
application in-field. The tiled PCR method developed for tracking ISKNV was
further investigated on a viral outbreak in tilapia for the RNA virus TiLV.
Collectively this work sought to appraise the tiled PCR method as an in-field tool
for genome surveillance of both DNA and RNA viruses of major importance to

aquaculture.

The specific thesis objectives were:

1) To develop a tiling PCR protocol that enables whole genome sequencing of
ISKNV and investigate its capability to detect sufficient non-synonymous variation
to classify slow-evolving dsDNA viruses into variants that are distinct between

outbreaks, host species and/or geographical spread (Chapter 2).

2) To develop and apply methods to detect the presence of ISKNV in
concentrated water samples from Lake Volta, and via amplicon sequencing
enable monitoring of ISKNV variants present in a farm setting as a non-invasive

alternative to the destructive sampling of fish (Chapter 3).

3) Investigate the feasibility of performing In-field direct concentration and
detection measures of ISKNV in water and tilapia fish from cages on Lake Volta,
Ghana. (Chapter 3).

4) Evaluation of a tiled PCR method for a segmented RNA virus - Tilapia Lake
Virus affecting the growth of tilapia aquaculture for more than a decade (Chapter
4).

The thesis concludes with an evaluation on the key findings of the work
presented, their significance and future avenues for research to better support
genome surveillance methods for disease tracking, control and prevention in
aquaculture (Chapter 5 & 6). An overview of the objectives of each chapter of
the thesis are shown in Figure 11.
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Figure 11. An overview of the chapters of this Thesis
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Abstract: Tilapia farming is one of the most important sectors in aquaculture worldwide and of
major importance to global food security. Infectious spleen and kidney necrosis virus (ISKNV) has
been identified as an agent of high morbidity and mortality, threatening tilapia aquaculture. ISKNV
was detected in Lake Volta, Ghana, in September 2018 and spread rapidly, with mortality rates
between 60 and 90% and losses of more than 10 tonnes of fish per day. Understanding the spread
and evolution of viral pathogens is important for control strategies. Here, we developed a tiled-PCR
sequencing approach for the whole-genome sequencing of ISKNV, using long read sequencing to
enable field-based, real-time genomic surveillance. This work represents the first use of tiled-PCR for
whole genome recovery of viruses in aquaculture, with the longest genome target (>110 kb dsDNA)
to date. Our protocol was applied to field samples collected from the ISKNV outbreaks from four
intensive tilapia cage culture systems across Lake Volta, between October 2018 and May 2022. Despite
the low mutation rate of dsDNA viruses, 20 single nucleotide polymorphisms accumulated during
the sampling period. Droplet digital PCR identified a minimum requirement of template in a sample
to recover 50% of an ISKNV genome at 275 femtograms (2410 viral templates per 5 pL sequencing
reaction). Overall, tiled-PCR sequencing of ISKNV provides an informative tool to assist in disease
control in aquaculture.

Keywords: Oreochromis niloticus; ISKNV; Artic-Network; aquaculture; long-read sequencing

1. Introduction

Nile tilapia (Oreochromis niloticus) is a key fish species for freshwater aquaculture,
with a global production estimated at 4,525,400 tonnes [1], providing food, employment,
as well as domestic and export earnings to large populations worldwide [2,3]. Tilapia
production has almost doubled over the past decade [1], due to their relative ease of
farming, marketability and stable prices [4]. Tilapia aquaculture provides an important
source of nutrition, especially for populations that are dependent on a narrow range of
staple foods. In Ghana, nearly 70,000 metric tonnes of tilapia were produced in 2018 [5],
rising rapidly from only 954 tonnes in 2005 [6]. Most production in Ghana is conducted
under high density stocking in floating cage systems, and is centred around Lake Volta
(Figure 1), with hatcheries predominantly located besides the River Volta, below the dam to
the lake [6]. Intensification of production in aquaculture is associated with risks of disease
emergence and spread, as high stocking density and the number of reported viral outbreaks
has increased steadily over the last few decades, resulting in catastrophic losses to fish
farmers globally [7,8]. Although, the major disease agents are predominantly bacterial
infections, such as Streptococcal infections [9], there is an increasing global burden of
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emerging viral infections, such as tilapia lake virus (TiLV), which has been a causative agent
of high cumulative mortalities estimated at (80-90%) in farmed tilapia in Israel, Ecuador
and Colombia [10].
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Figure 1. A map of the lower region of Lake Volta in Ghana, West Africa, showing the date and
location of the farms where the outbreaks of mortality occurred; locations retrieved from [11]. This
map was constructed using ArcGIS (GIS software). Version 10.0. Redlands, CA, USA: Environmental
Systems Research Institute, Inc., 2010.

Infectious spleen and kidney necrosis virus (ISKNV) is a Megalocytivirus, and one
of five genera within the Iridoviridae family of large, enveloped, double stranded DNA
viruses [12]. ISKNV virions are icosahedral, around 150 nm in diameter and contain a
single linear dsDNA molecule 111,362 bp in length, whose structure is highly methylated
at cytosines in the CpG and circularly permuted during infection [13,14]. The host range of
ISKNV was previously considered to be narrow: extended surveys did not detect ISKNV
in 18 fish species, including tilapia [15]. However, ISKNV has been observed in mandarin
fish (Siniperca chuatsi) [14] and large-mouth bass (Micropterus salmoides) [16]. In 2012, an
ISKNV outbreak occurred in tilapia in the United States with a 50-75% mortality rate
over a two-month period [17]. In late 2018, unusual patterns of very high mortality in the
Asutsuare region of Ghana (Figure 1, Farm 1) were reported in intensive tilapia cage culture
systems across Lake Volta, with ISKNV confirmed as the likely causative agent through
PCR and DNA sequencing of the major capsid protein. Samples collected from the same
farms had all tested negative for the virus the previous year. A week following the first
report, a second farm located in the Akuse region reported similar mortalities. By the end
of 2018, despite the attempts to reduce losses by increasing the production of fingerlings, or
treatment with antibiotics, most tilapia farmers in Lake Volta were not able to contain these
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mortalities. By mid-October, the Dodi region and the Asikuma region reported 10 tonnes
of fish losses per day [11].

To mitigate the effects and spread of viral diseases in aquaculture, it is critical to
achieve rapid detection of the causative agent, understand their epidemiology and dis-
seminate the information efficiently to raise awareness [18]. Analysis of outbreaks in viral
aquatic diseases in particular requires methods that offer a high level of strain discrimina-
tion [19]. Understanding the phylogeography of a viral outbreak provides vital information
for containment, source identification and prevention of future outbreaks, yet current prac-
tices for epidemiological tracing focus on partial fragments of the MCP gene, do not inform
changes occurring in other structural proteins or identify mutation sites on other relevant
proteins that may alter vaccine development regions and/or changes in virulence. Whole
genome sequencing (WGS) has revolutionised our ability to track infectious disease out-
breaks by providing greater resolution of emerging diversity, allowing rapid and accurate
identification of virulence factors of pathogens [20,21]. However, historically the long lead
times and requirement for expensive sequencing infrastructure have limited application of
WGS to understanding disease phylogeography.

The Artic-Network pipeline is an end-to-end system for generating real-time WGS
epidemiological information, coupling a tiled-PCR approach to portable sequencing devices
from Oxford Nanopore, enabling rapid deployment in resource-limited settings. This
approach was successfully deployed to determine the phylogeography of Ebola and Zika
outbreaks, as well as global surveillance of emerging variants of SARS-CoV-2 [22-26]. To
date, the Artic-Network pipeline has been used for short, rapidly evolving RNA viruses
(19 kbp for Ebola and 30 kbp for SARS-CoV-2). Using a similar approach to understand
the phylogeography of large dsDNA viral genomes, which require many more tiled PCR
products and evolve more slowly, limiting the emergence of novel variants, had not been
tested. Here, we developed a protocol for WGS sequencing for real-time surveillance
of ISKNV, optimising primers to recover ~96% of the ISKNV genome using the Artic-
Network tiled PCR approach. When applied to samples from infected tilapia from Lake
Volta, we were able to detect the accumulation of mutations across the ISKNV genome,
during the sampling period. Successful field testing in Ghana showed that our method
could be deployed for real-time surveillance as a field diagnostics tool. We confirm that
the Artic-Network protocol can be adapted for long dsDNA viruses to provide useful
phylogeographic information for managing disease outbreaks in aquaculture and beyond.
A minimal viral load to recover >50% of the ISKNV genome (at least 50% of the nucleotides
from ISKNV genome represented at >20-fold coverage in the sequence data) using tiled-PCR
was established using droplet digital PCR (ddPCR) [27], to guide future sequencing efforts.

2. Materials and Methods
2.1. Samples and DNA Extraction

A total of 36 tissue samples from the spleen, liver and brain were collected from Nile
tilapia (Oreochromis niloticus) from seven different fish farms in Ghana (Figure 1), during
outbreaks of ISKNV. A total of 31 samples were collected by Cefas, from 10 October 2018
to 11 July 2019. An additional five samples were collected from a more recent outbreak in
May 2022 (Table 1). Samples were stored in RN Alater® and shipped to Cefas Weymouth
Laboratory for processing. Samples collected from farms labelled 1 and 2 were washed
twice in 750 uL of sterile 1x PBS to remove the RN Alater® and homogenised using Matrix
A and the FastPrep-24™ apparatus. Total nucleic acid was extracted using nanomagnetic
beads (Genesig Easy DNA/RNA Extraction Kit, Primerdesign, Southampton, UK). For
farms labelled 3 to 7, RN Alater® was removed and the tissue samples weighed. Depending
on the weight of the tissue available, tissue samples were diluted in RLT buffer (Qiagen,
Manchester, UK) at either 1:10 w/v or a 1:5 w/v, pooled and homogenised per fish using
Matrix A and the FastPrep-24™ apparatus to homogenise the tissues (MP Biomedicals,
Eschwege, Germany). Following homogenisation, samples were diluted further with RLT
buffer for a 1:60 w/v homogenate and clarified by centrifugation for 10 min at 3000 g. Total
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nucleic acid was extracted from 300 pL of the clarified sample using the EZ1&2 RNA Tissue
Mini Kit without DNase (Qiagen, Manchester, UK) and eluted in 60 puL of RNAse-free
water. DNA extraction for samples collected in May 2022 was performed using the DNeasy
Blood and Tissue kit (Qiagen, Manchester, UK). A starting sample of 10 mg of pooled
organs (kidney and spleen) were collected and dried for 5 min prior to DNA extraction
using the manufacturer’s protocol. Eluted nucleic acid was stored at 4 °C for one week
until processing.

Table 1. Dates and regions for collection of the 36 samples from four different farms in Lake Volta,
Ghana. Data for Farms 3-5 have been described previously [11].

Farm Number of Samples Date Region
1 5 18 October 2018 Dodi
2 11 28 November 2018 Asikuma
2 5 20 May 2022 Asikuma
6 10 10 July 2019 Dasasi
7 5 11 July 2019 Akosombo

2.2. Design of Primers

Primers to produce 2 kbp amplicons with an overlap of 50 nt were generated with Pri-
malScheme (v 1.3.2) [23], using ISKNV reference sequence (accession Number: AF371960.1).
A total of 62 primer pairs spanned the full ISKNV genome, and the version (v1) was
designated to this set of primers (Supplementary Table S1). As an initial development
and testing of our methodology for genome recovery we used viral samples collected
from the 2019 outbreak in Ghana (Farm 7) and propagated in Bluegill fry BF-2 cell lines
(American Type Culture Collection, ATCC CCL 91) at Cefas [11]. Template DNA was
recovered (total nucleic acid kit (ThermoFisher, Heysham, UK), extracted in a Maxwell®
RSC Instrument (Promega, Southampton, UK)). Each primer pair was individually tested
against the template DNA, following the nCoV-2019 sequencing protocol v3: https://www.
protocols.io/view /ncov-2019-sequencing-protocol-v3-locost-bh42j8ye?step=6 (accessed
on 29 August 2020). PCR was performed with Q5 Hotstart High-Fidelity Polymerase (NEB)
as follows: 98 °C for an initial heat activation for 30 s, 15 s at 98 °C for denaturation,
followed by a 65 °C for annealing and extension step for 5 min for 30 cycles, and amplicons
were visualised by gel electrophoresis. Four out of the 62 primer pairs failed to produce
a product of appropriate size and were replaced by newer primers (v2) generated from a
sequence alignment produced in Geneious Prime® 2021.1.1 from the following sequences:
Accession numbers (NC_003494, MT128666, MW 273354, MW273353). Finally, the (v3)
primer set contained the v1 primers with additional alternate primers for drop-out regions.
All primers can be found in Supplementary Table S1.

2.3. Primer Pool Preparation

Two primer pools were generated (Pool A and Pool B), containing odd and even
numbered genomic regions, respectively, at 15 nM concentration per primer. Template
DNA concentration was increased from 2.5 ng to 7.5 ng (freshly diluted viral DNA in
nuclease-free water (NFW)). Two pools were prepared with alternating primer sets, as
previously described [23].

2.4. Failed Regions Recovered Using Neighbouring Pairs

To determine whether variation from the reference sequence was responsible for
failure of four primer pairs, we generated larger amplicon products to span these regions,
using neighbouring primers to generate a 6 kb product which spanned the drop-out regions
(Supplementary Figure S1).
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2.5. Library Preparation, Sequencing Protocols and Bioinformatic Processing

Using ISKNV cell line extracts, 2 kb amplicons were generated and pooled for se-
quencing using a FLO-MIN 106 (R9.4.1) (Oxford Nanopore Technologies, Oxfrord, UK)
MinION flow cell. Library preparation was conducted using the Ligation Sequencing kit
1D (SQK-LSK109) (ONT) and Native Barcoding system (EXP-NBD104) (ONT), according to
the manufacturer’s instructions, and following the Native barcoding amplicon protocol
(version NBA_9093_v109_revD_12Nov2019). Amplicons were quantified using the Qubit
dsDNA broad range kit (Invitrogen, Waltham, MA, USA), and pools A & B for each sample
were combined and assigned a single barcode per sample. The equimolar amounts of
each barcoded sample were pooled and taken forward for the adaptor ligation step using
a total volume of 60 pL of DNA. An amount of 5 puL of Adaptor Mix II (AMII), 25 uL of
Ligation Buffer (LNB) and 10 puL of T4 DNA Ligase were all added to the barcoded DNA.
The reaction was incubated for 10 min at room temperature, and a 0.5x AMPure XP bead
clean-up was performed, followed by 2 x 250 uL of SFB (ONT) washes. The pellet was
resuspended in 15 pL of Elution Buffer (EB) for 10 min at 37 °C. An amount of 15 puL of the
elute was retained and ~1 ug of adaptor ligated DNA was taken forward for priming and
loading onto the flow cell.

Sequencing was run for 23 h. High accuracy base calling was carried out using the
Oxford Nanopore Guppy tool (v. 4.0.15). Adapter trimming was performed, and samples
were demultiplexed using guppy_barcoder. Reads below 1800 bp in length and above
2200 bp were removed. Reads were mapped to the reference genome from the NCBI
(NC_003494) [14] using minimap2 (v.2.17, parameters: -x map-ont) [28]. Genome coverage
is visualised in Tablet [29].

2.6. Construction of the Full ISKNV Genome Infecting Tilapia in Ghana

A complete reference ISKNV genome from the Ghana outbreak was reconstructed
in a three-step protocol. First, consensus genomes were constructed separately using
2 kb amplicons and 6 kb amplicons. The 6 kb amplicons were individually amplified as
they failed to amplify with a multiplex PCR. The consensus sequences of 6 kb and 2 kb
were aligned using LASTZ v1.02, with default parameters in Geneious Prime® 2021.2.2,
revealing a gap spanning the region between primers 46 and 48. A separate amplicon
library generated only using these primers was sequenced as above, and the sequences
were aligned to the 2 kb/6 kb genome to close the gap. To recover the ends of the ISKNV
genome, an amplicon library was generated from the last primer (62 f) and the first primer
(1), sequenced as above and manually aligned to the constructed genome. All constructed
consensus genomes used had a minimum of 20x coverage of the genome. The ISKNV con-
sensus was annotated using Prokka version 1.13 (Seemann, T. Prokka: Rapid Prokaryotic
Genome Annotation. Bioinformatics 2014, 30, 2068-2069.) [30]. Prokka was run with fol-
lowing parameters: —~addgenes —compliant -kingdom Viruses. Predicted single nucleotide
polymorphisms (SNPs) were assigned to the corresponding genes in Geneious.

2.7. Droplet Digital PCR to Determine Minimal Input for Genome Recovery of ISKNV Using the
Tiled PCR Protocol

We first established the number of ISKNV templates required in a sample to recover at
least 50% of the ISKNV genome at 20-fold coverage for robust error correction, using tiled
PCR. Triplicates of 10-fold serial dilution from 6 ng to 6 x 10~° ng of ISKNV from cell line
extracts were used as a standard curve. Quantification of template strands in each dilution
was performed in accordance with the manufacturer’s instructions (Bio-Rad, Watford, UK).
The reactions included 10 pL of 2x ddPCR™ Evagreen (Bio-Rad, Hercules, CA, USA), 1 uL
of each forward primer (5 CGCCTTTAACGTGGGATATATTG 3') and reverse primer (5’
CGAGGCCACATCCAACATC 3') (200 nM) [31], and 8 uL of DNase/RNase-free H,O and
1 uL of DNA template. PCR amplification was performed with an initial step of 95 °C for
5 min, followed by 40 cycles of 95 °C for 30 s, 54.6 °C for 60 s and 1 cycle of 4 °C for 5 min,
1 cycle of 90 °C for 10 min, followed by 12 °C of 10 min. Microdroplets from each well were



Viruses 2023, 15, 965

6 of 14

read using a QX200 Droplet Reader (Bio-Rad, WAtford, UK). The copy number of each well
was evaluated by QuantaSoft™ version 1.2 (Bio-Rad, Watford, UK).

Serial dilutions from the above were sequenced on a single MinION flow cell following
library preparation using a Ligation Sequencing kit 1D (SQK-LSK109) (ONT) and Native
Barcoding system (EXP-NBD196) (ONT), according to the manufacturer’s instructions, and
following the Native barcoding amplicon protocol: version NBA_9093_v109_revD_12Nov2019.
The percentage of genome covered was estimated by at least 20-fold coverage (for consensus
sequence polishing). A linear regression model (genome recovery @ >20x coverage ~—log19
(number of template strands per uL)) was used to determine the number of viral particles
to achieve at least 50% recovery of the genome. ddPCR was also employed to detect the
number of ISKNV templates present in samples collected from Farms 3-5, as these samples
failed to amplify by tiled PCR. A positive control of 20 ng/puL ISKNV and similar conditions
were followed, as mentioned above.

2.8. Epidemiology and Phylogeographic Analysis of ISKNV

To investigate the origin and diversity of ISKNV in Ghana, we performed whole-
genome alignment of 40 genomes of samples collected from Lake Volta and different
ISKNV strains previously sequenced (Supplementary Table S2). Consensus genomes
were aligned using Geneious Prime® 2021.1.1. Specifically, sequences were aligned using
MAFFT [32], and a phylogeny was reconstructed using IQ-Tree [33,34]. The consensus
sequences generated from each sample collected from Lake Volta were aligned to previously
sequenced ISKNV genomes available from the GenBank NCBI. GenBank accession numbers
and host species are listed in Supplementary Table S2.

2.9. Tiled PCR for MinlON Sequencing of ISKNV Directly from Samples Collected from Lake
Volta Outbreak

Samples from the Lake Volta ISKNV outbreak were processed using the Ligation
Sequencing kit 1D (SQK-LSK109) (ONT) and Native Barcoding system (EXP-NBD104)
(ONT), according to the manufacturer’s instructions, and following the Native barcoding
amplicon protocol, as described in detail above. Nucleic acid extracts of ISKNV, along with
a negative control, were pooled for sequencing, and MinION FLO-MIN 106 (R9.4.1) and
flongle (FLO-FLGO001) runs were performed. Sequencing was performed for 48 h for the
MinION and ~24 h for the flongle. Super high accuracy (SUP) base calling was carried
out after sequencing using the Oxford Nanopore Guppy tool (v. 6.0.1). Read demultiplex-
ing was enabled by requiring barcodes for both ends, and reads below 1800 bp in length
and above 2200 bp were removed. The Artic network pipeline was used to generate the
consensus sequences for each genome. The workflow can be found in Supplementary
Figure S2. Augur bioinformatics toolkit (version 3.0.6) [35] (github.com/Nextstrain/augur)
was used to process the genomes. Consensus genomes were aligned using MAFFT [32],
and a phylogeny was reconstructed using IQ-Tree [33]. The tree was further processed
using augur translate and augur clade to assign clades to nodes and to integrate phylo-
genetic analysis with metadata. Augur output was exported and visualised in auspice
(github.com/Nextstrain/auspice) [34].

3. Results
3.1. Tiled PCR Recovers near Complete ISKNV Genome from Cell-Line Extracts

The full ISKNV genome was generated with MinlON sequencing of ISKNV harvested
from cell lines. Tiled-PCR products using the v1 primer scheme generated 192,317 reads,
with a median read length of 1942 bp, and yielded ~75% genome recovery of the ISKNV
genome, when aligned to the reference genome. All but four primer pairs were successful
in generating 2 kb amplicons. Following this, primers generated from a sequence alignment
(v2) of ISKNV ancestral genomes (listed in Supplementary Table S2), successfully amplified
dropped regions when tested individually, and were used to replace the four failing primers,
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creating a newer primer version (v3). This version was used for all subsequent Lake Volta
ISKNV samples.

To reconstruct the full ISKNV genome, 6 kb amplicons spanning the full genome were
recovered, and the percentage of the genome with at least 20x coverage was 83.76%. These
amplicons were combined with 2 kb amplicons to recover the full genome, end regions
and primer pair 47 (a 6 kbp region that did not amplify within the pool, but did amplify
separately). This reconstruction generated a near complete ISKNV genome spanning
99.79% of the ISKINV reference (NC_003494) with 99.82% average nucleotide identity and
19 ambiguous bases. A total of 137 SNPs were identified when compared with the ISKNV
reference genome (NC_003494)—58 of these mutations were non-synonymous. Mutations
were located in the putative ankyrin repeat protein (NP_612299.1), NTPase (NP_612285.1),
DNA-directed RNA polymerase II (NP_612256.1) and thymidine kinase (NP_612254.1).

3.2. ddPCR Determined Minimal Input for Genome Recovery of ISKNV Using the Tiled
PCR Protocol

To evaluate the optimal concentration of ISKNV needed for genome recovery using
the tiled PCR method, we measured the number of ISKNV viral templates from 6 ng to
6 x 107® ng. A minimum of 10 template molecules of ISKNV (to 6 x 10> ng) were needed
to recover any of the genome with the required per-nucleotide coverage of >20-fold for
accurate error correction. Genome recovery increased logarithmically from 10 template
strands to 10,000 template strands, where ~75% of the genome was recovered (Figure 2).
The minimum requirement to recover 50% of an ISKNV genome was 275 fg (~2410 viral
templates) in 5 puL of input DNA for each sequencing reaction. Figures generated by
the QuantaSoft™ version 2.1 (Bio-Rad, Hercules, CA, USA) are found in Supplementary
Figure S4.

75

e e

25

% Genome Recovered with >20-fold coverage

1 10 100 482 1000 10,000
Number of Template strands per pL

Figure 2. Successful recovery of >50% of the ISKNV genome required 482 template strands per puL
(2410 viral templates per 5 uL sequencing reaction), with a minimum of 0.2 copies per pL to recover
>0% of the genome with at least 20-fold coverage for error correction. Number of viral templates was
measured using ddPCR from a serially diluted ISKNV template, which was subsequently sequenced
and processed as described in the text.
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ddPCR was also applied for the field samples (farm 3-5) that failed to amplify using
the tiled PCR protocol. Detecting the number of viral templates in samples collected from
Farm 3 and 4 showed very low ISKNV concentration (<1 viral template), while samples
collected from Farm 5 had a high concentration of ISKNV, with up to ~5000 viral templates
per ng. According to Ramierez et al., July 2019, samples from Farms 4 and 5 were recovered
from recent mortality events but had no remaining observable clinical disease [11].

3.3. Epidemiology and Phylogeographic Analysis of ISKNV Is Not Solely Related to Host Species

Whole genomes from previously published reference strains from different hosts
were aligned with samples collected from Ghana, aligning with MAFFT v7.450 [32], in
Geneious Prime (Figure 3). ISKNV within samples collected from Ghana belonged to a
separate lineage compared to samples collected from other ISKNV outbreaks. The Brazilian
strain ON212400.1, although also infecting Nile tilapia, seemed distantly related to samples
collected from Ghana. ISKNV from tilapia samples in Ghana were most closely related to
those from an outbreak in Albino sharks (MW273353), in the United States, and were least
related to samples collected from mandarin fish (Siniperca chuatsi) and barramundi (Lates
calcarifer). Host species are listed in Supplementary Table S2.
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Figure 3. Phylogeny of whole ISKNV genomes of 36 samples collected from Lake Volta (2019 in
blue and 2022 in purple) with whole ISKNV genomes reported in the GenBank, in green (listed in
Supplementary Table S2), using MAFFT [32] with the bootstrapped branch support. The tree was
rooted to the ISKNV reference genome (NC_003494), shown in red. Numbers in brackets after the
Ghana samples from this study are in the format <farm identifier>.<sample identifier>.

3.4. Phylogenetic Analysis Indicates Multiple Introductions of ISKNV in Fish Samples Collected
from Lake Volta

Phylogenetic analysis of ISKNV within the Ghana outbreak of 2018-2022 was per-
formed using Augur and visualised in Auspice (Figure 4). Initial outbreaks in Lake Volta
clustered into four distinct clades, and each clade had a mix of samples from different farms.
The three most closely related to the reference strain were identical and from three different
farms, indicating possible multiple introduction events. The highest genome recovery was
obtained from sample 6.2 at ~96%, with samples 2.2 and 2.11 having the lowest coverage,
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at 44% and 35% recovery, respectively (Supplementary Table S3), and the median genome
recovery for all samples was 87.83% (85.61-88.63%, 95% CI, 1000 bootstraps). The consen-
sus sequence of all the ISKNV samples obtained in this study displayed similar dropout
regions in several locations of their genomes, with poorly recovered regions including: (1) a
repeat region located at 23,273 bp to 23,768 bp; (2) between ORF014R and ORF018L; and
(3) in the putative DNA polymerase (ORF025).
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Figure 4. Phylogenetic placement of ISKNV genomes from Ghana and their associated farms. The hor-
izontal axis indicates divergence relevant to the root of the tree. Clades are labelled A-D. The colour
of the tips represents the date of sample collection; the number and location of mutational events are
shown in the diversity panel below. Sequences from the latest outbreak in 2022 are highlighted.

A total of 137 polymorphisms were observed when comparing samples from the first
outbreak in Ghana, in 2018, to the ancestral strain (based on SNP-calling against reference
genome NC_003494.1). Of those SNPs, 20 showed variations among samples taken in 2018
and 2022 (excluding the dropout regions). Four of the five samples taken in May 2022 from
the Asikuma region (Farm 2) clustered with those taken at the same location in 2018, but
they have diverged independently due to a non-synonymous SNP (T3934C) within the
MCP. These were highlighted in Figure 4 as “Latest outbreak”. An additional mutation
(C4328T) in the MCP was also unique to all Ghana samples compared to other outbreaks.
A second SNP in the virulence gene ORF022L was also unique to the Ghana samples.

4. Discussion

ISKNV has caused major losses in aquaculture, with infections reported for more
than 52 marine and freshwater species, and is continuously expanding to different conti-
nents [35]. To understand infectious disease dynamics in aquaculture, we have described
the development and implementation of a new workflow to track viral outbreaks in fish
using whole genome sequencing.

We report here the first tiled PCR that successfully generated near complete genomes
of the large nucleocytoplasmic DNA virus ISKNV and its use to assess the epidemiology of
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an ongoing epidemic of ISKNV in Nile tilapia in Ghana. A full-length genome was initially
obtained from 2 kb and 6 kb amplicons of ISKNV from cell culture isolates from early in the
epidemic. Fifty-eight non-synonymous SNPs were identified relative to reference genome
sequence (NC_003494). We observed a mutation in ISKNV thymidine kinase (TK), which
has previously been correlated to increased neurovirulence and mortality of the host in
another dsDNA virus—Herpes Simplex Virus (HSV-1) [36], and natural mutation in the
TK gene of these viruses have been associated with an increase in drug resistance [37].
Thus, observed variations may in part explain the rapid spread of ISKNV early on in the
outbreak, in conjunction with the naivety of the regional tilapia Akosombo strain to the
disease. When compared to ancestral samples collected from different hosts, two mutations
in the ankyrin repeat protein were only seen in the strains infecting tilapia fish in Ghana.
This protein has previously been shown to play a role in modulating host range and cellular
immune signalling [38]. A single mutation located in the ORF022L may have increased the
virulence of ISKNV in Lake Volta. Zeng et al. have defined this part of the genome as a
possible virulence gene and selected it as a target gene when constructing a gene deletion
vaccine for ISKNV [39].

Sequencing viral material directly from 36 samples provided insight into the relat-
edness of viruses collected from four different fish farms, by examining their evolution
in relation to geographical spread. ISKNV samples that only showed a positive result by
nested PCR failed to amplify using our tiled PCR, despite some samples showing very high
ISKNV concentrations when tested by ddPCR. This could be due to fragmented DNA of
ISKNV samples collected from these farms with less than 2 kb fragments, or the presence
of residual fragments of non-replicating ISKNV, as these farms witnessed a past mortality
event and had no clinical signs of infection during the time of sampling.

We recovered high-quality (>72% complete) genomes of ISKNV from 31 out of
36 samples collected during the ISKNV outbreak in Ghana fish farms. Phylogenetic anal-
yses showed patterns of similar haplotypes circulating both within and between farms,
indicating a shared source of infection, possibly through epidemiological links such as
movement of fish or equipment, including infected live fry and fingerlings for stocking
purposes, water, wild and escaped cultured tilapia as vector reservoir, and potentially other
vector species. The three most closely related samples to the reference strain were identical
and from three different farms, confirming multiple introductions of ISKNV and/or rapid
transmission across the farms. Samples taken from farm 2 were most closely related to farm
6, despite samples being collected after seven months. Moreover, there is evidence of the
rapid mutation of ISKNV in Lake Volta following the first outbreak in 2018, in comparison
to the previous evolutionary rate since the first documented ISKNV outbreak in 2001. The
original probable index case for the introduction of this virus into the naive population of
tilapia in Lake Volta, Ghana, from Ramirez-Paredez et al. [11], was not accessible and not
sampled, nor was the virus sequenced. Given the timing of subsequent disease events on
various farms on the lake, most subsequent detections, isolations, and sequence data ([11]
and this publication) are likely secondary re-introductions/movements.

ISKNV genomes from Ghana appear to include two polymorphisms in the major
capsid protein, a standard target for single-gene phylogenies of this disease. Within the
latest samples taken in May 2022, a new non-synonymous mutation in this region was
observed and has not been identified previously in any ISKNV genomes to date, suggesting
continued evolution of the outbreak and requiring further study.

Twenty polymorphisms were observed across the sampling period, within the recov-
ered regions of the genomes. This number is likely to be an underestimate because of
the several dropout regions across the sequenced genome and/or error correction of the
DNA genome between sampling periods. Amplicon drop-offs are common, and usually
affected by viral load, sample quality, and constant viral evolution, resulting in mutations
on primer binding sites [40]. Therefore, despite examining the outbreak occurring across a
short period of time, and ISKNV being a dsDNA virus, divergence was seen in samples
collected from the farms under investigation, shedding some light on evolutionary origins
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in the phylogenetic analysis and confirming the utility of PCR-tiled approaches for viral
phylogeography in large dsDNA viruses.

We did not attempt to evaluate intra-host variation of ISKNV in this study, and it is
possible that the consensus sequences generated for each sample represent a flattening of
true biological variability within samples. However, unlike RNA viruses, there are few
reports of quasi-species within dsDNA viruses. The capacity to maintain a large viral
genome without extinction through accumulated mutation is correlated to polymerase
fidelity. Bacteriophages T2 and T4 are dsDNA viruses with similar genome size to ISKNV
and have mutation rates of ~10~% substitutions per nucleotide per replication cycle [41],
approximately four orders of magnitude lower than the estimated mutation rate required
to sustain a quasi-species population [42]. Therefore, it is likely that loss of intra-host
variants within the consensus sequence of each sample would be minimal. In addition, the
error-rate of individual Oxford Nanopore reads limits the capacity to discriminate between
sequencing error and biological variability. Even with advanced methods for identifying
intra-host SNVs (iSN'Vs), the false discovery rate of iSNVs using Oxford Nanopore data
alone was ~55% in a rapidly evolving RNA virus, and is expected to be higher in viruses
that evolve more slowly, such as ISKNV. In studies where quantification of iSNVs is
required, replicated Illumina sequencing libraries per sample, combined with Nanopore
data, is recommended for accurate quantification of iSNVs [43-47]. The increased costs
and loss of field-based sequencing of this approach would need to be weighed against the
likelihood and importance of detecting intra-host variability. Although not yet a day-to-day
diagnostic tool for fish diseases, the method described here significantly reduces the cost of
whole genome sequencing of important pathogens and makes it feasible in the field. Such
information supports control strategies including the modelling of epidemiological links
and potential vaccination or resistance breeding.

5. Conclusions

This work represents promising results with the potential to reveal a real-time view
into the evolution and spread of ISKNV and other viral pathogens in aquaculture. This
work here provides a platform from which it is feasible to replicate the Artic-Network
“lab-in-a-suitcase” approach to disease tracking and management in aquaculture in remote
and resource-limited locations. With appropriate training and guidance, this workflow
represents a suitable framework for local authorities in lower- and middle-income countries
to contain and track different viral diseases in their localities.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v15040965/s1, Figure S1: A schematic diagram for the 6kb
amplicon product targeting the primer 47 region. Figure S2: An illustration of processing tissue
samples collected from infected fish. Figure S3: Gel-like image and electropherogram of the 6kb
ISKNV amplicons targeting the full ISKNV genome; Figure S4. The ddPCR output data showing the
number of templates generated for a serial dilution in triplicates of ISKNV. Table S1: ISKNV PCR
primer scheme used by the ZiBRA project generated by the Primal Scheme software Table 52: A list
of ISKNV genomes reported in the GenBank and their hosts. Table S3: Sequencing results for each
sequenced sample, collected during the ISKNV outbreak from Lake Volta/Ghana.
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ShaymaAlath_6_LEFT
ShaymaAlath_6_RIGHT
ShaymaAlath_7_LEFT
ShaymaAlath_7_RIGHT

ShaymaAlath_8_LEFT

Pool

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

Sequence
AGTGTGCAGAGCATCCATGTTG

ACAGTGGTTGTCCGTACCAGAA

AGCACATCACATATTGTAAAGGCCA

CCATGGGTTCAACCAACTACGG

AAACTTTTGGGCCACCGTGTAG

CGTCAAGCCCATGATACGCTAC

TACCGCTTTCACTGTGCAGGTA

CCACACGTCACATAGTTCTGCC

GACACTGTGTTTATCTGTCGTGGA

GGGTGGTGTTGCCCTAATCAAG

AGCTTGTCGATGTGCTGGTAAC

CCCAACCTGTGCACCAAGTATC

ATGTCAACAGTCATAACGCCCG

TTGTCAAACACCAACTTGGCCA

GTCGGATGCCACAGAGAAGTCT

Length

22

22

25

22

22

22

22

22

24

22

22

22

22

22

22




ShaymaAlath_8_RIGHT
ShaymaAlath_9_LEFT
ShaymaAlath_9_RIGHT
ShaymaAlath_10_LEFT
ShaymaAlath_10_RIGHT
ShaymaAlath_11_LEFT
ShaymaAlath_11_RIGHT
ShaymaAlath_12_LEFT
ShaymaAlath_12_RIGHT
ShaymaAlath_13_LEFT
ShaymaAlath_13_RIGHT
ShaymaAlath_14_LEFT
ShaymaAlath_14_RIGHT
ShaymaAlath_15_LEFT
ShaymaAlath_15_RIGHT
ShaymaAlath_16_LEFT
ShaymaAlath_16_RIGHT
ShaymaAlath_17_LEFT
ShaymaAlath_17_RIGHT
ShaymaAlath_18_LEFT
ShaymaAlath_18_RIGHT
ShaymaAlath_19_LEFT
ShaymaAlath_19_RIGHT
ShaymaAlath_20_LEFT
ShaymaAlath_20_RIGHT
ShaymaAlath_21_LEFT
ShaymaAlath_21_RIGHT
ShaymaAlath_22_LEFT
ShaymaAlath_22_RIGHT
ShaymaAlath_23_LEFT
ShaymaAlath_23_RIGHT

ShaymaAlath_24_LEFT

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

GAAACGCAGGTCACCCACTAAG

GGACATGTGCGCATCTAACGAC

TGCAAGACACCAATCTCGATGC

CCGAGCATCATCATATCCAAGAACA

GTTGCTGTATCCGAACACCTGG

GGTGATTGGCGTCACTGTATGG

ATGTACCACCTCGCCATGTACA

AATTGACAACCAGACGACCACC

TTTGCATTCTCTCTTGGGTGGC

CACCGTAGCAACCACTACAGTG

TGTGTGTTATTAGAAATCTTCAGTCATTGT

AAACAAACTTCTTTGAACGCCGT

TCGCCACCGACTATCTGTAGTG

GTTGCTGTATGGTAGCCACTGC

TGTCGTGGTATCCCTTCAGCAT

ATCGCGGGCACTTTCCATTAAC

GGATATCGGCCGGTTTGTGTTT

TCTGACGGCAACATAAATGGCC

TTTCCATGCAAGGCGACATTGA

TCGTACAGGCACATCTTCCTCC

TTGGTGATGGCATTGACAGAGC

GCAATCTGTTCAAGCAGTGGGT

TTCCCCAATTTTTATGCCCCCG

AAAGCATCTGGTGGCCAACAAG

CGTGTTTGTCATAGGCACCCTC

GCGCATTGTCACACAGCACATA

TATCCTGTAGACAAGGACGCGG

ACGTGTCATGTCTATAAGCATGCG

GCGCATAGCCACAGATACTGTC

GTACAATCAGCCGTGTGACAGC

TGTCTATGTGCACGATGGGTCT

TTACACGTGGGTCTAGGGACAC

22

22

22

25

22

22

22

22

22

22

30

23

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

24

22

22

22

22




ShaymaAlath_24 RIGHT
ShaymaAlath_25_LEFT
ShaymaAlath_25_RIGHT
ShaymaAlath_26_LEFT
ShaymaAlath_26_RIGHT
ShaymaAlath_27_LEFT
ShaymaAlath_27_RIGHT
ShaymaAlath_28_LEFT
ShaymaAlath_28_RIGHT
ShaymaAlath_29_LEFT
ShaymaAlath_29_RIGHT
ShaymaAlath_30_LEFT
ShaymaAlath_30_RIGHT
ShaymaAlath_31_LEFT
ShaymaAlath_31_RIGHT
ShaymaAlath_32_LEFT
ShaymaAlath_32_RIGHT
ShaymaAlath_33_LEFT
ShaymaAlath_33_RIGHT
ShaymaAlath_34_LEFT
ShaymaAlath_34_RIGHT
ShaymaAlath_35_LEFT
ShaymaAlath_35_RIGHT
ShaymaAlath_36_LEFT
ShaymaAlath_36_RIGHT
ShaymaAlath_37_LEFT
ShaymaAlath_37_RIGHT
ShaymaAlath_38_LEFT
ShaymaAlath_38_RIGHT
ShaymaAlath_39_LEFT
ShaymaAlath_39_RIGHT

ShaymaAlath_40_LEFT

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

TATTGCCAAAACCACGGACGAG

GACATTTGTGGTGCACGCAGAA

CGTGCTATGTATACGCGCATGT

GTTCCAGAACAAGACACACGGT

ACAACACCACTTGCTGTGTACG

CTGTTCTGGAGACGAGGCTACT

GACGCTGACCTGAGTGCTATTG

AGGAACGGCATTTTAAATTGGGAAG

CAGCTGCGCAACAATAGGTACA

CAACCTGGGCTGCTCACATATG

ATGATGACAACTCTTGCGCTGG

CACTGTTGTTGTGCAGTAGTCAC

CGATCGCTATTATGCACCCCAC

TACGCCTCCAGAACATCGTCAA

CGGCAGGTTACATACACACCAC

ATCCTCAATGGGCAGCTTGGTA

GCCGGTGGGATATTATGGCATG

CATTTGTCCATGTCCACGCACC

TCAGGGTGCAAAGAAAGTGCTG

CATCCGGTGGCAATATGAGGTT

ACATACGGCTTCAATCGCACTG

GTAGTCTGCCTTGTACATGCCG

GTACAGGACAGCATTGGGAACG

CCAAGTTGGGTTATTGTAACCGTCA

TGACGACAAGCTATTGGTGCAC

AACTGTTGTAGCTCGTTGCCTC

CCATGCTTGTATCTCATCGGCC

AAGATGCTGTACTTTGTGGCGC

ATGTGCAGCGACATCTCAATGG

CTGTCTGTATGTCACGAAGGGC

TCCTGAAGTTCAAGCATTCGGC

CCAAAGTGGCGTGTGATGTCAT

22

22

22

22

22

22

22

25

22

22

22

23

22

22

22

22

22

22

22

22

22

22

22

25

22

22

22

22

22

22

22

22




ShaymaAlath_40_RIGHT
ShaymaAlath_41_LEFT
ShaymaAlath_41_RIGHT
ShaymaAlath_42_LEFT
ShaymaAlath_42_RIGHT
ShaymaAlath_43_LEFT
ShaymaAlath_43_RIGHT
ShaymaAlath_44_LEFT
ShaymaAlath_44_RIGHT
ShaymaAlath_45_LEFT
ShaymaAlath_45_RIGHT
ShaymaAlath_46_LEFT
ShaymaAlath_46_RIGHT
ShaymaAlath_47_LEFT
ShaymaAlath_47_RIGHT
ShaymaAlath_48_LEFT
ShaymaAlath_48_RIGHT
ShaymaAlath_49_LEFT
ShaymaAlath_49_RIGHT
ShaymaAlath_50_LEFT
ShaymaAlath_50_RIGHT
ShaymaAlath_51_LEFT
ShaymaAlath_51_RIGHT
ShaymaAlath_52_LEFT
ShaymaAlath_52_RIGHT
ShaymaAlath_53_LEFT
ShaymaAlath_53_RIGHT
ShaymaAlath_54_LEFT
ShaymaAlath_54_RIGHT
ShaymaAlath_55_LEFT
ShaymaAlath_55_RIGHT

ShaymaAlath_56_LEFT

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

AGCTACCCAATGTCGTACGTCA

ACACGGCTITGACATACTGTTCG

CCGATACCCCAAACATTACGGC

GGTATGGCAAGGTCACGTCATC

TGGTGAAGAAGGGCCCTATGTT

CTTTACGCCCACATTCTCGGAG

CGTATGCGTGTGTTCCAGACAA

CGAGACCATCACATTTGTCGGT

TCGGTTCACCACGTTGAAATGG

AAATGCCCATATGCGCCGTTTC

ACAATCTAGCTCCAGGTGCTGT

ATAGTGGGATCTGTGGCACCTG

TCCTGGGAAAAGAGTGTCAGGG

CAGTACCCGCACATACTTGAGC

GGCGGTCACATACAACCTTCAG

TCGTCAGAGTTGGGGTCGTTTA

ATTATGCATTGTGCCGTGCTCA

GACAGCATATGCACCGATGTCG

GAAACTACGTGACCAGACGCTG

GAGCTGTCTACATTGCGCACAA

TTGAGCATGCGTATGTGGTGTC

AGCCGTTGGAGATCATTGTTCT

GTTTCCTTCGGCCATCTCCTTG

TTCTTGTGTGAGGACCCCAAGA

TTGGTCTCTGTGGTCATGGGTT

TGTGTGGTACAATAAACAGTACAAAATACA

GTTCAAGGCGTACATGACAGCA

CATGACGTCAATTAGGTGGCCG

ATGGTCGCATGCGTTACAAGAG

TGGCTGTTGTTGTATCATCAACTGT

GTATGTCGGCATTGTCTGTGCA

GACACACGACACACCTGACAAC

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

30

22

22

22

25

22

22




V2.

ShaymaAlath_56_RIGHT
ShaymaAlath_57_LEFT
ShaymaAlath_57_RIGHT
ShaymaAlath_58_LEFT
ShaymaAlath_58_RIGHT
ShaymaAlath_59_LEFT
ShaymaAlath_59_RIGHT
ShaymaAlath_60_LEFT
ShaymaAlath_60_RIGHT
ShaymaAlath_61_LEFT
ShaymaAlath_61_RIGHT
ShaymaAlath_62_LEFT

ShaymaAlath_62_RIGHT

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

TGGGTAGTTGGTTCCCATTCGT

GGGCATGCTGTCCAACAACATA

TGCCTGTACTCACGCCATATCA

GGGAGGGCTTAACGGAGATGTT

GCCGACTGAGCCAATGTGATAG

GAGATTGGAGATGTACTGGCCG

CCAGGAGAACACAAAGGATGGC

TTGCCTCGAGCTGGTTGACAAA

CTCCATGGTGTCTGTTGATGCC

CATGCTGGTGTCGTAGCGTATG

CGTGTGATAATGTCGGCGTCAA

GGACACAATGACACGACAGGTT

GCTGTGATGACAAGAGACCTGC

22

22

22

22

22

22

22

22

22

22

22

22

22

ShaymaAlath_1_LEFT
ShaymaAlath_1_RIGHT
ShaymaAlath_2_LEFT
ShaymaAlath_2_RIGHT
ShaymaAlath_3_LEFT
ShaymaAlath_3_RIGHT
ShaymaAlath_4_LEFT
ShaymaAlath_4_RIGHT
ShaymaAlath_5_LEFT
ShaymaAlath_5_RIGHT
ShaymaAlath_6_LEFT
ShaymaAlath_6_RIGHT
ShaymaAlath_7_LEFT
ShaymaAlath_7_RIGHT
ShaymaAlath_8_LEFT
ShaymaAlath_8_RIGHT

ShaymaAlath_9_LEFT

ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2

ShaymaAlath_1

AGTGTGCAGAGCATCCATGTTG

ACAGTGGTTGTCCGTACCAGAA

AGCACATCACATATTGTAAAGGCCA

CCATGGGTTCAACCAACTACGG

AAACTTTTGGGCCACCGTGTAG

CGTCAAGCCCATGATACGCTAC

TACCGCTTTCACTGTGCAGGTA

CCACACGTCACATAGTTCTGCC

GACACTGTGTTTATCTGTCGTGGA

GGGTGGTGTTGCCCTAATCAAG

AGCTTGTCGATGTGCTGGTAAC

CCCAACCTGTGCACCAAGTATC

ATGTCAACAGTCATAACGCCCG

TTGTCAAACACCAACTTGGCCA

GTCGGATGCCACAGAGAAGTCT

GAAACGCAGGTCACCCACTAAG

GGACATGTGCGCATCTAACGAC

22

22

25

22

22

22

22

22

24

22

22

22

22

22

22

22

22




ShaymaAlath_9_RIGHT
ShaymaAlath_10_LEFT
ShaymaAlath_10_RIGHT
ShaymaAlath_11_LEFT
ShaymaAlath_11_RIGHT
ShaymaAlath_12_LEFT
ShaymaAlath_12_RIGHT
ShaymaAlath_13_LEFT
ShaymaAlath_13_RIGHT
ShaymaAlath_14_LEFT
ShaymaAlath_14_RIGHT
ShaymaAlath_15_LEFT
ShaymaAlath_15_RIGHT
ShaymaAlath_16_LEFT
ShaymaAlath_16_RIGHT
ShaymaAlath_17_LEFT
ShaymaAlath_17_RIGHT
ShaymaAlath_18_LEFT
ShaymaAlath_18_RIGHT
ShaymaAlath_19_LEFT
ShaymaAlath_19_RIGHT
ShaymaAlath_20_LEFT
ShaymaAlath_20_RIGHT
ShaymaAlath_21_LEFT
ShaymaAlath_21_RIGHT
ShaymaAlath_22_LEFT

ShaymaAlath_22_RIGHT

ISKNV_Alignment_23_LEFT

ISKNV_Align-
ment_23_RIGHT

ShaymaAlath_24 LEFT
ShaymaAlath_24_RIGHT

ShaymaAlath_25_LEFT

ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2

ShaymaAlath_1

ShaymaAlath_1

ShaymaAlath_2
ShaymaAlath_2

ShaymaAlath_1

TGCAAGACACCAATCTCGATGC

CCGAGCATCATCATATCCAAGAACA

GTTGCTGTATCCGAACACCTGG

GGTGATTGGCGTCACTGTATGG

ATGTACCACCTCGCCATGTACA

AATTGACAACCAGACGACCACC

TTTGCATTCTCTCTTGGGTGGC

CACCGTAGCAACCACTACAGTG

TGTGTGTTATTAGAAATCTTCAGTCATTGT

AAACAAACTTCTTTGAACGCCGT

TCGCCACCGACTATCTGTAGTG

GTTGCTGTATGGTAGCCACTGC

TGTCGTGGTATCCCTTCAGCAT

ATCGCGGGCACTTTCCATTAAC

GGATATCGGCCGGTTTGTGTTT

TCTGACGGCAACATAAATGGCC

TTTCCATGCAAGGCGACATTGA

TCGTACAGGCACATCTTCCTCC

TTGGTGATGGCATTGACAGAGC

GCAATCTGTTCAAGCAGTGGGT

TTCCCCAATTTTTATGCCCCCG

AAAGCATCTGGTGGCCAACAAG

CGTGTTTGTCATAGGCACCCTC

GCGCATTGTCACACAGCACATA

TATCCTGTAGACAAGGACGCGG

ACGTGTCATGTCTATAAGCATGCG

GCGCATAGCCACAGATACTGTC

CTGGTCAACACATCGTCCACAT

GGGACATGGGCATCGATGTAAA

TTACACGTGGGTCTAGGGACAC

TATTGCCAAAACCACGGACGAG

GACATTTGTGGTGCACGCAGAA

22

25

22

22

22

22

22

22

30

23

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

24

22

22

22

22

22

22




ShaymaAlath_25_RIGHT
ShaymaAlath_26_LEFT
ShaymaAlath_26_RIGHT
ShaymaAlath_27_LEFT
ShaymaAlath_27_RIGHT
ShaymaAlath_28_LEFT
ShaymaAlath_28_RIGHT
ShaymaAlath_29_LEFT
ShaymaAlath_29 RIGHT
ShaymaAlath_30_LEFT
ShaymaAlath_30_RIGHT
ShaymaAlath_31_LEFT
ShaymaAlath_31_RIGHT
ShaymaAlath_32_LEFT
ShaymaAlath_32_RIGHT
ShaymaAlath_33_LEFT
ShaymaAlath_33_RIGHT
ShaymaAlath_34_LEFT
ShaymaAlath_34_RIGHT
ShaymaAlath_35_LEFT
ShaymaAlath_35_RIGHT
ShaymaAlath_36_LEFT
ShaymaAlath_36_RIGHT
ShaymaAlath_37_LEFT
ShaymaAlath_37_RIGHT
ShaymaAlath_38_LEFT

ShaymaAlath_38_RIGHT

ISKNV_Alignment_39_LEFT

ISKNV_Align-
ment_39 RIGHT

ShaymaAlath_40_LEFT
ShaymaAlath_40_RIGHT

ShaymaAlath_41_LEFT

ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1

ShaymaAlath_2

ShaymaAlath_2

ShaymaAlath_1
ShaymaAlath_1

ShaymaAlath_2

CGTGCTATGTATACGCGCATGT

GTTCCAGAACAAGACACACGGT

ACAACACCACTTGCTGTGTACG

CTGTTCTGGAGACGAGGCTACT

GACGCTGACCTGAGTGCTATTG

AGGAACGGCATTTTAAATTGGGAAG

CAGCTGCGCAACAATAGGTACA

CAACCTGGGCTGCTCACATATG

ATGATGACAACTCTTGCGCTGG

CACTGTTGTTGTGCAGTAGTCAC

CGATCGCTATTATGCACCCCAC

TACGCCTCCAGAACATCGTCAA

CGGCAGGTTACATACACACCAC

ATCCTCAATGGGCAGCTTGGTA

GCCGGTGGGATATTATGGCATG

CATTTGTCCATGTCCACGCACC

TCAGGGTGCAAAGAAAGTGCTG

CATCCGGTGGCAATATGAGGTT

ACATACGGCTTCAATCGCACTG

GTAGTCTGCCTTGTACATGCCG

GTACAGGACAGCATTGGGAACG

CCAAGTTGGGTTATTGTAACCGTCA

TGACGACAAGCTATTGGTGCAC

AACTGTTGTAGCTCGTTGCCTC

CCATGCTTGTATCTCATCGGCC

AAGATGCTGTACTTTGTGGCGC

ATGTGCAGCGACATCTCAATGG

CTGTCTGTATGTCACGAAGGGC

TAGCGTGTCCTGAAGTTCAAGC

CCAAAGTGGCGTGTGATGTCAT

AGCTACCCAATGTCGTACGTCA

ACACGGCTTGACATACTGTTCG

22

22

22

22

22

25

22

22

22

23

22

22

22

22

22

22

22

22

22

22

22

25

22

22

22

22

22

22

22

22

22

22




ShaymaAlath_41_RIGHT
ShaymaAlath_42_LEFT
ShaymaAlath_42_RIGHT
ShaymaAlath_43_LEFT
ShaymaAlath_43_RIGHT
ShaymaAlath_44_LEFT
ShaymaAlath_44_RIGHT
ShaymaAlath_45_LEFT
ShaymaAlath_45_RIGHT
ShaymaAlath_46_LEFT
ShaymaAlath_46_RIGHT
ISKNV_Alignment_47_LEFT

ISKNV_Align-
ment_47_RIGHT

ShaymaAlath_48_LEFT
ShaymaAlath_48_RIGHT
ShaymaAlath_49_LEFT
ShaymaAlath_49_RIGHT
ISKNV_Alignment_50_LEFT

ISKNV_Align-
ment_50_RIGHT

ShaymaAlath_51_LEFT
ShaymaAlath_51_RIGHT
ShaymaAlath_52_LEFT

ShaymaAlath_52_RIGHT

ShaymaAlath_53_LEFT

ShaymaAlath_53_RIGHT
ShaymaAlath_54_LEFT
ShaymaAlath_54_RIGHT
ShaymaAlath_55_LEFT
ShaymaAlath_55_RIGHT
ShaymaAlath_56_LEFT

ShaymaAlath_56_RIGHT

ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1

ShaymaAlath_2

ShaymaAlath_2

ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2

ShaymaAlath_1

ShaymaAlath_1

ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1

ShaymaAlath_1

ShaymaAlath_2

ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1

ShaymaAlath_1

CCGATACCCCAAACATTACGGC

GGTATGGCAAGGTCACGTCATC

TGGTGAAGAAGGGCCCTATGTT

CTTTACGCCCACATTCTCGGAG

CGTATGCGTGTGTTCCAGACAA

CGAGACCATCACATTTGTCGGT

TCGGTTCACCACGTTGAAATGG

AAATGCCCATATGCGCCGTTTC

ACAATCTAGCTCCAGGTGCTGT

ATAGTGGGATCTGTGGCACCTG

TCCTGGGAAAAGAGTGTCAGGG

ACAAGACTCGCAGTGTGTTTGA

GTAGCATCGTGTCGCGCATAAA

TCGTCAGAGTTGGGGTCGTTITA

ATTATGCATTGTGCCGTGCTCA

GACAGCATATGCACCGATGTCG

GAAACTACGTGACCAGACGCTG

CCATGTGCTTTTTGGCCACATC

CGGTTGGGGCATAATACGGAAT

AGCCGTTGGAGATCATTGTTCT

GTTTCCTTCGGCCATCTCCTTG

TTCTTGTGTGAGGACCCCAAGA

TTGGTCTCTGTGGTCATGGGTT

TGTGTGGTACAATAAACAG-
TACAAAATACA

GTTCAAGGCGTACATGACAGCA

CATGACGTCAATTAGGTGGCCG

ATGGTCGCATGCGTTACAAGAG

TGGCTGTTGTTGTATCATCAACTGT

GTATGTCGGCATTGTCTGTGCA

GACACACGACACACCTGACAAC

TGGGTAGTTGGTTCCCATTCGT

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

30

22

22

22

25

22

22

22

10



V3

ShaymaAlath_57_LEFT
ShaymaAlath_57_RIGHT
ShaymaAlath_58_LEFT
ShaymaAlath_58_RIGHT
ShaymaAlath_59_LEFT
ShaymaAlath_59_RIGHT
ShaymaAlath_60_LEFT
ShaymaAlath_60_RIGHT
ShaymaAlath_61_LEFT
ShaymaAlath_61_RIGHT
ShaymaAlath_62_LEFT

ShaymaAlath_62_RIGHT

ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1
ShaymaAlath_1
ShaymaAlath_2
ShaymaAlath_2
ShaymaAlath_1

ShaymaAlath_1

GGGCATGCTGTCCAACAACATA

TGCCTGTACTCACGCCATATCA

GGGAGGGCTTAACGGAGATGTT

GCCGACTGAGCCAATGTGATAG

GAGATTGGAGATGTACTGGCCG

CCAGGAGAACACAAAGGATGGC

TTGCCTCGAGCTGGTTGACAAA

CTCCATGGTGTCTGTTGATGCC

CATGCTGGTGTCGTAGCGTATG

CGTGTGATAATGTCGGCGTCAA

GGACACAATGACACGACAGGTT

GCTGTGATGACAAGAGACCTGC

22

22

22

22

22

22

22

22

22

22

22

22

scheme_1_LEFT

scheme_1_RIGHT

scheme_2_LEFT

scheme_2 RIGHT

scheme_3_LEFT

scheme_3_RIGHT

scheme_4_LEFT

scheme_4_RIGHT

scheme_5_LEFT

scheme_5_ RIGHT

scheme_6_LEFT

scheme_6_RIGHT

scheme_7_LEFT

scheme_7 RIGHT

scheme_8_LEFT

scheme_8_RIGHT

scheme_9_LEFT

scheme_9_RIGHT

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

GGCGCCTGTAATATAGCCATGT

ACCAACGTTGTCTTGGCGAATA

TGAAAAGGCAGAGCACATCACA

TGGACATGGGCAATATCAACCC

GGGGCAATCCATAGCTTACAGG

AAATTCACTGACGTCACCCTGG

GCCAGGTTCAGTTTGTAGCGTA

GTTTGCCACACACGTGTACTTG

GTAGGTCACATGAAAGGGCCAG

AGCAGAATGGATGGTTGCATGT

TTCGATGTCTGTCGGCTTGTTG

GTTAAGGCGACCGAGCTTTACC

CAAATAGCATGTTGCAGCACCG

CCGGCACTCTTTCCAGTATCTG

AGACGTGCTAAAGCGACATGAC

GGTGCATTCGACATACACCACT

GCTGGCAGTGCACTTGAAGATA

CTTAAGGAGATGAGCGGCCTTC

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22
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scheme_10_LEFT

scheme_10_RIGHT

scheme_11_LEFT

scheme_11_RIGHT

scheme_12_LEFT

scheme_12_RIGHT

scheme_13_LEFT

scheme_13_RIGHT

scheme_14_LEFT

scheme_14_RIGHT

scheme_15_LEFT

scheme_15_RIGHT

scheme_16_LEFT

scheme_16_RIGHT

scheme_17_LEFT

scheme_17_RIGHT

scheme_18_LEFT

scheme_18_RIGHT

scheme_19_LEFT

scheme_19 RIGHT

scheme_20_LEFT

scheme_20_RIGHT

scheme_21_LEFT

scheme_21_RIGHT

scheme_22_ LEFT

scheme_22_RIGHT

scheme_23_LEFT

scheme_23 RIGHT

scheme_24_LEFT

scheme_24 RIGHT

scheme_25_LEFT

scheme_25 RIGHT

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

CGACATTAGGGCAGTTCTGGAC

TCCACACTGTTGGCCCTATACT

CCGGGGTGCTGTATGACATATG

ATTCGATTGGTAGCACTGGAGC

CGGAATGGACGACTACGATGAC

TTCATTTTGGATGGCAGGTGGT

TGCAAAAAGAAGACCACCACCA

TGCATGTCAGGCCTGTGGTA

CGCCAAGCAGCATGGAATTTAC

TCAGCAAAGCCACATTTGAGGA

CCCATTTTTAACTACGCGCCAC

CACTCAGTGGGGGTTACGATTC

GCGGGCACTTTCCATTAACATC

ATAAAGAGGCTGAACAGGACCG

GTACATGCCAAACACAAACCGG

GACAAAGAAGAGGGCGATTCGT

CATAAGGCAGGGTCATCATGGG

CGGTGTGTATGTGTTCTTGCTG

ACTGTCAAGCGTGTGATGGAAA

CGCTCATAGTGGTCATGCTCTC

TAAAGCATCTGGTGGCCAACAA

TCATAGGCACCCTCCATGTCAT

AAAAGGACCTCGAAGGCAAACT

AGACATGACACGTGACATGAGT

ACCGCTATATGTCTGCCACAAC

ACAACATGTAGGCCAGCTGAAG

CTGGTCAACACATCGTCCACAT

GGGACATGGGCATCGATGTAAA

ACCGCTCACGCATAAGCTTAAT

ACAACTTCGGCTATCCCTCTCA

AATGGAGTCACAGCTTCTTGCC

TTCCAACTACACTGTGCTGTGC

22

22

22

22

22

22

22

20

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22
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scheme_26_LEFT

scheme_26_RIGHT

scheme_27_LEFT

scheme_27 RIGHT

scheme_28 LEFT

scheme_28_RIGHT

scheme_29 LEFT

scheme_29 RIGHT

scheme_30_LEFT

scheme_30_RIGHT

scheme_31_LEFT

scheme_31_RIGHT

scheme_32_LEFT

scheme_32_RIGHT

scheme_33_LEFT

scheme_33_RIGHT

scheme_34_LEFT

scheme_34_RIGHT

scheme_35_LEFT

scheme_35_RIGHT

scheme_36_LEFT

scheme_36_RIGHT

scheme_37_LEFT

scheme_37_RIGHT

scheme_38 LEFT

scheme_38_RIGHT

scheme_39_LEFT

scheme_39_RIGHT

scheme_40_LEFT

scheme_40_RIGHT

scheme_41_LEFT

scheme_41_RIGHT

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

CACGTCGAGCCGTCTTATGAAT

TTGTCGATGCTCTCCTTGACAC

ACGTGACACTGATGGAGAGGAT

GACCAGTCGACATATGTGCCTC

ATTCGCCAATACGTGATCTGGG

CACGAATCGCAAAGCACACAAA

ATACAACAGGTCGTCAATGGGC

AGCACCAACTCGTACAACTGTC

TGGTAACATCCCAGTTGTGCTG

CTAAAGGTCAGTGACGTGGAGC

TCCCCAAAGTCCCTGATGGTAA

CAAGACGAGCCAACCTTCAGAC

GCTTGACACGTCTCTCATAGGC

CAACGCGCACACAATGTCATAC

TAGGTTACGCACGGTGTTTGAA

ATAGTGGGGTGCGTGTAGTGTA

GATGCCTTGCGTGTACTTGTGA

GGCATGTACAAGGCAGACTACA

TACAATCTCCGCAGCCAACAC

CGATGACATCTCTGCAAAACGC

CAATGTACGTGCAAGGACTCCA

AGGCAACGAGCTACAACAGTTT

GCAACACGTTCAGTAGCCTGTA

TGTGCACCATGGGATTGTAGTG

TCTGTGTGCCGTCATCTTTGAG

TCTTCGAGGTATCCGGGATCTG

CTGTCTGTATGTCACGAAGGGC

TAGCGTGTCCTGAAGTTCAAGC

GAATGCTTGCCGAACGGATGTA

CCGCCGTACCCAGTGTATATTG

TATGCTGTGCCTCAAAGGTGTC

TTGTAGATGACGTGACCTTGCC

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

21

22

22

22

22

22

22

22

22

22

22

22

22

22
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scheme_42_LEFT

scheme_42 RIGHT

scheme_43_LEFT

scheme_43_RIGHT

scheme_44 LEFT

scheme_44_RIGHT

scheme_45_LEFT

scheme_45_RIGHT

scheme_46_LEFT

scheme_46_RIGHT

scheme_47_LEFT

scheme_47 RIGHT

scheme_48_LEFT

scheme_48_RIGHT

scheme_49 LEFT

scheme_49_RIGHT

scheme_50_LEFT

scheme_50_RIGHT

scheme_51_LEFT

scheme_51_RIGHT

scheme_52_LEFT

scheme_52_RIGHT

scheme_53_LEFT

scheme_53_RIGHT

scheme_54_LEFT

scheme_54_RIGHT

scheme_55_LEFT

scheme_55_RIGHT

scheme_56_LEFT

scheme_56_RIGHT

scheme_57_LEFT

scheme_57_RIGHT

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

scheme_2

scheme_2

scheme_1

scheme_1

GCATGTTGTCAGGGTACTTGGT

GAGAATGTGGGCGTAAAGGTGT

CCATGTCCCACCGTACATGTAC

ACCGACAAATGTGATGGTCTCG

ATGTGGTTTCTGACACTCAGGC

ACTGTGCACATCTCACGTACAC

CCCACGAATGTACATGAGGCAT

CAATCTAGCTCCAGGTGCTGTC

TGTCTTCAAGCCGTCTTTGTGT

CAAGTATGTGCGGGTACTGTCC

ACAAGACTCGCAGTGTGTTTGA

GTAGCATCGTGTCGCGCATAAA

GACCTTGTCATACAGCGGATCG

TTTGGTCGCGTGGACATTATGT

CGCACATCGTCAGTATTGTCCA

GAGATGGACGACACCATGGAAG

CCATGTGCTTTTTGGCCACATC

CGGTTGGGGCATAATACGGAAT

GCACTGCTGCTACTGAAGAAGG

GGGCGTTGATGTCGTAGTTGTA

GGACAAGGATGCCATTGTGACT

AAACCTGCCGTCATACCATAGC

GCTGCTAATACTGTTGCAACGT

TTATGCGTACCACCGTCATGAC

AAGAGCTTGCAATGAGCCAAGA

CCTGGCCAGCATTATGTACAGT

TTGTTCAGCACCTGGTGTATGG

CATGGTTCTGTCTCCGGTGTTT

CACTGTCACGTGTTTGCTGAAC

TGACATTTGTCTGCTTGTGGTC

GGTGATCTCCTCCTCGCTATCA

GGACAAGTACACGCTGCTAGAC

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22
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scheme_58_LEFT scheme_2 TTGCATTCAGGGTGTCGCTTAA 22
scheme_58 RIGHT scheme_2 CCTGTGTAGGAGCTCCAGTACA 22
scheme_59_LEFT scheme_1 CAACTACTTGAGTTCCCCAGGC 22
scheme_59 RIGHT scheme_1 GGCATCATGTTCACCTGTTGTG 22
scheme_60_LEFT scheme_2 CCGTGTCGTCACTACAGTTTGT 22
scheme_60_RIGHT scheme_2 GCAGTCATTTCATGCGAAGACG 22
scheme_61_LEFT scheme_1 TGTTGGCCATGACATCGTACTG 22
scheme_61_RIGHT scheme_1 CTTCGCATCAAACACCCTGAGA 22
scheme_62_LEFT scheme_2 CGGGGTGTGTTGCATTTGTATG 22
scheme_62_RIGHT scheme_2 ACACATTTATGGGCATGCGACT 22
d. V1.6.
Name Pool Sequence Length
ISKNVeé6kb_1_LEFT ISKNV_1 AGTGTGCAGAGCATCCATGTTG 22
ISKNVeékb_1_RIGHT ISKNV_1 CGTCAAGCCCATGATACGCTAC 22
ISKNVékb_2_LEFT ISKNV_2 TACCGCTTTCACTGTGCAGGTA 22
ISKNVékb_2_RIGHT ISKNV_2 CCCAACCTGTGCACCAAGTATC 22
ISKNVé6kb_3_LEFT ISKNV_1 ATGTCAACAGTCATAACGCCCG 22
ISKNVeékb_3_RIGHT ISKNV_1 TGCAAGACACCAATCTCGATGC 22
ISKNVé6kb_4_LEFT ISKNV_2 CCGAGCATCATCATATCCAAGAACA 25
ISKNVeékb_4_RIGHT ISKNV_2 TTTGCATTCTCTCTTGGGTGGC 22
ISKNVeé6kb_5_LEFT ISKNV_1 CACCGTAGCAACCACTACAGTG 22
ISKNVékb_5_RIGHT ISKNV_1 TGTCGTGGTATCCCTTCAGCAT 22
ISKNVeé6kb_6_LEFT ISKNV_2 ATCGCGGGCACTTTCCATTAAC 22
ISKNVeékb_6_RIGHT ISKNV_2 TTGGTGATGGCATTGACAGAGC 22
ISKNVé6kb_7_LEFT ISKNV_1 GCAATCTGTTCAAGCAGTGGGT 22
ISKNVékb_7_RIGHT ISKNV_1 TATCCTGTAGACAAGGACGCGG 22
ISKNVé6kb_8_LEFT ISKNV_2 ACGTGTCATGTCTATAAGCATGCG 24
ISKNVeékb_8_RIGHT ISKNV_2 TATTGCCAAAACCACGGACGAG 22
ISKNVeé6kb_9_LEFT ISKNV_1 GACATTTGTGGTGCACGCAGAA 22
ISKNVeékb_9_RIGHT ISKNV_1 GACGCTGACCTGAGTGCTATTG 22
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ISKNV6kb_10_LEFT

ISKNVé6kb_10_RIGHT

ISKNVékb_11_LEFT

ISKNVeé6kb_11_RIGHT

ISKNVékb_12_LEFT

ISKNVé6kb_12_RIGHT

ISKNVé6kb_13_LEFT

ISKNVé6kb_13_RIGHT

ISKNVékb_14_LEFT

ISKNVeé6kb_14_RIGHT

ISKNVékb_15_LEFT

ISKNVé6kb_15_RIGHT

ISKNVékb_16_LEFT

ISKNVé6kb_16_RIGHT

ISKNVeékb_17_LEFT

ISKNVé6kb_17_RIGHT

ISKNVé6kb_18_LEFT

ISKNVé6kb_18_RIGHT

ISKNVé6kb_19_LEFT

ISKNVeé6kb_19_RIGHT

ISKNVeékb_20_LEFT

ISKNVé6kb_20_RIGHT

ISKNVé6kb_21_LEFT

ISKNVé6kb_21_RIGHT

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_1

ISKNV_1

ISKNV_2

ISKNV_2

ISKNV_2

ISKNV_2

AGGAACGGCATTTTAAATTGGGAAG

CGATCGCTATTATGCACCCCAC

TACGCCTCCAGAACATCGTCAA

TCAGGGTGCAAAGAAAGTGCTG

CATCCGGTGGCAATATGAGGTT

TGACGACAAGCTATTGGTGCAC

AACTGTTGTAGCTCGTTGCCTC

TCCTGAAGTTCAAGCATTCGGC

CCAAAGTGGCGTGTGATGTCAT

TGGTGAAGAAGGGCCCTATGTT

CTTTACGCCCACATTCTCGGAG

ACAATCTAGCTCCAGGTGCTGT

ATAGTGGGATCTGTGGCACCTG

ATTATGCATTGTGCCGTGCTCA

GACAGCATATGCACCGATGTCG

GTTTCCTTCGGCCATCTCCTTG

TTCTTGTGTGAGGACCCCAAGA

ATGGTCGCATGCGTTACAAGAG

TGGCTGTTGTTGTATCATCAACTGT

TGCCTGTACTCACGCCATATCA

GGGAGGGCTTAACGGAGATGTT

CTCCATGGTGTCTGTTGATGCC

TTGCCTCGAGCTGGTTGACAAA

GCTGTGATGACAAGAGACCTGC

25

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

22

25

22

22

22

22

22

Table S2. A list of ISKNV genomes reported in the GenBank and their hosts.

Accession no.

NC_003494

MT128666

MT128667

MW273353

MW273354

Host
Siniperca chuatsi
Lates calcarifer

Lates calcarifer

Epalzeorhynchos frenatum

Epalzeorhynchos frenatum

Country Date
China 2001
Thailand 2018
Thailand 2018
2018-

USA 2019
2018-

USA 2019

Reference
He et al. 2001 [14]
Kerddee et al. 2021 [44]
Kerddee et al. 2021 [44]

Koda et al. 2021 [45]

Koda et al. 2021 [45]
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MW46172 Epinephelus spp. Indonesia 2016 Fusianto et al. 2021 [46]
MW557381 Epinephelus spp. Indonesia 2016 Fusianto et al. 2021 [46]

ON212400.1 Oreochromis nilocticus Brazil 2020 Figueiredo et al 2022 [47]

Table S3. Sequencing results for each sequenced sample, collected during the ISKNV outbreak from
Lake Volta/ Ghana. We show location and date of sampling, the number of sequenced reads, and
the percentage of the coverage of MinION reads.

Sample Farm Date No. of reads % Coverage x20
Farm1.1 1 18.10.2018 23310 89.72
Farm1.2 1 18.10.2018 114824 46.9117
Farm1.3 1 18.10.2018 76204 92.95
Farm1.4 1 18.10.2018 144891 84.99
Farm1.5 1 18.10.2018 146888 86.78
Farm 2.1 2 28.11.2019 24763 84.99
Farm 2.2 2 28.11.2018 11382 44
Farm 2.3 2 28.11.2018 241475 75.38
Farm 2.6 2 28.11.2018 174175 49.96
Farm 2.7 2 28.11.2018 67367 86.54
Farm 2.8 2 28.11.2018 127231 89.59
Farm 2.9 2 28.11.2018 66533 74.63
Farm 2.10 2 28.11.2018 47804 91.39
Farm 2.11 2 28.11.2018 5473 35.22
Farm 2.12 2 28.11.2018 18600 51.18
Farm 2.13 2 28.11.2018 52392 86.22
Farm 2.14 2 28.11.2018 86402 85.04
Farm 6.1 6 10.07.2019 101587 91.72
Farm 6.2 6 10.07.2019 100300 95.91
Farm 6.3 6 10.07.2019 41219 88.53
Farm 6.4 6 10.07.2019 73099 94.42
Farm6.5 6 10.07.2019 538869 94.50
Farmé6.6 6 10.07.2019 35121 84.78
Farmé6.7 6 10.07.2019 271267 92.71
Farm6.8 6 10.07.2019 435008 89.85
Farm6.9 6 10.07.2019 185147 72.23
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Farm6.10
Farm7.4
Farm7.1
Farm7.2
Farm7.3
Farm7.5

Farm 2.1/22
Farm 2.2/22
Farm 2.3/22
Farm 2.4/22
Farm?2.5/22

Negative cont.

10.07.2019

10.07.2019

11.07.2019

11.07.2019

11.07.2019

11.07.2019

20.05.2022

20.05.2022

20.05.2022

20.05.2022

20.05.2022

20.05.2022

60290

44084

22914

148211

3113

338190

114551

177855

98879

94272

16934

91.39

89.4

87.83

88.23

44.72

82.27

91.16

89.75

88.29

63.48

88.73
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Abstract

Viral outbreaks are a constant threat to aquaculture, limiting production for better
global food security. A lack of diagnostic testing and monitoring in resource-
limited areas hinders the capacity to respond rapidly to disease outbreaks and to
prevent viral pathogens becoming endemic in fisheries productive waters. Recent
developments in diagnostic testing for emerging viruses, however, offers a
solution for rapid in situ monitoring of viral outbreaks. Genomic epidemiology has
furthermore proven highly effective in detecting viral mutations involved in

pathogenesis and assisting in resolving chains of transmission.

Here, we demonstrate the application of an in-field epidemiological tool kit to track
viral outbreaks in aquaculture on farms with reduced access to diagnostic labs,
and with non-destructive sampling. Inspired by the “lab in a suitcase” approach
used for genomic surveillance of human viral pathogens and wastewater
monitoring of COVID19, we evaluated the feasibility of real-time genome
sequencing surveillance of the fish pathogen, Infectious spleen and kidney
necrosis virus (ISKNV) in Lake Volta. Viral fractions from water samples collected
from cages holding Nile tilapia (Oreochromis niloticus) with suspected ongoing
ISKNV infections were concentrated and used as a template for whole genome
sequencing, using a previously developed tiled PCR method for ISKNV.
Mutations in ISKNV in samples collected from the water surrounding the cages
matched those collected from infected caged fish, illustrating that water samples
can be used for detecting predominant ISKNV variants in an ongoing outbreak.
This approach allows for the detection of ISKNV and tracking of the dynamics of
variant frequencies, and may thus assist in guiding control measures for the rapid
isolation and quarantine of infected farms and facilities.
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3.1 Introduction

Today, 811 million people globally suffer from hunger and 3 billion cannot afford
a healthy diet. The United Nations has listed Zero Hunger as one of the global
sustainable development goals and to end extreme poverty by 2030 (Boykin et
al. 2018). As populations continue to grow, aquaculture is expected to play an
increasingly important role in improving food security, and most notably in Low-
and Middle-Income Countries (Cai 2022). New strategies have been developed
such as “Blue Transformation" to enhance the role of aquaculture in food
production, by providing the legal, policy and technical frameworks required to
sustain growth and innovation systems to do so (FAO 2022). Despite significant
increases in aquaculture output in the last few decades, all forms of aquaculture
are limited by infectious diseases (FAO 2019). A study by You and Hedgcock
suggested that the boom-and-bust production dynamics in aquaculture — periods
of rapid growth spanning several years, followed by collapse - cause significant
losses of production, with disease identified as a major cause of collapse, as well
as economic factors, water quality and inbreeding that reduces fitness and
increases susceptibility to disease (You and Hedgcock 2017). Fish disease is
usually triggered by poor water and poor farm management and inadequate
biosecurity practices (Ragasa et al. 2022). Implementation of biosecurity
measures in resource-limited countries is, in part, challenging due to a lack of

suitable real-time and/or effective diagnostics.

In Ghana, ISKNV, a Megalocytivirus, has become endemic in tilapia in Lake
Volta, following a series of outbreaks in 2018 and this has significantly affected
local farmers and their livelihoods (Ramirez-Paredes et al. 2021). According to
these farmers, attempts to minimise the effects of the impact of outbreaks through
heat shocking fish, to reduce the effectiveness of the virus, or increasing
fingerling production, have not helped to improve total production. Genome
sequencing provides an unparalleled ability to track infectious disease outbreaks,
from the initial detection to understanding factors that contribute to the
geographical spread. Indeed, it is emerging as a critical tool in real-time
responses to these outbreaks, by providing insights into how viruses transmit,
spread and evolve (Quick et al. 2017; Gardy, Loman, and Rambaut 2015).

Accurate reconstruction of strain-resolved genomes is useful to monitor the
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outbreak of viruses, to track their evolutionary history and develop effective
vaccines and drugs, as well as detect the emergence of novel variants that may
impact the course of an epidemic (Luo, Kang, and Schonhuth 2022; Child et al.
2023).

In aquaculture, monitoring large numbers of infections through tissue sampling
poses challenges in large-scale outbreaks, particularly in resource-limited
settings, as it is time consuming and requires well practised personnel. In human
health, analyses of wastewater samples have been used to understand mutations
and infection dynamics, as well as an early indicator of infection (Dharmadhikari
et al. 2022). This method was used to monitor the ongoing evolution of SARS-
CoV-2 during the pandemic, and the water-based epidemiological programmes
has provided insights into its prevalence and diversity in different communities
and detecting the emergence and spread of variants (Brunner et al. 2023). In the
context of fish pathogens, water-based epidemiology provides a non-invasive
routine method to early detection of viruses in asymptomatic fish and ongoing
infections, reducing the sacrifice of fish for testing.

In this study, we tested the utility of an in-field water sampling method for whole
genome sequencing of ISKNV, using a tiled PCR method that we developed
previously (Alathari et al. 2023), as a potential alternative to destructive tissue
sampling for genomic surveillance of a disease outbreak in Lake Volta, Ghana.
We show water samples collected in the immediate vicinity of the cage fish
showed similar variants to infected tissue samples in tilapia at that site, providing

confidence in-field water sampling method for genomic surveillance.
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3.2 Materials & Methods

3.2.1 Samples

In an ongoing outbreak of ISKNV, water and tilapia tissue samples were collected
from six geographically distinct Nile tilapia farms (Oreochromis niloticus) situated
on Lake Volta, Ghana, in January 2023, (Figure 1 & Table 1). Water samples
(250-500 mL) were collected from high density cage-based farms on the lake and
processed by sequential filtration through a 0.45 uym pore (PES filters), 0.22 ym
pore (Merck, Millipore (Durapore PVDF Membrane)), and finally concentrating
viral particles on 0.1 pm pore filters (Merck, Millipore (Durapore PVDF
Membrane)), housed within Luer-lock syringe-compatible casings. An Erwin®
quick-grip minibar clamp (6") was used to facilitate the pumping of the water, with

a custom 3D-printed adaptor for the syringe (Supplementary Figure 1).

Viruses on 0.1 um filters were preserved in situ by addition of RNALater®, filling
the filter housing, and the inlet and outlet of the filters were sealed with Parafiim®.
Filters were transferred to the University of Exeter for further processing. For
matching tissue samples, a total of 12 fish were selected from each of the six
farms, typically four fish from each of three cages across various fish life stages.
Fish were humanely euthanized with a lethal overdose of tricaine
methanesulfonate 1,000 mg/g (Pharmaqg, Hampshire, UK), and the spleen, liver
and kidney were collected on site. Tissue samples were either processed in the
field, or were preserved in RNALater®, and taken for further processing at the
University of Exeter. Fish size, life stages, and any observed clinical signs are
detailed in Supplementary Table 1. For the samples from farm (F), one cage
(number three) had been heat-shocked by the farmers as part of their routine

treatment before sampling (timeframe unknown).
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Figure 1. A Map of the lower region of Lake Volta; showing sampled farms between
2018-2023, and the date of sampling. Sample ID, type, and date of collection are listed
in Supplementary Table 1 & 2.

Table 1. Labelling system for fish farms on Lake Volta, and a comparison with labels in
previous study (Ramirez-Paredes et al. 2021).

Farm name Region Fat:m name
(current study) (Previous study)

A Akosombo Farm 3 (near farm 7)
B Dodi New

C Akuse Farm 1

D Akaten New

E Dasasi Farm 6

F Asikuma Farm 2

3.2.2 DNA Extraction

DNA extraction from viral filters was undertaken using the Total nucleic acid
Extraction Kit (MasterPure complete DNA/RNA purification kit, Epicenter). Using
a Luer-lock syringe (Figure 2) excess liquid was flushed from the filter's housing
prior to adding the extraction buffer. Extraction buffer was prepared by adding 2
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uL from the supplied Proteinase K to 1 mL of the either X1 T+C lysis solution or
Red Lysis buffer, resulting in 100 ug mL-1 Proteinase K concentration. A total of
1 mL of the extraction buffer was gently pushed from the outlet to the inlet of the
filter using a 3 mL syringe. A further 3 mL syringe was connected to the filter inlet
and the assembly was placed into a rotating incubator for 15 minutes at 65°C in
a hybridization oven (Steward and Culley 2010; Mueller, Culley, and Steward
2014).The assembly was removed and allowed to cool briefly at room
temperature. The extract was pulled into the aspiration syringe and transferred
into a 2 mL microcentrifuge tube and chilled on ice for 3 minutes. One-half volume
of MPC protein precipitation reagent was added and vortexed for 10 seconds.
The debris was pelleted by centrifugation at 20,000 xg for 15 minutes at 4°C, and
the supernatant was transferred to a sterile 2 mL microcentrifuge tube, adding 1
uL of polyacryl carrier to the sample. An equal volume 100% isopropanol was
added and mixed by inverting the tube. The sample was centrifuged at 20,000
xg, for 45 min. The supernatant was then discarded, retaining the pellet, which
was washed twice with 1 mL of 70% ethanol and centrifuged for 1 min. The pellet
was air-dried, then dissolved in a 35 pL elution buffer (EB, NEB) heated to 50°C.
An additional water sample from farm (F) was eluted in nuclease free water
(NFW, Ambion).

DNA extraction from tissue samples was performed using the DNeasy Blood and
Tissue kit (Qiagen, Manchester, UK), with a starting material of ~10 mg of tissue
from pooled organs (liver, kidney and spleen), which were dried for 5 min prior to
DNA extraction using the manufacturer’s protocol. The nucleic acid, eluted in
Elution Buffer, was stored at 4°C until processing. Quantification of DNA for water
samples was performed using the high sensitivity reagents for the Qubit
Fluorometer, with broad range reagents used for the tissue samples. Tissue

samples were given an alphanumeric name in the format <farm>.<cage>.<fish>.

A positive control for water samples was used to test the efficiency of the DNA
extraction method. This was done using the ISKNV viral particles collected from
the 2019 outbreak from Lake Volta (lot: PM 38259) and passaged on BF-2 and
or GF cell lines at Cefas. Infected cell lines were stored at -20°C and thawed at

room temperature before filtration. Cell debris was removed by centrifugation at
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900 xg for 20 min, and the clarified supernatant was retained. Isolated virus from
clarified harvested cell culture supernatant was filtered and DNA extracted, as

mentioned above for field samples.

3.2.3 Droplet digital PCR for viral quantification:

To quantify the number of template strands of ISKNV in water samples, a droplet-
digital PCR (ddPCR) amplification test was performed, using an Evagreen assay,
described in (Alathari et al. 2023), in accordance with the manufacturer's
instructions (Bio-Rad, USA). The positive control mentioned above was used as
a positive control for viral quantification and detection using the ddPCR. The
concentration of DNA input and results are shown in Supplementary Table 2.

For tissue samples, a probe-based ddPCR assay, using primers and probes by
(Lin et al. 2017), were used following the manufacturer's instructions (Bio-Rad,
USA), generating a 22 uL reaction. This was achieved following the same method
described for the Evagreen assay, except the total concentration of the forward
and reverse primer was 900 nM, and a concentration of 200 nM for the probe.
The DNA volume template added was different according to sample
concentration (Supplementary Table 2).

3.2.4 Tiled PCR

Extracted DNA from filtered water and tissue samples was quantified using a
Qubit fluorometer, and a tiled PCR approach was performed to generate 2kb
amplicons for sequencing. For water samples a total of 5uL of each DNA template
was added to the reaction, and 1 yL of DNA was added for the tissue samples
(concentrations are listed in Supplementary Table 2). The amount of DNA
template in the water sample from farm (D) was too high and failed to amplify,
therefore the amount was reduced to 2.5 pL. For tissue samples 0.1 pL of
extracted DNA was taken forward for the tiled PCR (Supplementary Table 2).
Two primer pools were prepared with alternating primer sets, described in
(Alathari et al. 2023), and Q5 Hotstart High-Fidelity Polymerase (NEB) was used
for amplification. Amplicons were quantified using the Qubit dsDNA BR kit
(Invitrogen), and the two pools (A & B) of amplicons were combined.
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3.2.5 Library preparation an sequencing

Long read Sequencing:

a. Water samples:

Amplicons generated from water samples from each farm and the prepared mock
sample were taken forward for sequencing. Library preparation was performed
using the Ligation Sequencing kit 1D (SQK-LSK109) (ONT) and Native Barcoding
system (EXP-NBD104) (ONT), according to the manufacturer’s instructions, and
following the Native barcoding amplicon protocol: version
NBA_9093 v109_revD_12Nov2019. Equimolar amounts of each barcoded
sample were pooled and taken forward for the adaptor ligation step using a total
volume of 60 pL of DNA, 5 pyL of Adaptor Mix Il (AMII), and 25 pL of Ligation
Buffer (LNB) and 10 puL of T4 DNA Ligase were all added to the barcoded DNA.
The reaction was incubated for 10 min at room temperature, and a 0.5x AMPure
XP bead clean-up was performed, followed by 2 x 250 yL of SFB (ONT) washes.
The pellet was then resuspended in 15 pL of Elution Buffer (EB) for 10 min at
37°C. 15 pL of the elute was retained and ~1 pg of adaptor ligated DNA was
taken forward for priming and loading onto a FLO-MIN 106 (R9.4.1) flow cell.

A MinlON run was performed for ~70 hours, and the flow cell was refuelled with
FB after 25 hrs from the start of the sequencing run. All generated sequences
were basecalled using the Oxford Nanopore Guppy tool, version v.6.0.4 with
super high accuracy, and demultiplexed using guppy_barcoder. The Artic-
Network pipeline and its accompanying tools were used to generate the
consensus genomes. The pipeline uses viral nanopore sequencing data
produced from tiling amplicon schemes, which are aligned to a reference genome
to generate a consensus sequence. Initially, amplicons were filtered at 1800-
2200 bp read lengths. Files generated by the Primal Scheme software were used
to map the amplicons to the ISKNV reference genome. Nanopolish was used to
produce a consensus sequence and identify genuine variants, and the
percentage of genome recovery with at least 20x coverage was calculated
(Alathari et al. 2023). The Artic pipeline was run with the parameter ‘--normalise
200’ to subsample coverage >200x%, and all other parameters were set to default:

(https://artic.network/ncov-2019/ncov2019-bioinformatics-sop.html). All
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sequences were visualised and polymorphisms were evaluated in Geneious
Prime 2022.1.1.

b. Tissue samples matching water samples

ONT updated their flow cells during this study, therefore a second library was
prepared using the new R10.4 flow cell, to evaluate impact on variant calling. One
tissue sample was selected from the same water sampled cages. One filter
sample from farm F and one positive control filter sample (both previously
sequenced), were sequenced alongside the matching tissue samples from the
same cage, as a positive control, and were barcoded using the Native barcoding
kit SQK-NBD114-24. Real-time basecalling was performed on MinKNOW version
23.04.5 with super high accuracy, to produce pod5 files, and demultiplexed with
a requirement for barcodes on both ends and a minimum average g-score of 10.
The total run was for ~22 hrs. Pod5 files were converted to fast5 files and
downstream analysis was performed in a similar way to all previous samples
except using Medaka (v.1.4.3) was used instead of nanopolish for variant calling,
due to incompatibility between nanopolish and R10 data. Reads were processed
using the Artic MinlON method of the Artic bioinformatics pipeline:

(https://artic.network/ncov-2019/ncov2019-bioinformatics-sop.html)

c. All tissue samples

All amplicons generated from tissue samples that produced a visible band on gel
electrophoresis following the tiled PCR, and where quantification indicated a
concentration more than 10 ng/uL, were taken forward for sequencing. Samples
that showed less than 400 viral templates/uL in a ddPCR assay were not taken
forward for sequencing (Alathari et al. 2023). A total of 259 ng of DNA was loaded
to a FLO-MIN 106 (R9.4.1) flow cell with following library preparation using the
Ligation Sequencing kit 1D (SQK-LSK109) (ONT) and Barcoding system (EXP-
NBD104) (ONT), according to the manufacturer’s instructions: version
NBA_9093 v109_revD_12Nov2019. The total run was for 72 hrs. A total of 5.24
million reads were generated, and the reads were processed as described above.
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Short read sequencing

In contrast to tissue samples, where a fish is assumed to be infected by a single
variant of ISKNV, water samples capture the population of variants circulating
within a population. In such samples, consensus basecalling to remove read error
from ONT reads is unable to discriminate between natural variation and
sequencing error. Therefore, water samples from three farms (C, D, F) were
selected to be sequenced using short read sequencing to identify the variants
circulating the floating cages in the lake and determine if more than one variant
was present. DNA was extracted as previously described and a tiled PCR was
performed using the v2 primers (Alathari et al. 2023), to generate 2 kb amplicons
spanning the full genome, followed by 0.6x bead clean-up with AMPure XP
beads. Library preparation was performed with the DNA NEB PCR-free kit,
followed by sequencing using the lllumina NovaSeq 6000 using a SP 300
flowcell. Short read sequences were trimmed using Artic guppylex, and mapped
against the ISKNV reference genome from the NCBI (NC_003494) with
minimap2 (Li 2018) to generate a bam file, which was visualised in Geneious (v.
2022.1.1). Reads were visualised and polymorphisms were identified in
Geneious and IGV (v. 2.16.2).

3.2.6 Phylogeographic analysis

A phylogeographic tree was constructed comprising 52 whole genome
sequences from fish samples collected between 2018- 2023, from (Alathari et al.
2023), and this study (Supplementary Table 3). Consensus genomes were
aligned using the augur toolkit version 3.0.6 (github.com/Nextstrain/augur) in

Nextstrain, where sequences were aligned using MAFFT_(Katoh et al. 2002). The
phylogenetic tree was reconstructed using 1Q-Tree, with the GTR model,
following all other default parameters and arguments in Nextstrain (Nguyen et al.
2015). The tree was further processed using augur translate and augur clade to
assign clades to nodes and to integrate phylogenetic analysis with the metadata,
where finally augur output was exported and visualised in auspice
(aithub.com/Nextstrain/auspice) (Hadfield et al. 2018). All the consensus

sequences generated from each sample were aligned to the ISKNV reference
genome, accession no. (NC_003494). For a summary of methods see Figure 2.
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Figure 2. An overview of processing of water samples from around the tilapia
cages on Lake Volta. The figure illustrates the concentrating of ISKNV onto filters,
through to DNA extraction, quantification, and sequencing for variant detection. Figure
was generated with BioRender (https://biorender.com/).

3.3 Results

3.3.1 ISKNV detection and quantification in tissue and water samples

DNA extraction was performed for tissue samples collected from six different
locations across Lake Volta, with matching water samples taken at five locations.
Quantification of DNA for all samples was performed using the Qubit Fluorometer

and are provided in Supplementary Table 2.

ddPCR was used to detect and quantify the number of template strands of ISKNV
in the extracted DNA from each tissue and water sample. Tissue samples were
dominated by non-ISKNV DNA (most likely host DNA). There was an average of
317.45 ng/uL of DNA for all tissue samples, however ddPCR revealed low ISKNV
viral template copies in most tissue samples; 71% of the tissue samples had
fewer than 100 copies/uL, and in 14 out of the 74 tissue samples no ISKNV was
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detected, mainly in fish sampled from farms (B) and (C). For water samples, the
highest DNA concentration seen, at 21.4 ng/uL, was collected from farm (C).

The number of ISKNV templates in samples collected from water and tissue
samples varied considerably across the different farm sites (Figure 3). At farm
(C), tissue samples contained on average only 5 copies/pL, while the matching
water sample had 174 copies/uL (Supplementary Figure 2). The average
concentration of ISKNV templates found in tissue samples collected from farm
(D) in contrast was much higher at 70.6 copies/uL except for one sample (D.3.3)
and with very high viral templates, at 382,700 copies/uL, from one fish fingerling.
The water samples collected from this cage site also had a high concentration of
ISKNV at 361.2 copies/uL. The highest concentration of ISKNV in water samples
was seen at farm (F), at 7,560 ISKNV copies /uL, followed by farms (D) & (C),
respectively. Contrasting with these farms, (B) and (E) had very low
concentrations of ISKNV in the water (~ 1 copy/uL). Despite the low water
concentration of ISKNV at farm E tissues samples had a high ISKNV copy
number, with at least 200 copies/pL. In six tissue samples collected from farm
(F), the ddPCR failed to provide an accurate count. This was due to saturation of
positive droplets at high concentration of DNA template, and this persisted
despite further testing with a 20-fold dilution. Negative samples showed no viral
template, while the mock filter sample (using viral particles harvested from cell
culture) contained 1,584 ISKNV copies/uL. Heat-shocked fish samples from one
cage in farm (F) showed no difference in the concentration of ISKNV compared
with untreated (non-heat shocked) fish.

Spatial distribution of ISKNV detected across Lake Volta, showed the two farms
(B, E) with very low concentrations of ISKNV in the water were both floating cages
located far away from other farm cages, and were furthest from the shore
(approximately 12 km). The highest titre of ISKNV, were seen in water samples
collected from farm (F), and the highest concentration of ISKNV in tilapia were in
juveniles and fingerlings. Moreover, fish in this farm showed the most obvious
clinical signs and were experiencing ongoing mortality (Supplementary Table 1).
In general, all life stages were positive for ISKNV, but the lowest concentrations
were seen in adult fish (Supplementary Table 4).
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A tiled PCR was performed on each sample, followed by a gel electrophoresis for
each pool. All water samples yielded bands at 2kb, indicative of amplification of
ISKNV. Bands for farms (B) & (E) were faint, supporting low template
concentrations as measured by ddPCR (Supplementary Figure 3). Farm (E)
showed multiple bands, with the strongest bands at 1kb. Despite some samples
showing faint bands, all the tiled PCR products with any bands at 2kb were taken

forward for sequencing.
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Figure 3: The number of viral templates of ISKNV in tissue and water samples
collected from the ISKNV outbreak of 2023 in Lake Volta, Ghana; Distribution of
ISKNV template strands in tissue samples (blue) and water samples (red). The number

of samples with no ISKNV detected are given parentheses on the x axis.

3.3.2 Sequencing and phylogeographic analysis for all samples
collected from Ghana- Changes to MinlON chemistry do not affect our
tiled PCR method

A total number of 4.93 M reads were produced from the five water samples, and
a total of 5.23 M reads were generated from the five matched tissue samples.
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The final sequencing run for ISKNV collected from tissue samples was 1.19 M
reads. The median length of all samples is reported in Supplementary Table 3.

When compared to the ISKNV reference genome, the greatest proportion of the
whole genome recovered was 98.18% in a tissue sample of a fingerling from cage
4 at farm (F). The highest genome recovery for water samples was 97.49%,
collected from the same cage at farm F. Additionally, one sample (from fingerling
tissue) from farm (D) had high genome recovery of 97.51%, matching water
samples that showed high concentration of ISKNV by ddPCR, and sequencing
resulted in genome recovery of 85.6%. Around two-thirds of all sequenced
samples recovered at least 50% of the full ISKNV genome. In our previous study,
we identified a minimum requirement of 482 copies/uL of ISKNV to yield a
genome with >50% recovery (Alathari et al. 2023). Here, in water samples with
fewer than 482 copies/uL of ISKNV produced more than 50% of genome
recovery, suggesting lower input requirements for water samples due to an
unknown mechanism. A list of genome recovery for each sample is provided in

Supplementary Table 3.

Phylogeographic analysis was performed to investigate the epidemiology of
ISKNV virus and disease in Lake Volta, and as a potential indicator of
transmission for which closely related genomes indicate closely related
infections, shown in Figure 4. For all except one case, the tissue samples
collected from farms (E) and (F) in 2023, formed a separate clade, including the
two water samples collected from those farms, and the water sample from farm
(C). The 2023 tissue sample from farm (C) along with the tissue and water
samples from farm (D) grouped together closely though were separate to earlier
samples from the same farm (2018-2022). The highest divergence was seen in
samples collected in 2023 from farm F sample (F.3.2), and was related most
closely to samples collected from the same farm in 2022.

A group of samples collected from (F) in 2022 diverged from a clade of samples
from a previous sampling at this location, clustering separately, due to a non-
synonymous mutation (T3934C) occurring in the major capsid protein (MCP) that
is unique to these samples. Genome recovery and variant detection was

comparable between R9 and R10 flow cells.
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Figure 4. A phylogenetic tree of full ISKNV genomes from samples collected from
Lake Volta, Ghana since 2018; Tissue and water samples collected from the latest
outbreak were included and the colour represents the date of sampling. Water samples

are identified in brackets. The tree was produced in Nextstrain (Hadfield et al. 2018).

To investigate differences of mutation profiles between genes across the ISKNV
genome, we compared the percentage of polymorphic positions in any ORF for
each of the genomes sequenced using the original ISKNV genome as a reference
(Figure 5). The genomes selected were those that had 80% of genome recovery
or above, compared with the reference ISKNV genome (2001), with remaining
genomes removed from the analysis to avoid spurious SNPs from low
coverage. Additionally, the repeat region (ORF025) was removed, as this
represents a gene duplication and a potential region for circular permutation of
the genome, rather than a coding region.

95



F1.1_2022
D.3.3_2023
E.6.1_2019
E6.32019
E.6.7_2019
E6.4_2019
E.6.8_2019
E6.5_2019
E6.6_2019
F2.10_2018
F2.14_2018
F2.13_2018
F2.1_2018
F.2.7_.2018 % of SNPs/ORF
C.1.3.2018 OO0
E6.10.2019 | oo0
= 0.004
A75.2019 o0
E62 2010 Mo
A7.2_2019
E.2.1_2023
F4.1_2023
F1.3_2022
A7.1_2019
A7.4_2019
F1.2_2022
F1.5_2022
F3.2_2023
C.1.5_2018
F2.8 2018

Genome

C.1.1_2018
C.1.4_2018

Figure 5. Mutational frequencies within the ISKNV genomes of fish tissue samples
in Lake Volta, Ghana, since 2018; Heatmap shows the percentage of mutations per
gene (ORF), represented on the x axis. Genomes with less than 80% genome recovery
and ORFs with no mutations across all samples were removed, as well as ORF025

(repeat gene).

The highest percentage of mutations per gene were in ORF074 and ORF059,
which have no assigned function. In general, ISKNV samples collected from
Ghana had similar mutations, but samples collected from 2023 had mutations in
samples collected from farms (E) and (F) which were not observed in any
samples collected throughout previous years samplings. This was observed in
Figure 4, where samples from these farms formed a separate clade. Mutations in
the ORF004 were exclusively seen in four samples collected from 2018 with an
outlier sample from (F.3.2) collected in 2023, which may explain its divergence
from the clade of the outbreak of 2018 on the phylogenetic tree (Figure 4). All
samples collected from Ghana shared a mutation in the ankyrin repeat protein
(ORF125), an immunogenic gene, while another immunogenic gene (ORF117)
showed a mutation only in a sample collected from farm (D). This mutation was
also seen in the matching water sample. All samples had a mutation in ORF022,
a proposed virulence gene, except one sample collected from 2018. Mutations in
the MCP (ORFO006) were higher in samples collected in 2022 than all other
samples due to two mutations at this location for four out of five samples, resulting

the formation of a separate clade on the phylogenetic tree (Figure 4).
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Short read sequences of the water sample from farm (F), produced a total of
7,915,456 reads. Manual curation of the data using IGV (v. 2.16.2) showed the
number of identified SNPs to be different to the number of SNPs detected using
Geneious when using the default parameters to annotate and predict SNPs. A
total of 86 SNPs were observed in IGV, while only 58 SNPs (46 SNPs with 200x
coverage) were listed in Geneious, with five deletions, and two insertions. This
suggests that parameters used for variant calling (such as coverage and
percentage of variation at each position) for each software, may be different. A
total of 27 of these were non-synonymous mutations. In comparison, the
consensus sequence for the same sample generated using long read sequencing
showed 46 SNPs with two insertions and four deletions. When examining the
alignment in Geneious and variant/SNP calling using annotation default settings,
some locations, such as a SNP in ORF058- C51,475T (coverage 4,282) was
found to have a variant frequency of 90.7%, where 8.1% belonged to the original
reference sequence. A similar SNP was manually detected in ORF040, location
(C40,742T), however this SNP was not detected by the Geneious software, using
the “annotate and predict” feature.

Long read sequencing of water sample from farm (F) showed 33 SNPs in
common with short read sequences, and the same mutation at ORF058 with
variant frequency of 89%, where only two fish tissue samples collected from the
same farm showed the same mutation. Long read sequences from both water
and tissue samples from farm (F), had 51 SNPs in common, with three extra
SNPs that were unique to the water sample, and another three unique to tissue
samples. Polymorphisms and substitutions were annotated in Geneious for short
read and long read sequences from farm (F) listed in Supplementary Table 5.

In addition, water samples from farms (C) and (D) were sequenced using short
read sequencing, and produced 21,394,234 and 16,788,272 reads, respectively.
Annotation in Geneious detected 34 non-synonymous mutations out of a total of
48 SNPs in samples from farm (D), where 33 SNPs had at least 200x coverage,
and four deletions. The unique SNP for ORF0117 in water and tissue samples
collected from this farm using long read sequencing, was confirmed in short read
sequencing. Thirty-three non-synonymous mutations out of a total of 48 SNPs
were detected in the farm (C) sample. Thirty-nine out of the 48 SNPs were
supported with >200x coverage. The two SNPs mentioned above in farm (F) were
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detected in short reads from farm (C) but not in the farm (D). Finally, a mutation
in the ISKNV MCP was confirmed by short read sequencing, and at the same
location for all samples previously collected from Lake Volta outbreaks (Alathari
et al. 2023). The ratio of non-synonymous and synonymous substitution rate
(dN/dS ratio) was calculated for water samples C, D and F as follows: 2.2, 2.4,
0.8, respectively, suggesting positive selection at Farms C and D, but constraint
at Farm F.
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3.4 Discussion

This case study demonstrates the potential of using water samples for genomic
surveillance of a large sized DNA virus, here for ISKNV infecting cultured tilapia
in Ghana, using portable equipment in a farm setting. ISKNV was detected in
both fish tissue samples and water samples collected from farm sites across Lake
Volta and the in-field water sampling and sequencing method both distinguished
between the different strains of the virus, and illustrated their relatedness.
Sampling water within or close to the fish cages provides insight into the wider
diversity of viruses on the farm than the more typical approach of tissue sampling
because the latter is often based on a small number of fish, whereas the water
may contain viral particles derived from many, potentially hundreds of fish, on the
farm. Adopting the use of water sampling also avoids destructive sampling of fish
with improved animal welfare benefits and reduced costs to the farmers.

ISKNV was detected in 81% of the fish sampled from the floating fish cages on
Lake Volta in January 2023, with farm (F) having the highest viral load in both
water and tissue samples of the farm sites studied. Although fish from farm (C)
had very low concentrations of ISKNV in the body tissues sampled there was a
relatively high concentration of viral particles in the surrounding water.
Phylogenetic analysis of this water sample revealed it clustered with water
samples collected from the upper region of Lake Volta. Farm (C) is surrounded
by other tilapia farm cages in the Akuse region of Lake Volta and thus the
likelihood is that ISKNV circulating strains may have been transported via the
water from other nearby infected farms. In the current outbreak, some farmers
reported a new trend of moribund tilapia, with fingerlings and juvenile fish being
more susceptible than adult fish, and differing from that seen previously where
no apparent age-related effect was reported. In our analysis, ISKNV positive
samples were seen at all maturation stages of tilapia, but the lowest
concentration and infection rates were, in general, seen in adult fish
(Supplementary Table 4). This may be as a consequence of ISKNV now being
practically endemic in Lake Volta, and thus fish surviving to adulthood have likely
been exposed previously and thus on re-infection with new outbreaks are able to

mount a more effective immune response, thus limiting viral replication.
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Farms (E) and (B) showed very low concentrations of ISKNV in the water, but
there were relatively high titres of virus particles detected in the tissue samples.
The floating fish cages in both these two farms were located up to 12 km from
the lake shoreline and from other farms, and this likely meant there was a far
greater dilution of ISKNV from nearby fish in the water. Contrasting with this,
water samples collected from farm (D) contained a high concentration of ISKNV,
but for all of the fish, except one, sampled at this site there was a low body burden
of the virus; this low viral template resulted in an inability to amplify it through our
tiled PCR approach. We hypothesize this differential between the fish tissue and
water titres of ISKNV might indicate a recent introduction of the virus to the farm
and thus an early detection of virus presence through our water sampling
approach, highlighting further the potential utility of water sampling in monitoring
for this pathogen. Another explanation could be that the fish have recovered from
a viral episode at the time of sampling, with the surviving fish having overcome
the infection.

Integrating this data set with our previously sequenced genomes collected from
Lake Volta, phylogenetic analysis groups the majority of the 2023 sequences in
a separate clade indicating that the ISKNV currently infecting tilapia in Lake Volta,
are not a descendent of an ongoing /previous infection but rather an emergence
of a different endemic strain, or a new introduction to the Lake - most likely
through fish importation. Moreover, farm (D) clustered separately from all other
samples, except for a tissue sample from farm (C), and revealed an additional
mutation in ORF 117 (C105,539A) in both its tissue and water samples. ORF117
is a transmembrane protein (Throngnumchai et al. 2021) which plays a vital role
in viral replication and virulence (DiMaio 2014). The presence of this mutation
likely explains why the water sample collected from farm (D) clustered separately
from all other water samples. Further examination of the ratio between non-
synonymous and the synonymous mutations could assist in estimating and
identifying individual codon positions that are evolving under positive selection.
For instance, it is curious that ISKNV in farms C and D are under positive
selection, whereas those at Farm F are not, potentially suggesting a nuanced,
localised relationship between ISKNV strains and associated environmental
parameters and host phenotypes. The close relatedness in the water and tissue

sample in farm (D) highlights the capability of water sampling in detecting current,
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infective strains of ISKNV in fish. This was also confirmed when comparing the
water and tissue samples of farm (F), where almost all SNPs were identical. It is
also worth mentioning that the close relatedness of all but one of the samples
collected in 2023, could indicate the same strain of ISKNV circulating in the water
where this newly identified variant might be replacing the previous strain collected
between 2018-2022. Sample (F.3.2) collected from farm (F) in 2023 clustered
with samples collected in 2018 and might be a strain persisting from previous
infections. Interestingly, water samples with less than 482 copies/uL of ISKNV,
as calculated in our previous study (Alathari et al. 2023), were able to recover
more than 50% of the full ISKNV genome, yet this wasn’t possible for tissue
samples. This could be due to an increased diversity in the environmental
samples, allowing for more primer binding to extracted DNA, or the tissue DNA
from tissue samples may contain inhibitors that may affect the amplification.

The heat map of mutational frequencies highlighted the presence of different
SNPs in some of the samples collected in 2023 when compared to samples
collected from previous years. We observed the presence of four new mutations
in samples collected from farm (E.2.1) and (F.4.1), which were lacking in all the
tissue samples collected previously. At least one SNP was seen in the MCP, but
samples from 2022 showed two SNPs in this location. The second SNP could
have become a reversed mutation in samples collected in 2023, and maybe have
been corrected in the ISKNV genome due to its insufficient role in increasing the
virus’s fitness, or more simply the group that contains this second SNP wasn’t
sampled during this study. All samples collected from Ghana showed a mutation
in ORF125 when compared to its reference genome. This ORF is an ankyrin
repeat protein and also one of the major antigenic proteins and involved in
modulating intracellular signalling networks during viral infections (Guo et al.
2011) (Throngnumchai et al. 2021).

Short read sequencing of a water sample collected from farm (F) showed a SNP
in ORF40 (C40,742T) and ORF58 (C51,475T). The SNP located in ORF58 had
a variant frequency of 91.6%, with 8.2% showing the original reference sequence,
indicating circulation of more than one variant in the farm. The SNP in ORF40
was not detected by the Geneious software, only by manual analysis. This
mutation was present in both short and long read sequences, with the short read
sequencing able to show at least two strains circulating the water. Both mutations
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were also seen in the water sample collected from farm (C) but not in farm (D),
and could be the reason behind the (C) water sample clustering with (F) water
sample. When comparing the water sample with the tissue samples, only two out
of seven tissue samples collected from the same farm showed the same mutation
at ORF058. This may indicate that the variant without the mutation at ORF058
derives from an historically earlier infection with a new mutation from a newly
evolved variant. This is not presented in the heat map as the relevant samples,
F.4.4, and F.4.3, generated a sequence recovery of less than 75% of the full
ISKNV genome and were thus excluded from the analysis. Short read and long
read sequencing produced a comparable number of SNPs and both approaches

thus had the ability to detect the different variants.

In contrast to single-gene PCR approaches, whole genome sequencing can
capture the full range of variants, providing vital information for vaccine and drug
design. Other studies focusing on the MCP have shown their limitation in
discriminating between viruses collected from different locations and at different
time points (Ayiku et al. 2023). The portability of a next generation sequencer,
and the invention of other portable technologies for amplicon generation and
library preparation has led to long read sequencing being a preferred method for
this analysis. These advancements have enabled performing studies like ours in
remote and resource limited areas, with fast turnaround times, contrasting with
that previously where the turnaround time at distant labs is in many months and

likely unaffordable to many fish farm holders.

There are currently minimal disease control options for ISKNV and an urgent
need for preventative measures. The approach we present in this paper for Lake
Volta, show that water sampling has great potential for use in identifying the
ISKNV associated with infected fish, and for determining the variants circulating
within the system and infecting the fish at the time of sampling. This could assist
in improving disease prevalence estimates and in the detection of emerging
variants. The fact that in many cases the water for the inland ponds for hatchery
stages is drawn from the lake, is likely the reason for the presence (and repeated
cycling) of ISKNV infections in all fish life stages. Seeking to combat this cycle of
infections and re-infections of ISKNV, encouraging farmers to seek, and pressure
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for, farms designated free of ISKNV for their seeding stock would be a prudent
step. Indeed, some larger farms with greater resources have already
implemented this practice. Importantly, this requires that the supporting systems
for aquaculture programmes in Ghana need to enable disease free hatcheries to
be established and this inevitably requires also training of fisheries officers and
farmers in biosecurity practice and the associated resources to deliver this.

The methods applied here to ISKNV, in addition to its capability for application to
reach remote regions, could be adapted for other viral infections affecting the
growth and development of aquaculture. Combining field data with in-field
genomic tools can provide opportunities to understand the genetic architecture of
disease resistance, leading to new opportunities for disease control in real time.
Finally, there are very few available whole genome sequences for ISKNV and
other important fish viruses in the database, therefore, and routine sequencing of
these viruses will benefit significantly, understanding of the mutations that occur
across the genome, and their role in virulence and/or transmissibility of the viral

diseases in aquaculture.
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3.5 Supplementary Material

A) Supplementary Tables:

Supplementary Table 1. Tissue samples collected from Lake Volta,

showing the location and date of collection, size, and clinical signs observed.
Sample ID represents the farm, cage, and fish, respectively.

Sample ID Region Date Stage Clinical signs Size Organ
A.1.1 A 09/01/2023 Adult Healthy 240 Liver/Spleen
A1.2 A 09/01/2023 Adult Moribund 250 Liver/Spleen
opaque eyes
A.1.3 A 09/01/2023 Adult Moribund 260 Liver/Spleen
opaque eyes
A14 A 09/01/2023 Adult Healthy 240 Liver/Spleen
cystin gill
A.2.1 A 09/01/2023 Juvenile Healthy 170 Liver/Spleen
A22 A 09/01/2023 Juvenile Healthy 170 Liver/Spleen
A.2.3 A 09/01/2023 Juvenile Healthy 140 Liver/Spleen
A24 A 09/01/2023 Juvenile Healthy 149 Liver/Spleen
A.3.1 A 09/01/2023 Fingerling Healthy 80 Liver/Spleen
A32 A 09/01/2023 Fingerling Healthy 80 Liver/Spleen
A.3.3 A 09/01/2023 Fingerling Healthy 95 Liver/Spleen
A34 A 09/01/2023 Fingerling Healthy 95 Liver/Spleen
B.1.1 B 10/01/2023 Adult Dark eyes 160 Liver/Spleen
B.1.2 B 10/01/2023 Adult Large white cyst 170 Liver/Spleen
B.1.3 B 10/01/2023 Adult Healthy 190 Liver/Spleen
B.1.4 B 10/01/2023 Adult Healthy 190 Liver/Spleen
B.2.1 B 10/01/2023 Juvenile Healthy 65 Liver/Spleen
B.2.2 B 10/01/2023 Juvenile Friable liver 70 Liver/Spleen
B.2.3 B 10/01/2023 Juvenile Opaque eye 90 Liver/Spleen
B.2.4 B 10/01/2023 Juvenile Healthy 110 Liver/Spleen
B.3.1 B 10/01/2023 Adult Healthy 195 Liver/Spleen
B.3.2 B 10/01/2023 Adult Healthy 220 Liver/Spleen
B.3.3 B 10/01/2023 Adult Small liver, 220 Liver/Spleen
enlarged
Gall bladder
B.3.4 B 10/01/2023 Adult Small liver, 190 Liver/Spleen
enlarged
Gall bladder
C.1.1 C 11/01/2023 Fingerling Friable liver 80 Liver/Spleen
C.1.2 C 11/01/2023 Fingerling Subserosa petechia 80 Liver/Spleen
C.1.3 C 11/01/2023 Fingerling Healthy 75 Liver/Spleen
C.14 C 11/01/2023 Fingerling Healthy 69 Liver/Spleen
C.2.1 C 11/01/2023 Juvenile Healthy 120 Liver/Spleen
c.22 C 11/01/2023 Juvenile Healthy 112 Liver/Spleen
C.23 C 11/01/2023 Juvenile Healthy 120 Liver/Spleen
C.24 C 11/01/2023 Juvenile Healthy 110 Liver/Spleen
C.3.1 C 11/01/2023 Adult Darkened skin 200 Liver/Spleen
C.32 C 11/01/2023 Adult Healthy 185 Liver/Spleen
C.3.3 C 11/01/2023 Adult Healthy 165 Liver/Spleen
C.34 C 11/01/2023 Adult Healthy 205 Liver/Spleen
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D.1.1 D 12/01/2023 Adult Friable liver 200 Liver/Spleen
D.1.2 D 12/01/2023 Adult Friable liver 200 Liver/Spleen
D.1.3 D 12/01/2023 Adult Healthy 195 Liver/Spleen
D.1.4 D 12/01/2023 Adult Healthy 185 Liver/Spleen
D.2.1 D 12/01/2023 Juvenile Fatty tissue 180 Liver/Spleen
D.2.2 D 12/01/2023 Juvenile Friable liver 180 Liver/Spleen
D.2.3 D 12/01/2023 Juvenile Healthy 180 Liver/Spleen
D.2.4 D 12/01/2023 Juvenile Healthy 165 Liver/Spleen
D.3.1 D 12/01/2023 Fingerling Healthy 85 Liver/Spleen
D.3.2 D 12/01/2023 Fingerling Healthy 80 Liver/Spleen
D.3.3 D 12/01/2023 Fingerling Darkened skin 80 Liver/Spleen
D.3.4 D 12/01/2023 Fingerling Abrasion/lesion 80 Liver/Spleen
E1.1 E 17/01/2023 Adult Darkened skin 200 Liver/Spleen/Kid
ney
E.1.2 E 17/01/2023 Adult Dark liver 245 Liver/Spleen/Kid
ney
E.1.3 E 17/01/2023 Adult Pale liver 195 Liver/Spleen/Kid
ney
E.14 E 17/01/2023 Adult Enlarged liver 200 Liver/Spleen/Kid
ney
E.2.1 E 17/01/2023 Juvenile Healthy 90 Liver/Spleen/Kid
ney
E22 E 17/01/2023 Juvenile tail abrasion 90 Liver/Spleen/Kid
ney
E.2.3 E 17/01/2023 Juvenile Healthy 110 Liver/Spleen/Kid
ney
E24 E 17/01/2023 Juvenile Healthy 95 Liver/Spleen/Kid
ney
E.3.1 E 17/01/2023 Fingerling Healthy 25 Liver/Spleen/Kid
ney
E.3.2 E 17/01/2023 Fingerling Healthy 20 Liver/Spleen/Kid
ney
E.3.3 E 17/01/2023 Fingerling Healthy 20 Liver/Spleen/Kid
ney
E.3.4 E 17/01/2023 Fingerling Healthy 20 Liver/Spleen/Kid
ney
F.1.1 F 18/01/2023 Adult Moribund 270 Liver/Spleen/Kid
ney
F.1.2 F 18/01/2023 Adult Louse 250 Liver/Spleen/Kid
ney
F.2.1 F 18/01/2023 Juvenile White lips, 75 Liver/Spleen/Kid
small liver ney
F.2.2 F 18/01/2023 Juvenile Prominent 95 Liver/Spleen/Kid
head kidney ney
F.2.3 F 18/01/2023 Juvenile Enlarged liver 95 Liver/Spleen/Kid
tail erosion ney
F.2.4 F 18/01/2023 Juvenile Healthy 85 Liver/Spleen/Kid
ney
F.3.1 F 18/01/2023 Fingerling Small spleen, 55 Liver/Spleen/Kid
inflamed liver ney
F.3.2 F 18/01/2023 Fingerling Healthy 45/46 Liver/Spleen/Kid
ney
F.3.3 F 18/01/2023 Fingerling Friable liver 45 Liver/Spleen/Kid
tail erosion ney
F.3.4 F 18/01/2023 Fingerling Healthy 60/44 Liver/Spleen/Kid
ney
F.4.1 F 18/01/2023 Fingerling Ascites, white lips 75 Liver/Spleen/Kid
ney
F.4.2 F 18/01/2023 Fingerling Ascites, pale liver 78 Liver/Spleen/Kid
ney
F.4.3 F 18/01/2023 Fingerling Ascites, white lips, 75 Liver/Spleen/Kid
tail erosion, ney
enlarged liver
F.4.4 F 18/01/2023 Fingerling Ascites, enlarged 75 Liver/Spleen/Kid
liver, white lips ney
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Supplementary Table 2. Table showing extracted DNA concentration and
ddPCR results for filtered water and fish tissue samples. Samples with zero
concentration using the ddPCR machine are highlighted in yellow.

Sample_ID Sample_type Region Qubit Input for conc. conc. copies

ng/uL ddPCR ddPCR x20 /uL

(copies)

A.1.1 Tissue A 262 52.4 0.0854 1.708 8.54
A.1.2 Tissue A 41.2 8.24 0.612 12.24 61.2
A.1.3 Tissue A 358 71.6 0.682 13.64 68.2
A.1.4 Tissue A 115 23 0.152 3.04 15.2
A2.1 Tissue A 288 57.6 2.84 56.8 284
A2.2 Tissue A 104 20.8 6.75 135 675
A.2.3 Tissue A 504 100.8 0 0 0
A.24 Tissue A 230 46 0.351 7.02 35.1
A.3.1 Tissue A 888 177.6 0.309 6.18 30.9
A.3.2 Tissue A 480 96 1.02 204 102
A.3.3 Tissue A 688 137.6 0.104 2.08 10.4
A.34 Tissue A 490 98 0.308 6.16 30.8
B.1.1 Tissue B 200 40 0 0 0
B.1.2 Tissue B 150 30 0 0 0
B.1.3 Tissue B 85.2 17.04 0 0 0
B.1.4 Tissue B 456 91.2 0.107 2.14 10.7
B.2.1 Tissue B 526 105.2 0.189 3.78 18.9
B.2.2 Tissue B 194 38.8 0.111 2.22 11.1
B.2.3 Tissue B 89.6 17.92 0 0 0
B.2.4 Tissue B 632 138 1.18 23.6 118
B.3.1 Tissue B 690 138 0.083 1.66 8.3
B.3.2 Tissue B 862 172.4 0.37 7.4 37
B.3.3 Tissue B 526 105.2 0 0 0
B.3.4 Tissue B 496 99.2 0.201 4.02 20.1
C.1.1 Tissue C 276 55.2 0.0921 1.842 9.21
C.1.2 Tissue C 270 54 0.201 4.02 20.1
C.1.3 Tissue C 408 81.6 0 0 0
C.1.4 Tissue C 426 85.2 0 0 0
C.2.1 Tissue C 670 134 0.074 1.48 7.4
C.2.2 Tissue C 420 84 0.0778 1.556 7.78
C.2.3 Tissue C 764 152.8 0 0 0
C.24 Tissue C 1.5 0.3 0.0827 1.654 8.27
C.3.1 Tissue C 354 70.8 0.077 1.54 7.7
C.3.2 Tissue C 179 35.8 0.096 1.92 9.6
C.3.3 Tissue C 179 35.8 0 0 0
C.3.4 Tissue C 344 68.8 0 0 0
D.1.1 Tissue D 222 44 .4 0 0 0
D.1.2 Tissue D 19.3 3.86 0.152 3.04 15.2
D.1.3 Tissue D 69.2 13.84 0.361 7.22 36.1
D.1.4 Tissue D 103 20.6 0.357 7.14 35.7
D.2.1 Tissue D 418 83.6 0.171 3.42 17.1
D.2.2 Tissue D 179 35.8 0.322 6.44 32.2
D.2.3 Tissue D 43.4 8.68 0.296 5.92 29.6
D.2.4 Tissue D 28.6 5.72 0.149 2.98 14.9
D.3.1 Tissue D 204 40.8 0.0819 1.638 8.19
D.3.2 Tissue D 356 71.2 0.351 7.02 35.1
D.3.3 Tissue D 302 60.4 3827 76540 382700
D.3.4 Tissue D 294 58.8 5.53 110.6 553
E.1.1 Tissue E 326 65.2 0.152 3.04 15.2
E.1.2 Tissue E 78 15.6 1.13 22.6 113
E.1.3 Tissue E 168 33.6 0.336 6.72 33.6
E.1.4 Tissue E 290 58 0 0 0
E.21 Tissue E 165 33 4.87 97.4 487
E2.2 Tissue E 434 86.8 4.56 91.2 456
E.2.3 Tissue E 87 17.4 3.26 65.2 326
E2.4 Tissue E 249 49.8 2.21 44.2 221
E.3.1 Tissue E 328 65.6 0 0 0
E.3.2 Tissue E 90.2 18.04 0.179 3.58 17.9
E.3.3 Tissue E 326 65.2 0.0931 1.862 9.31
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E 3.4 Tissue E 324 64.8 0.158 3.16 15.8
F.1.1 Tissue F 68.6 13.72 0.383 7.66 38.3
F.1.2 Tissue F 704 140.8 0.601 12.02 60.1
F.2.1 Tissue F 468 93.6 0.176 3.52 17.6
F.2.2 Tissue F 960 192 100000 2000000 10000000
F.2.3 Tissue F 36.6 7.32 111 2220 11100
F.2.4 Tissue F 52.6 10.52 100000 2000000 10000000
F.3.1 Tissue F 120 24 2.72 54.4 272
F.3.2 Tissue F 606 121.2 100000 2000000 10000000
F.3.3 Tissue F 566 113.2 11.1 222 1110
F.3.4 Tissue F Low X5 0 0 0
F.4.1 Tissue F 30.8 1.54 5521 110420 2208400
F4.2 Tissue F 51.2 2.56 100000 2000000 10000000
F.4.3 Tissue F 498 249 100000 2000000 10000000
F.4.4 Tissue F 262 13.1 100000 2000000 10000000
B.1(water) Water Filter B 21 10.5 0.263 5.26 1.052
C.1(water) Water Filter C 214 107 43.5 870 174
D.4(water) Water Filter D 5.42 271 90.3 1806 361.2
E.2(water) Water Filter E 1.85 9.25 0.296 5.92 1.184
F.4(water) Water Filter F Low X5 1890 37800 7560
Mock (pos. Water Filter F 20 10 396 7920 1584
control)

Supplementary Table 3. Genome recovery and median length of ISKNV
reads collected from tissue and water samples.

Sample_ID % of genome Median length

recovery of Reads
A3.1 59.56 783
B.1.2 0 619
C.1.3 21.33 678
D.3.3 97.51 1974
E2.1 83.97 1936
E22 77.83 1663
F.2.2 41.46 1007
F.2.3 5.28 523
F.3.4 81.27 1926
F.4.1 98.18 1985
F.4.2 92.53 1991
F.4.3 39.22 2001
F.4.4 72.3 1981
B.1(water) 13.14 374
C.1 (water) 66.45 1931
D.3 (water) 85.60 1952
E.2 (water) 19.46 1373
F.4 (water) 95.93 1981
Mock (pos. 92.06 1969
control)
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Supplementary Table 4. A summary table showing the average viral

concentration for fish life stages in each farm.

Region Stage Average
viral
temp/uL

A | Adult 38.2

A | Juvenile 248.5

A | Fingerling 43.5

B | Adult 2.6

B | Juvenile 37

B | Fingerling 16.3

C | Adult 4.3

C | Juvenile 5.8

C | Fingerling 7.3

D | Adult 21.7

D | Juvenile 23.4

D | Fingerling 95824

E | Adult 40.4

E | Juvenile 372.5

E | Fingerling 10.7

F | Adult 49.2

F | Juvenile 5002779
F | Fingerling 5276222

Supplementary Table 5. List of Polymorphisms present in water and tissue
samples from farm F. a) short read sequences using Novaseq; b) long reads
sequencing (F.4) using ONT; c) long read sequencing using ONT, of matching
tissue sample (F.4.1). SNPs were annotated and produced in Geneious Prime.

a)
Name Type Covera product Polymorphism Min AA Codon Protein
ge Type (original Chang Change Effect
seq.) e

G Polymorphis 65 ORFO16L SNP 13195 ATA -> None
m (transversion) ATC

G Polymorphis 849 SNP 23819
m (transversion)

A Polymorphis 18 ORFO036R SNP 36128 S>T TCA -> Substituti
m (transversion) ACA on

G Polymorphis 2477 ORFO040L SNP 40452 Q->P CAA -> Substituti
m (transversion) CCA on

c Polymorphis 2469 ORFO049R SNP 47069 T->P ACT -> Substituti
m (transversion) CCT on

(o] Polymorphis 783 ORFO055L SNP 49792 H->Q CAT -> Substituti
m (transversion) CAG on

A Polymorphis 400 ORFO072R SNP 69075 D->E GAC > Substituti
m (transversion) GAA on

G Polymorphis 20963 ORFO75L SNP 70827 E->Q GAG -> Substituti
m (transversion) CAG on

G Polymorphis 3027 ORFO084L SNP 78607 E->D GAA > Substituti
m (transversion) GAC on

G Polymorphis 310 SNP 84207
m (transversion)

T Polymorphis 2 ORF100L SNP 89637 L->Q CTG -> Substituti
m (transversion) CAG on

A Polymorphis 5 ORF100L SNP 89673 Y->F TAT -> Substituti
m (transversion) TTT on

(o] Polymorphis 1001 ORF102R SNP 91711 K->N AAA -> Substituti
m (transversion) AAC on

G Polymorphis 74 SNP 95137
m (transversion)

G Polymorphis 3349 ORF119L SNP 107329 Q->H CAA -> Substituti
m (transversion) CAC on
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T Polymorphis 10188 ORF104R SNP (transition) 92798 T->1 ACA -> Substituti
m ATA on
G Polymorphis 11413 ORF104R SNP (transition) 92936 Q->R CAG -> Substituti
m CGG on
T Polymorphis 269 ORF107L SNP (transition) 94693 TCG > None
m TCA
A Polymorphis 315 SNP (transition) 94895
m
A Polymorphis 114 ORF115R SNP (transition) 103808 ACG -> None
m ACA
A Polymorphis 114 ORF116L SNP (transition) 103808 GCC -> None
m GCT
T Polymorphis 2130 SNP (transition) 106507
m
(o] Polymorphis 1106 ORF124R SNP (transition) 110565 C->R TGT -> Substituti
m CGT on
Cc Polymorphis 1496 putative SNP (transition) 110889 S->G AGC -> Substituti
m ankyrin GGC on
repeat
protein
b)
Name Type product Polymorphism Min Amino Codon Protein
Type (original Acid Change Effect
sequence) Change
A Polymorphism  ORF002R SNP 1925 F->1 TTT -> Substitution
(transversion) ATT
G Polymorphism  putative DNA  SNP 16403 S->A TCG > Substitution
polymerase (transversion) GCG
(o] Polymorphism  ORF023R SNP 20044 E->D GAA > Substitution
(transversion) GAC
A Polymorphism  ORF023R SNP 21331 D->E GAC > Substitution
(transversion) GAA
G Polymorphism  ORF023R SNP 21335 Q->E CAG -> Substitution
(transversion) GAG
(o] Polymorphism  ORF033L SNP 30245 Q->E CAG -> Substitution
(transversion) GAG
A Polymorphism  ORF036R SNP 36128 S>T TCA -> Substitution
(transversion) ACA
G Polymorphism  ORF040L SNP 40452 Q->P CAA -> Substitution
(transversion) CCA
c Polymorphism  ORF049R SNP 47069 T->P ACT -> Substitution
(transversion) CCT
C Polymorphism  ORFO055L SNP 49792 H->Q CAT -> Substitution
(transversion) CAG
G Polymorphism  ORFO075L SNP 70827 E->Q GAG -> Substitution
(transversion) CAG
G Polymorphism  ORF084L SNP 78607 E->D GAA > Substitution
(transversion) GAC
c Polymorphism  ORF102R SNP 91711 K->N AAA -> Substitution
(transversion) AAC
G Polymorphism  ORF119L SNP 107329 Q->H CAA -> Substitution
(transversion) CAC
A Polymorphism  ORF122L SNP 109482 N->Y AAC -> Substitution
(transversion) TAC
A Polymorphism  ORF001L SNP (transition) 1180 H->Y CAC -> Substitution
TAC
A Polymorphism  ORFO002R SNP (transition) 1437 R->Q CGA -> Substitution
CAA
Cc Polymorphism  ORF010L SNP (transition) 9039 T->A ACA -> Substitution
GCA
Cc Polymorphism  putative DNA  SNP (transition) 15309 V->A GTG > Substitution
polymerase GCG
T Polymorphism  ORF022L SNP (transition) 18024 S->N AGC -> Substitution
AAC
A Polymorphism  ORF023R SNP (transition) 20006 E->K GAG -> Substitution
AAG
G Polymorphism  ORF023R SNP (transition) 20742 H->R CAC -> Substitution
CGC
Cc Polymorphism  ORF033L SNP (transition) 30916 K->R AAA -> Substitution
AGA
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B) Supplementary figures

Supplementary Figure 1. The structure of an in-house created adaptor for
holding syringes, to facilitate pumping water to filter.

Supplementary Figure 2. Scatter plot showing concentration of ISKNV
detected by ddPCR from water filters.
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Supplementary Figure 3. Gel electrophoresis images showing amplicons
produced by tiled PCR for ISKNV for: a) Water samples b) Tissue samples.
1.5% agarose gel was used to visualize the PCR products, with expected bands
at 2kb. L, DNA ladder (1kb and1kb Plus) (New England Biolabs).
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Supplementary Figure 4. Mutational frequencies within the genomes of ISKNV
from fish tissues sampled from Lake Volta, Ghana, since 2018 (All ORFs);
Heatmap shows the percentage of mutations per gene (ORF), represented on the x axis.
Genes with no mutations are included and genomes with less than 80% genome
recovery and including all the ORFs.
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4. Evaluation of a tiled PCR method for a segmented

RNA virus affecting the growth of tilapia

aquaculture for more than a decade- Tilapia Lake

Virus

Abstract:

Tilapia Lake Virus (TiLV) is a segmented, negative sense single stranded RNA
virus, belonging to the family Amnoonviridae. Since its first reporting, TiLV has
been identified in 16 tilapia-producing countries, and it is believed that more than
45 countries are at high risk of TiLV (FAO 2017; Debnath et al. 2020; Aich et al.
2022). Determining the provenance of TiLV and tracking its movement across
borders are crucial elements for minimising the impact of this disease on farmed
and wild fish populations, where effective diagnostics and rapid sequencing
methods for surveillance can play an essential role for reducing its spread
(Chaput et al. 2020; Delamare-Deboutteville et al. 2023). However, despite the
huge socio-economic impact of TiLV, there are currently only a few published
whole genomes of this virus, severely affecting the prediction of its origin,
evolution, and epidemiology (Abbadi et al. 2023).

Here we developed a tiled PCR approach for full whole genome sequencing of
TiLV by generating tiles of amplicons for each segment, in a similar approach for
ISKNV previously described in Chapter 3. We compared this method to short-
read sequencing approaches through the (re)sequencing of samples previously
collected from Bangladesh (Chaput et al. 2020), and to samples collected from
two farms in Thailand. The tiled PCR approach was able to differentiate between
samples according to country and farm, highlighting its potential for use for infield
real-time genomic surveillance tool for the tracking and in turn control and

containment of TiLV.
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4.1 Introduction:

Tilapia are increasingly important to domestic and global food security, yet there
has been ~260 000 tonnes of decline in world produce, primarily reflected
production drops in Indonesia and Egypt which were, respectively, the second
and third largest producers, accounting for nearly 40 percent of world production
in 2020 (Cai 2022). A wide range of bacteria, fungi, protozoa, and viruses have
been described as a challenge to tilapia’s growth. While bacterial and fungal
infections have been addressed through the use of antibiotics or topical
treatments, no specific therapy has been described for viral infections of tilapia.
Viruses were not implicated as substantive threats until 2009, when massive
losses were described in Israel and Ecuador (Bacharach et al. 2016).

4.1.1 Outbreaks of TiLV

The first recorded outbreak of TiLV occurred in lIsrael, when Eyngor and
colleagues reported a syndrome comprising lethargy, endophthalmitis, skin
erosions, renal congestion, ocular alterations, and encephalitis, with
transmissibility of disease from affected to naive fish (tilapia). TiLV was identified
as a novel orthomyxo-like virus and it now poses a global threat to tilapia
aquaculture (Eyngor et al. 2014; Bacharach et al. 2016). Since the first recorded
outbreak, TiLV has now been reported in other major tilapia producing countries,
including Ecuador (Bacharach et al. 2016), Egypt (Nicholson et al. 2017; Fathi et
al. 2017), and Thailand (Pulido et al. 2019). A number of tilapia species have
been reported to be affected by TiLV, such as Nile tilapia (O. niloticus); red tilapia
(Oreochromis sp.); hybrid tilapia (O. niloticus x O. aureus), and various species
of wild tilapia, causing mortality up to 90%. Moreover, all life stages of tilapia have
been shown to be susceptible (Aich et al. 2022).

The outbreak of TiLV had not been reported to affect any other species in
polyculture systems incorporating tilapia, suggesting the specificity of the disease
only to tilapia, even after long-term cohabitation (Eyngor et al. 2014; Fathi et al.
2017; Behera et al. 2018; Chaput et al. 2020). However, in 2017, TiLV disease

was reported from river carp in Malaysia, increasing concerns that TiLV could
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infect other freshwater fish (Abdullah et al. 2018; Chaput et al. 2020). Moreover,
an experimental challenge with TiLV showed that giant gourami is an additional
susceptible species, with cohabitation between tilapia and giant gourami causing
this cross-species transmission (Jaemwimol et al. 2018). Co-infection of different
bacterial pathogens in TiLV infected fish has been reported, that include but are
not restricted to Aeromonas spp., Flavobacterium spp. and Streptococcus spp,
with Aeromonas spp. being more frequent than with other bacterial species
(Abdullah et al. 2018; Aich et al. 2022).

In Thailand, in 2016 & 2017, severe die-offs were observed in red tilapia
fingerlings during the first month after being transferred into floating cages, and
within hatcheries. Bacterial infection was initially suspected, but disease
surveillance confirmed that the disease outbreaks in farmed tilapia was
associated with TiLV (H. T. Dong, Siriroob, et al. 2017). In the same year (2017),
following a severe tilapia mortality event in Bangladesh, the presence of TiLV was
confirmed (Chaput et al. 2020). Between 2020-2021 a study by Piewbang et al,
described a coinfection of Tilapia parvovirus TiPV with TiLV, in multiple
independent farms in Thailand causing significant losses (Piewbang et al. 2022).

4.1.2 TilLV Characteristics:

TiLV is an enveloped, segmented, negative sense single stranded RNA virus,
which was initially proposed to belong to the family Orthomyxoviridae, due to
similarities in the structure of its segment termini. Subsequently TiLV has been
placed in a new family, Amnoonviridae, with the Linnaean classification Tilapia
tilapinevirus. 1Its genome length is 10,323 bp and it contains 10 genome
segments, encoding 14 predicted proteins (Aich et al. 2022; Chaput et al. 2020).
The largest segment, segment 1, contains a predicted protein with weak
homology to the PB1 subunit of influenza C virus, an orthomyxovirus (Bacharach
et al. 2016). The other nine segments show no recognizable homology to other
viruses but have conserved, complementary sequences at their 5’ and 3’ termini,
consistent with the genome organisation found in other orthomyxoviruses
(Bacharach et al. 2016). Electron microscopy has revealed that TiLV are

enveloped icosahedral particles of 55 to 75 nm (Figure 1), with sensitivity to
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organic solvents (ether and chloroform) indicating that TiLV is an enveloped virus
(Eyngor et al. 2014). The first TiLV genome was sequenced using a shotgun

transcriptome approach on an lllumina sequencing platform (Bacharach et al.
2016; Al-Hussinee et al. 2018).

Figure 1. Transmission electron micrograph of TiLV infected E-11 cells. High
magnification of a free virion showing a round enveloped viral particle with 60 to 80 nm
diameter (Tattiyapong, Dachavichitlead, and Surachetpong 2017).

4.1.3 Clinical symptoms:

Many of TiLV’s clinical signs are similar to other viral infections in tilapia and
subclinical infection of TiLV has also been reported, creating challenges for early
diagnosis. Mortality in tilapia populations with corneal opacity can be considered
one of the common signs of this disease (Aich et al. 2022). Other clinical
symptoms include anorexia, poor body condition, abnormal swimming, bilateral

exophthalmia, congestion, scale protrusion, severe anaemia, skin erosion, pale
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coloration of gills, and swollen abdomen (Eyngor et al. 2014; Tattiyapong,
Dachavichitlead, and Surachetpong 2017). The most common microscopic
lesions associated with TiLV infections include hepatitis and encephalitis lesions
(Al-Hussinee et al. 2018). In situ hybridization indicates TiLV replication and
transcription at sites of pathology in the liver and central nervous system of
diseased tilapia (Bacharach et al. 2016).

4.1.4 Transmission

TiLV viral particles are detected in the reproductive organs, serum, and eggs of
Tilapia (fertilised and unfertilised). An intragastric route is predicted to be the
prime route of infection, as the intra peritoneal route needs to pass the first line
of defence before entry into the body (Aich et al. 2022). The cohabitation mode
of transmission described by Eyngor and et al, demonstrates the ability of TiLV
to spread via the water environment. Relatively high mortality rates have been
observed for both the intraperitoneal and waterborne routes. Fish surviving initial
mortality events however have been shown to then be immune to further TiLV
infections, suggesting the mounting of an adaptive immune response (Eyngor et
al. 2014).

TiLV disease is highly contagious and spreads through both horizontal and
vertical transmission. Adult tilapia may have asymptomatic infections and act as
asymptomatic carriers that pass the virus to their offspring (Aich et al. 2022).
Vertical transfer has been demonstrated by Dong et al, suggesting that TiLV
causes systemic infection in tilapia broodstock, with the virus able to spread into
the reproductive organs. Subsequently, the fertilised eggs from infected
broodstock tested positive for TiLV (Ha Thanh Dong et al. 2020). Rapid and
accurate detection of this virus is crucial for selection of fish broodstock, in view
of the vertical transmission possibilities from parents to offspring (Taengphu et
al. 2020). This is particularly important for farmers importing tilapia seed
(eggs/embryos) from TiLV reported countries, increasing the risk of cross-country

and potential cross-continents spread of the virus (Aich et al. 2022).
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4.1.5 Diagnostic tools:

TiLV has been successfully isolated and propagated using a variety of cell lines,
and electron microscopy has been used to directly demonstrate the presence of
TiLV virions or nucleic acid. Despite the strength of using cell culture methods as
a primary diagnostic tool for TiLV, it is laborious, time consuming and requires
specialist training and facilities. Conventional PCR assays require post-PCR
processing steps, such as gel electrophoresis and PCR product purification, and
are not as sensitive and specific as RT-qPCR approaches (Waiyamitra et al.
2018). Several sensitive and rapid molecular diagnostic tools have been
published for early detection of the virus, including reverse transcriptase
polymerase chain reaction (RT-PCR), reverse transcriptase quantitative
polymerase chain reaction (RT-qPCR) (Tsofack et al. 2017), and loop-mediated
isothermal amplification (LAMP) (Yin et al. 2019; Aich et al. 2022).

RT-gPCR for the detection of viruses is advantageous because of its quantitative
nature, high sensitivity, specificity, scalability and its rapid time to result
(Waiyamitra et al. 2018; Aich et al. 2022) (Aich et al. 2022). Various nested and
semi-nested RT-PCR assays have been developed focusing on segment 3 of
TiLV, and this is becoming the most widely sequenced segment due to its use for
detection of the virus. To avoid amplification of fish genes, Dong et al proposed
a semi-nested PCR, which was a modification of the nested protocol of Kembou
Tsofack et al. (H. T. Dong, Siriroob, et al. 2017; Tsofack et al. 2017; Waiyamitra
et al. 2018; Chaput et al. 2020). In addition, Waiyamitra et al created a sensitive
and specific TagMan probe-based RT-qPCR assay targeting segment 3 of TiLV,
for the detection of TiLV in field samples (Waiyamitra et al. 2018). Other studies
have developed new semi-nested RT-PCR methods by designing primers from
highly conserved regions of TiLV genome segment 1 for disease diagnosis and

surveillance (Taengphu et al. 2020).

Virus genomics have been used to investigate infectious disease outbreaks for
decades, with the high rates of mutation and replication creating novel variants
across short timescales (Grubaugh, Ladner, et al. 2019). A total of 548 genome
sequences of TiLV segments have been reported, and analyses of these
sequences have led to a better understanding of how TiLV evolves and spreads
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across regions (Thawornwattana et al. 2021). Nucleotide substitution rate per site
per year for TiLV is comparable with other RNA viruses (Verma et al. 2022). RNA
viruses undergo rapid evolutionary changes due to the absence of proofreading
in their RNA polymerases (Steinhauer, Domingo, and Holland 1992).
Phylogenetic analysis can reconstruct chains of transmission, and evidence of
TiLV’s global spread has been based on phylogenetic analysis of short

sequences from a single segment.

As a segmented virus, TiLV is capable of undergoing reassortment, where
multiple strains of viruses with segmented genomes co-infect the same host cell
and exchange their genetic materials (Chaput et al. 2020; Thawornwattana et al.
2021). Previous studies with limited sequence data have stated the absence of
reassortment in this virus. However, most of the TiLV reported sequences are
partial genomes, and analysis of individual genomic segments may limit
interpretation of how TiLV evolves (Thawornwattana et al. 2021). Chaput et al
performed phylogenetic analysis of the ten segment coding regions of TiLV
collected from Bangladesh, placing the circulating strain in a clade with two
isolates from Thailand, separate from the Israeli and South American isolates.
Phylogenetic analysis of individual segments gave conflicting results, sometimes
clustering the Bangladesh strain with one of the Israeli isolates, and splitting pairs
of isolates from the same region. This suggests that the predicted phylogeny of
TiLV isolates depend on the segment sequenced, and that reassortment is
common in TiLV (Chaput et al. 2020), and is the dominant force for its evolution
(Verma et al. 2022). Due to the inherent nature of segmented viruses, it is
impossible to generate a single, complete viral genome with few small
overlapping PCR amplified regions (Delamare-Deboutteville et al. 2023).
Additionally, conventional NGS techniques cannot determine the 5' and 3'
terminal sequences of the RNA viral genome. Therefore, in whole genome
sequencing approaches, there is an additional loss of unsequenced regions, and
this is proportional to the number of segments (Misu et al. 2023). Tools, such as
the Primal Scheme software, which are used to generate primers for recovering
full viral genomes, have yet to be adapted for segmented viruses.

Given the significant impact of TiLV on the tilapia aquaculture industry, there is a

critical need for more robust genomic surveillance to facilitate better management
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and tracking of this virus (Delamare-Deboutteville et al. 2023). Here, a tiled PCR
for WGS was developed for TiLV using samples from two different countries for
a phylogeographic study. To our knowledge, this is the first attempt to use the
Artic pipeline for a segmented virus, with tiles crossing individual segments, by
creating two separate pools. This tool enables real-time tracking of TiLV to

improve genomic surveillance and control, especially in remote regions.

4.2 Methods and Materials

4.2.a TiLV Samples from Bangladesh:

1. Samples and total RNA extraction

As an initial development and testing for the tiled PCR method for TiLV, we
selected samples collected from Bangladesh, from one affected farm. Samples
were collected by members of our lab group in July 2017, in response to reports
of high tilapia mortality in a village in Trishal Upazila, Mymensingh District
(Chaput et al. 2020). The farmer reported that over the previous 20 days, 15
tonnes of tilapia had been lost across a 28-hectare farm. Following sample
collection, fish were terminated via Schedule 1 process, and dissected on-site.
Samples were stored in RNAlater (Ambion Inc., Austin TX, USA) and kept at
ambient temperature until arrival in the UK, where they were stored at —20°C until
processing. Tissue Samples were processed by RNA extraction from < 20 mg
fish tissues (Fish1 R2-heart, Fish1 R3-liver, Table 1), using the RNeasy Mini kit
(Qiagen, Venlo, Netherlands), following the manufacturer’s protocol for RNAlater-
fixed animal tissues. RNA was eluted in 50 uyL RNase-free water, quantified by
spectrophotometry on a NanoDrop ND-1000 (NanoDrop Technologies Inc,
Wilmington DE, USA) and stored at —80°C.
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Table 1. List of infected TiLV fish, collected from Bangladesh (Chaput et al. 2020);
organs used for RNA extraction, weight and total RNA concentration are listed for each

sample.

Fish farm  Sample Organ Tissue RNA conc A260/280 A260/230

(mg) (ng/uL) ratio ratio
F1 F1R2 heart 6 286.6 2.14 1.93
F1 F1R3 liver 8 944.0 2.15 2.09

2. Reverse transcription

To prepare cDNA from the TiLV RNA samples, 1 ug of RNA was initially treated
with RQ1 RNase-Free DNase (Promega) in a total volume of 10 yL for each
reaction, and incubated for 30 min at 37°C. DNase was inactivated with 1 yL of
RQ1 Stop Solution and a 10 minute incubation at 65°C. Reverse transcription of
TiLV RNA was carried out with M-MLYV reverse transcriptase (Promega, Madison
WI, USA), by adding 1 pl of random hexamers to each reaction. This was followed
by a 5 min incubation at 70°C (melts secondary structures within the template),
with immediate cooling on ice for 2 min (prevents secondary structures from
reforming). A mastermix was created by adding 5 pl M-MLV 5x reaction buffer, 2
Ml ANTP mix (10 mM), 5 yl water, and 1 pul M-MLV reverse transcriptase (@ 200
units/pl). This was added to the treated sample, with gentle mixing followed by
brief centrifugation. Samples were incubated for 60 min at 37°C and the reaction
was inactivated by heating for 10 min at 70°C.

3. Primer design for a tiled PCR for TiL V:

Primers were designed to produce amplicons that span the full TiLV genome.
PrimalScheme (v 1.3.2) was used to produce primers for each segment
individually, using a multiple sequence alignment generated by (Chaput et al.
2020). This alignment was generated from six complete or near-complete TiLV
genomes that were publicly available from NCBI, listed in Table 2. Genomes were
used to construct alignments of the full coding region of each segment, missing
the segment termini. Primers were designed to target 325 bp amplicons for each
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TiLV segment, except segment 7 (330 nt amplicons), seg 9 (352 nt), and seg 10

(271 nt). Size selection was adjusted according to the software, as it failed to

produce the exact size selection for each segment. This produced 68 individual

primers (34 primer pairs) spanning the full TiLV genome (Supplementary Table

1). A schematic diagram of the primers’ locations on the TiLV reference genome

are also shown in Figure 2.

Table 2. List of sequences used for generating a sequence alignment to produce

tiled PCR primers; the NCBI number and the countries they were collected from are

listed.
Sample ID Accession no. Country Reference
TIL-4-2011 KU751814-82 Israel (Bacharach et al. 2016)
AD-2016 KU552131-142 Israel (Bacharach et al. 2016)
™1 KX631921-936 Thailand  (Surachetpong et al. 2017)
WVL18053-01A | MH319378-387 Thailand (Al-Hussinee et al. 2018)
EC-2012 MK392372-381 Ecuador (Subramaniam et al. 2019)
F3-4 MK425010-019 Peru (Pulido et al. 2019)
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Figure 2. A schematic diagram of the location of the multiplex primers for TiLV shown on the full reference genome. Primers were
generated for all 10 segments using the Primal Scheme software and are visualised in Geneious Prime (v. 2022.1.1). Failing primer pairs

are listed in red, while the segments are separated by blue rectangles across the genome.
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Reversed transcribed TiLV was used to individually test each primer by following
the nCoV-2019 sequencing protocol v3:

https://www.protocols.io/view/ncov-2019-sequencing-protocol-v3-locost-

bh42j8ye?step=6 (accessed on 29 August 2020). Primers were prepared at 10

MM working stocks, and two primer pools were generated (Pool A and Pool B),
containing odd and even numbered primer pairs, respectively, at 15 nM
concentration per primer. Individual primer pairs were tested using a PCR
reaction of 12.5 pL of 2x NEBNext Mastermix (NEB); 1.28 uL of each 10 uM pool
(final conc. of each primer 15 nM) and 3 pL of cDNA. Finally, 5.5 pL of NFW was
added for a total reaction of 25 pL. PCR conditions were: 98°C for an initial heat
activation for 30 s, 15 s at 98°C for denaturation, followed by a 65°C for annealing
and extension step for 5 min for 30 cycles. Amplicons were visualised by gel
electrophoresis, using a 1.5% agarose, at 100 V for 50 min. Four out of 34 primer
pairs failed to produce a product of appropriate size. The Agilent TapeStation
system was used to confirm the failing of the four primer pairs, with primer 2
segment eight as a positive control.

Tiled PCR was performed for pools A and B for each sample, using 0.5 pL of Q5
Hotstart High-Fidelity Polymerase (NEB), 5 uL Q5 Reaction buffer (NEB), 0.5 pL
of dNTP (10uM), and a final concentration of primer A or B at 15 nM for each
primer. A total of 2.5 uL of cDNA was added to each pool, and NFW was added
for a total reaction mix of 25 yL. PCR conditions were the same as above. The

concentration of the amplicons of each pool are listed in Table 3.

4. Library Preparation and Sequencing:

Generated amplicons for pools A & B for each sample were quantified using a
Qubit dsDNA broad range kit (Invitrogen, Waltham, MA, USA), combined and
assigned a barcode for multiplexing. Library preparation was carried out following
the native barcoding of amplicons with EXP NBD104 and SQK-LSK109 protocol:
version NBA 9093 v109 revD_12Nov2019. Equimolar amounts of each
barcoded sample were pooled and taken forward for the adaptor ligation step
using a total volume of 60 uL of DNA. An amount of 5 uL of Adapter Mix Il (AMII),
25 pL of Ligation Buffer (LNB) and 10 yL of T4 DNA Ligase were all added to the
barcoded DNA. The reaction was incubated for 10 min at room temperature, and
a 0.5x AMPure XP bead clean-up was performed, followed by 2 x 250 pL of Short
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fragmented buffer (SFB) (ONT) washes. The pellet was resuspended in 15 pL of
Elution Buffer (EB) (ONT) for 10 min at 37°C, and quantified (Table 3).

Table 3. Concentration of TiLV following tiled PCR and library preparation for

sequencing of samples collected from Bangladesh.

Fish Sample Barcode Pool Amplicon conc. Final Library

Farm (ng/uL) (ng/uL) (A &

B)

F1 F1R2 10 A 55.6 41.8
B 46

F1 F1R3 11 A 29.6 25
B 40.8

Neg - 12 - Too low Too low

A total of 585.2 ng of the adapter ligated cDNA was loaded onto a MinlON flow
cell with 785 detected pores. Sequencing was performed for 72 h, with real-time

super high accuracy base calling using the Oxford Nanopore Guppy tool (v.

6.5.7). Adapter trimming was performed, and samples were demultiplexed using

guppy_barcoder. Reads below 200 bp in length and above 450 bp were removed.

A complete TiLV reference genome was generated from concatenating each

reference genome segment from NCBI (Table 4), and amplicons were mapped

against it using minimap2 (v.2.17). Genome coverage was visualised in Tablet

(v. 1.21.02.08).
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Table 4. List of the concatenated reference genomes for TiLV, to generate a full
reference genome. Size of each segment and their reference number from NCBI are
listed.

Segment Size Reference Location on

genome
Segment 1 1641 NC 029926.1 1-1641
Segment 2 1471 NC 029921 1642-3112
Segment 3 1371 NC 029927.1 3112-4483
Segment 4 1250 NC 029922.1 4484-5733
Segment 5 1099 NC 029923.1 5734-6832
Segment 6 1044 NC 029928.1 6833-7876
Segment 7 777 NC 029924.1 7877-8653
Segment 8 657 NC 029929.1 8654-9310
Segment 9 548 NC 029925.1 9311-9858
Segment 10 465 NC 029930.1 9860-10323
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4.2.b TiLV Samples from Thailand

1. Samples

Tilapia tissue samples of the liver and brain were collected in December 2022,
from two different farms in Thailand (Table 5, Figure 3 & 4). Tissue samples were
preserved in RNALater and kept at -20°C and shipped to the University of Exeter

ondry ice.

Figure 3. Location of tilapia fish farms in Thailand. Samples collected from two
different farms in shown in white circles. Photo credit: Stephanie Andrews.
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Table 5. Location of fish farms in Thailand, fish stage and clinical symptoms of

sampled fish.

Farm Fish Pond/ Region Sample Species Clinical Sign
ID Case details

1 ID1| Pond| Thang Chang, Nursing Red Brain necrosis, tail rot, eye

ID21 Pond Bang ban, pond, fish Tilapia shrinkage and

D3| Pond Ayuthaya, aged 30-40 hemorrhagic opercula
Thailand days

2 ID4| Case Wat Taku, Grow out, Red Scale protrusion, liver

ID5| Case Bang Ban, Fish aged Tilapia pallor, excess fluid in

D6 Case Ayuthaya, 45-60 days abdominal cavity, swollen

D7 Case Thailand gallbladder with 2-3% daily

ID8| Case mortality

133



Figure 4. a). Fish farms and sampled fish from Thailand, showing clinical

symptoms. Farm 1: Thang Chang region; ponds (1, 2); fish showing clinical symptoms
of eye shrinkage (3), and tail rot (4).
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Figure 4. b). Fish farms and sampled fish from Thailand, showing clinical
symptoms. Farm 2: Wat Taku region; case in river (1,2); clinical symptoms are shown
as: excess fluid (3), and scale protrusion (4); (Photo credit: Partho Debnath).
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5. RNA extraction and reverse transcription

For lysis and homogenisation of samples, a TissueLyser Il instrument (Qiagen,
Venlo, Netherlands) was used for an approximate of 10 gm of tissue (liver and
brain) and was carried out in a 2 mL tubes with a single 5 mm diameter steel
bead for 2 x 2 min at 30 Hz. A proteinase K step was necessary for successful
RNA extraction. Following lysis in 600 pL buffer, 400 uL lysate was mixed with
787 pL RNase-free water and 13 pL proteinase K solution (>600 mAU/mL,
Qiagen, Venlo, Netherlands), then incubated at 55°C for 10 minutes. Following
centrifugation at 10000 x g for 3 minutes, supernatant was moved to a clean tube,
mixed with 0.5 vols 100% molecular grade EtOH (Thermo Fisher Scientific, Inc.,
Waltham MA, USA), and loaded onto a micro-RNeasy spin column, with the
subsequent washing and elution steps as described in the RNeasy Micro
protocol. Samples were kept at -80 °C until further processing. Luna script (NEB)
was used to convert 1 ug of total RNA to cDNA, and the samples collected from

this outbreak were quantified using a NanoDrop.

6. TiLV Semi-nested PCR protocol:

A semi-nested PCR was performed using primers designed from highly
conserved regions of TiLV ~ segment 1: TiLV/nSeg1F; 5-
TCTGATCTATAGTGTCTGGGCC-3' and TiLV/nSeg1R; 5'-
AGTCATGCTCGCTTACATGGT-3' (Taengphu et al. 2020). The expected
amplified product was 620 bp. Primers TiLV/nSeg1F and TiLV/nSeg1R; 5- CCA
CTT GTG ACT CTG AAA CAG -3’ with an expected product of 274 bp were
employed in the second round PCR. The first RT-PCR reaction of 25 pL
composed of 100 ng of RNA template, 400 nM of each primer, 0.5 pl of
SuperScript Il RT/Platinum Taq Mix (Invitrogen), and 1x of supplied buffer.
Amplification profiles consisted of a reverse transcription step at 50 °C for 30 min;
a denaturation step at 94 °C for 2 min, 30 PCR cycles of 94 °C for 30 s, 60 °C for
30 s, and 72 °C for 30 s; and a final extension step at 72 °C for 2 min. 5 pl of
product from the first round PCR was then used as template in the second round
PCR reaction of 25 pl containing 500 nM of primer TiLV/nSeg1F, 600 nM of
primer TiLV/nSeg1RN, 0.16 mM of each dNTP, 0.8 mM MgCI2, 1 unit of Platinum
Taq DNA polymerase (Invitrogen), and 1.2x supplied buffer. Thermocycling
conditions consisted of a 5 min initial denaturation step at 94 °C followed by 30
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cycles and a final extension step described above. Finally, 10 pyL of the amplified
products were analysed by 1.5% agarose gel electrophoresis stained with
RedSafe DNA staining dye.

7. Tiled PCR, Library Preparation and Sequencing:

To generate amplicons that span the full genome, each sample was added to
pools A & B for a tiled PCR, using the same primers mentioned previously, in

Supplementary Table 1.

Equimolar amounts of generated amplicons for pools A & B for each sample were
quantified using a Qubit dsDNA broad range kit, shown in Table 6, and combined,
with each sample assigned to a single barcode. Library preparation was carried
out following the native barcoding of amplicons with EXP NBD104 and SQK-
LSK109 protocol, as mentioned previously. A total of 15 yL of the elute was
retained and adaptor ligated DNA was taken forward for priming and loading onto
the flow cell.

Initially, to test the success of the library preparation, samples were loaded on a
flongle, where 68.6 ng were loaded. This flongle had a low number of pores (60
pores). Subsequently, 1 ug of adaptor ligated cDNA library was loaded onto a
R9.4 MinlON flowcell for better results. This flow cell had 1416 pores and the
sequencing run lasted 72 hours. Reads were basecalled with super high
accuracy base calling, using the Oxford Nanopore Guppy tool (v. 6.5.7). Adapter
trimming was performed, and samples were demultiplexed using
guppy barcoder. Read demultiplexing was performed by requiring barcodes
at both ends, and reads below 200 bp and above 600 bp were removed. Reads
were mapped to the full TiLV reference genome from the NCBI (NC_029926.1)
using minimap2 (v.2.17). The bam file was visualised in Tablet. The Artic pipeline
was then evaluated to produce a consensus genome for all segments for TiLV.
The locations of the primers were added manually to the files produced in the
Primal Scheme software. The sequences of all the left primers were reverse
transcribed to match the reference genome. The Artic pipeline produced a sorted
bam file, using minimap2 (v.2.17), but failed to produce a consensus sequence.
The bam file was subsequently transferred to Geneious Prime to create a

consensus genome. Genome loci with coverage <20x were identified using
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samtools depth to calculate per-locus coverage followed by parsing with a

python script.

A Schematic Diagram of the Workflow for Sample Collection and
Processing. Figure was generated with BioRender (https://biorender.com/).
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4.3 Results

4.3.a TilV Samples from Bangladesh

1. Testing individual primer pairs:

Individual primers were tested using the samples collected from Bangladesh.
Following amplification, 30 out of 34 primers generated a faint band at the
expected location. The failing primer pairs were primer pair 4 of segment 1, 3 of
segment 2, 2 of segment 3 and 1 from segment 8, where two of these were
located near the end regions. Gel images are not provided as they were faint,
and bands were quickly lost due to exposure to UV light. The four primer pairs
that failed to show a band using gel electrophoresis, were revaluated using the
TapeStation for each primer pair, and primer pair 2 of segment 8 was used as a
positive control, shown in figure 5. This showed a faint band for primer 1 of
segment 8 only, and an obvious band for the positive control at the expected

regions.

1 Eli() A1 B1 C1 D1 E1

6000 4
= .

1000 pu— Figure 5. TapeStation image for

TiLV RNA individual primer
200 p— s | pairs failing to amplify. Primer

pairs 1of segment 4, 3 of segment
2, 2 of segment 3 and 1 of
segment 8; 2 of segment 8 was

used as a positive control to the

right.
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2. _Tiled PCR for TiLV

A tiled PCR was performed using primer pool A and pool B, and bands were seen

with gel electrophoresis at the expected sizes (271 nt - 359 nt).

300 bp
200 bp

100 bp.
Ladder

Pool A PoolB Neg

Figure 6. Gel electro-
phoresis image of TiLV tiled
amplicons of sample R2
collected from Bangladesh;
size of amplicons at the
expected region, between 271-
359 bp. First lane: 100 bp
ladder.
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3. Sequencing Results:

A total of 2,745,146 reads were produced. Following basecalling, trimming was
performed, and samples were demultiplexed. The number of reads following
trimming were 641,985 and 712,043 for F1R2 and F1R3, respectively. Reads
were mapped to the concatenated TiLV reference genome (Table 4), using
minimap2 (v.2.17). Genome coverage was visualised in Tablet (Figure 7), and

regions without coverage (60 -120 nt) were seen at the ends of each segment.
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Figure 7. TiLV genome visualised in tablet, showing reads aligned to the TiLV
concatenated reference genome for all segments.
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4.3.b TiLV Samples from Thailand

Three farms in Thailand were tested for TiLV, TiPV, and ISKNV, as part of their
testing routine. Two of the three farms tested positive for TiLV (Figure 8), while

being negative for TiPV and ISKNV. Following RNA extraction, concentration of

total RNA for each sample was measured on a NanoDrop (Table 6), before a tiled

PCR was performed.

Table 6. Total RNA concentration of TiLV, cDNA template added for the tiled PCR

for each pool and the concentration of the final library prepared for each sample.

Fish no. Total RNA Template Library prepared
ng/uL Added uL Barcode cDNA conc. (ng/uL)

ID1 222.3 5 1 9.76

ID2 652.3 1.53 2 14.7

ID3 515 1.9 3 Too low

ID4 2974.6 1 4 21.8

ID5 279.9 3.57 5 16.1

ID6 903.1 1 6 25.8

ID7 1889.5 1 7 20.4

ID8 388.9 2.57 8 8.54

Neg. - 5 9 Too low

A semi-nested PCR was performed on all samples collected from three farms in

Thailand. TiLV was detected in farms 1 & 2, where gel electrophoresis showed

clear bands at the expected sizes for all samples (Figure 8). However, sample

ID3 showed only one band for the nested PCR, missing the band generated from
the first round of the nested PCR.
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ID1 ID2 ID3 ID4 ID5 1D6 ID7 ID8 \

o Al b b e et 620 bp
- G5 = &5 & & - - 274 bp

Figure 8. Gel electrophoresis showing amplicons generated for the detection of
TiLV, from samples collected from Thailand. Samples (ID1 - ID3) for farm 1; samples
(ID4 - ID8) for farm 2; and samples (1-8) for a sampled farm that where TiLV was under
the limit of detection. (N) for negative control; and (P) for positive control, and (M) for the
ladder.

Sequencing Results:

A total of 12.37 million reads were produced using the MinlON flowcell R9.4.
Following basecalling and demultiplexing, the mean and median length for each
sample were calculated (Table 7). Sample ID3 showed to have the lowest number

of reads, confirming low detection of TiLV by semi-nested PCR.
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Table 7. Long read sequencing results of TiLV samples collected from Thailand;

showing the number of reads, median length, and the number of reads after trimming for

each sample.

Fish no. Barcode No._reads Median_length Reads % Genome

(bp) 200-600bp covered > 20x
ID1 BCO1 647891 448 504785 75.1
ID2 BCO02 469845 451 339774 78.2
ID3 BC03 99664 445 92037 69.5
ID4 BC04 514615 450 444993 82.1
ID5 BCO05 298187 456 189277 77.9
ID6 BC06 353454 452 271739 74.9
ID7 BCO7 321543 453 214717 78.2
ID8 BC08 500906 451 359338 64.0

The Artic pipeline was evaluated to produce a consensus genome for all
segments for TiLV. In comparison to previous work with ISKNV, the pipeline
required significant manual editing to run successfully. Locations of the primers
were manually adjusted and sequences of all left primers needed to be reverse
transcribed to match the reference genome. Even with these edits, the Artic
pipeline produced a sorted bam file, using Minimap2, but failed to produce a
consensus sequence. The bam file was used to generate a consensus genome
in Geneious Prime. The Artic pipeline in brief, subsamples the reads to 200x,
trims the primers, and generates a consensus sequence, calling Ns at regions
with less than 20x read depth. On the other hand, Geneious Prime software uses
all the provided reads to generate the consensus genome. Consequently,
consensus sequences from Geneious Prime were manually curated to identify

regions with <20x coverage.

The consensus genomes from both farms from Thailand were aligned to the
concatenated reference full genome using Mafft alignment (Katoh et al. 2002). A
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Neighbour Joining consensus tree was generated in Geneious Prime, using
Geneious Tree Builder, with the Tamura-Nei substitution model with 100

bootstrap branch support.

Farms 1 and 2 showed a clear separation on the phylogenetic tree, forming two
clades clustering according to farm, except for sample ID8 from farm 2, which
clustered separately (Figure 9 (a)). Sample ID8 was removed when generating
the phylogenetic tree in Figure 9 (b), showing two clades clustering according to
farm, without affecting the placement of other samples. All samples were rooted
to the concatenated TiLV reference genome.

a)

TiLV_Reference_2014

— F2_ID8_TiLV_Thai_2022

F1_ID2_TiLV_Thai_2022

F1_ID3_TiLV_Thai_2022

F1_ID1_TiLV_Thai_2022

59

F2_ID5_TiLV_Thai_2022

F2_ID6_TiLV_Thai_2022

F2_ID4_TiLV_Thai_2022

F2_ID7_TiLV_Thai_2022

0.004
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Figure 9. A phylogenetic tree generated in Geneious for the full TiLV genome for
samples collected from two farms in Thailand. Two clades are formed, Farm 1 & 2
are in dark purple and light purple, respectively. a) All genomes were aligned to the TiLV
concatenated reference genome; b) all genomes except sample (ID8). The scale bar

represents the number of substitutions per site.

Additionally, the consensus genomes for TiLV samples collected from
Bangladesh, were generated in a similar way as mentioned previously and
aligned to TiLV samples from Thailand. Whole genome TiLV samples from
Bangladesh showed a clear separation from all other genomes collected from
Thailand (Figure 10). A short read sequenced sample by (Chaput et al. 2020),
from Bangladesh was aligned to the consensus sequences generated by long
read sequencing Samples (F1R2, F1R3) collected from the same farm, using our
tled PCR approach. This sample formed a monophyletic group with TiLV
samples collected from the same farm, confirming long read sequencing in
accurately capturing similar strains as to short read sequencing methods, shown
in figure 10.
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Figure 10. A phylogenetic tree generated in Geneious for full TiLV genome for
samples collected from Bangladesh (in green) and Thailand (in purple); all samples
were sequenced using long read sequencing. In addition, a short read sequenced
genome of a sample collected from the same farm in Bangladesh was added. All
genomes were aligned to their reference genome. The scale bar represents the number

of substitutions per site.

A total of 48 SNPs were seen when aligning the consensus genomes generated
by short read and long read sequenced samples from one farm in Bangladesh.
These consensus genomes were initially generated from bam files aligned to the
TiLV concatenated reference genome. When examining the alignment, SNPs
were mainly located at the termini of the segments. Locations across the genome
with < 20x coverage, were excluded from the analysis. Loci of regions across the
TiLV genome with less than 20x coverage are listed in Supplementary Table 2.
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4.4 Discussion

Following a successful developed method for tiled PCR to produce near complete
ISKNV genomes for a better understanding of its epidemiology, work in this
chapter sought to explore applying this method to TiLV as a very different and
segmented RNA virus, also causing mass mortalities in tilapia since its formal
identification in 2014 (Eyngor et al. 2014).

A total of 34 primer pairs were generated to span the full ten segments of the
TiLV genome. Samples chosen for this study were samples collected in 2017
from Bangladesh, from one farm (Chaput et al. 2020) and samples collected from
Thailand, specifically for this project. Not all amplicons generated had the same
length, as some segments were larger or smaller than the selected size of (325
bp), and therefore size selection was adjusted accordingly. Additionally, when
primers were individually tested, four of these failed to amplify, where one was
located near the segment ends. This was expected, as the primers generated
from the sequence alignment recovered the ORFs of each segment but did not
include the termini of the segments. The other failing primers were located within
the ORFs, and further examination showed a missing region around ~3900-4100
bp (segment 3-primer pair 2) in all TiLV sequenced genomes when using the tiled
PCR method. One SNP was found in both the forward and reverse primers,
located at T4184C and T3869C, respectively, and could be the reason behind
the dropping of this region. On the other hand, in Segment 2-primer pair 3, despite
failing when individually tested, seemed to be recovered when generated with the
tiled PCR. This illustrates that primers need to be continually adjusted as new
mutations may arise and can decrease the efficiency and disable amplification of
some regions (Brejova et al. 2021). In general, samples collected from
Bangladesh had the highest percentage of genome recovery of all sequenced
samples, reaching 84.9%, (lacking mainly coverage at the non-coding termini). In
some TiLV studies, these regions are excluded from the analysis, due to some
similarity to the fish ribosomal sequences (Chaput et al. 2020).

In Thailand, two out of three farms were positive for TiLV. All samples collected
were tested with a semi-nested PCR for segment one. Sample (ID3) from farm
one, showed an absence of a visible band for the first round of semi-nested PCR
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at 620 bp when visualised on a gel. Nevertheless, the tiled PCR protocol for this
samples was able to recover 69.5% of its full genome, including the drop-out
regions of the termini. MinlON sequencing of both positive farms showed that
sample ID3 yielded the lowest number of reads. This could be due to the lower
concentration of TiLV within this sample, and needs to be further addressed when
testing for TiLV. For this protocol a gel electrophoresis might not be a necessary
step, as previous work for ISKNV showed a sufficient number of sequences were
still produced with no visible band at the expected location (Alathari et al. 2023).
A quantitative PCR or ddPCR could assist in detecting the exact number of viral

templates needed for good genome recovery.

Challenges were faced when trying to generate a full consensus genome for TiLV
using the Artic pipeline. Primers were generated using the Primal Scheme
software for each individual segment, therefore files needed to be concatenated
manually for each produced file for all the ten segments. Primers were then
aligned to the TiLV reference genome in Geneious, and showed to be descending
from the end of the genome to the beginning. This in turn has caused the location
of these primers to be listed incorrectly. Moreover, the left primer pair needed to
be reverse transcribed to match the reference genome. This produced several
files while raising an error: List index out of range. Finally, the produced
compressed sorted bam file was used to generate a consensus genome in
Geneious. To test if both generated consensus genomes by the Artic pipeline and
Geneious were similar, a bam file and consensus sequence previously produced
by the Artic pipeline for ISKNV were compared. The consensus genome
produced in Geneious had higher genome recovery, as the Artic pipeline masks
genome positions with < 20x read depth and changes these positions to “N” (an

ambiguous nucleotide) when generating the consensus genome.

When calculating the mean of the total genome recovery when aligned to its
reference genome, this was higher for isolates from Bangladesh than isolates
from Thailand. This could be due to additional mutations in the TiLV genome,
during the five-year sampling gap, as the alignment sequence used to generate
the primers were selected for TiLV genomes were from previous year (between
2016-2019), and therefore may be similar to the TiLV genomes infecting fish
within that period.
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Despite the loss of the termini of the segments, phylogenetic analysis revealed a
clear separation of clades according to location and country. Initially TiLV
collected from farms from Thailand were long read sequenced and aligned to the
reference genome. Two clades clustered according to farm, except for sample
ID8 that clustered separately. Removal of this sample had no effect on separation
according to farm. Although most genomes had drop-out regions in similar
locations, samples of Farm 1 seemed to have a distinct mutation at segment 1
(1099-1259 bp), which contains most predicted proteins. Moreover, sample ID8
was found to have more regions with low read depth, and only 64% of genome
was recovered, which was the lowest in samples collected from Thailand. Most
of the missing regions were in segments 1, 5 and 6, and this may be a result of
mutations occurring at the primer binding locations. Segments 5 and 6 are
predicted to include a signalling peptide, suggesting that the encoded proteins of
these two segments may exist as part of the virus envelope. Vaccine
development has been recently explored focusing on these two segments
(Lueangyangyuen et al. 2022), which may highlights their role in host interactions.

A monophyletic group was formed for samples collected from Bangladesh, and
this group was closer to the reference genome (from 2014) than the samples
collected from Thailand (2022). This highlights the difference in the TiLV genome
according to location and time. Samples from Bangladesh lacked a mutation in
segment 1, located at 368-518 bp, and may be a consequence for clade
separation. A TiLV genome produced from short read sequencing, collected from
Bangladesh, clustered with genomes produced by long read sequencing,
collected from the same farm. This emphasises the equivalence of our developed
method to previously published results. Aligning long read and short consensus
genomes that were generated by mapping to the concatenated reference
genome, produced 48 SNPs. This is expected due to the higher error rate in long
read sequencing. The Artic pipeline overcomes this issue by filtering reads with
< 20x coverage to generate a consensus genome for accurate variant calling,
and therefore the depth of reads with < 20x coverage were identified, and taken
into consideration when calculating the percentage of genome recovery. These

were seen across the full genome, but mainly at the termini of each segment.
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This is the first attempt to use the Artic pipeline for a segmented virus, with tiles
crossing individual segments, by creating two separate pools, which has been an
additional difficulty to generate consensus genomes. The Artic pipeline has been
recently described as a detection method for the clades of another segmented
RNA virus in wild birds in Chile, known as Avian Influenza, using one pool of
primers only (Ariyama et al. 2023). Yet, using one pool of primers could increase
the risk of primer interactions. Therefore, further adjustment to primers will be
needed, and the Artic Network group has suggested adjustments to their software
to include the addition of segmented viruses. Our tiled PCR method has
successfully produced almost complete TiLV genomes, which has been used to
predict its phylogeography, and relatedness to previous TiLV infections. This is a
potential tool to understand the spread and evolution of TiLV. Clustering patterns
cannot be predicted through focusing on a single segment, as it could be
misleading, as previous studies of a single segment showed that it predicts its
phylogeny differently, compared to whole genome analysis (Chaput et al. 2020).
Additionally, this may lead to missing key information of variants of concern
(VOC) that cause increased virulence and transmissibility across non-sequenced
segments. Therefore, it is paramount to compare the full TiLV genomes when

trying to predict their epidemiology.

However, it is important to mention the limitations of our tiled PCR protocol. First,
amplicon sequencing usually generates reads of the most abundant variant at
the time of sampling, with the additional stochastic effect of which templates
amplify in the first few rounds of the PCR (Delamare-Deboutteville et al. 2021).
Second, it generates a consensus sequence that overlooks within-host diversity.
TiLV as an RNA segmented virus results in high genetic diversity, allowing for
rapid evolution and adaptation to local conditions and ecosystems (Skornik et al.
2021). Therefore, Intra-host single nucleotide variation (iISNV) of the virus is more
likely, and it is essential to detect these variations at the population level for
determining rates of adaptation and patterns of transmission.

Finally, whole genome sequencing is undoubtedly the way forward to evaluate
new variants arising, increasing the suitability of genomic surveillance, which is
now feasible and easy to access through portable technologies. Suggesting

easier viral collection methods, such as water concentration using filters,
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mentioned in chapter 3, could be a next step to help contain and control viral
outbreaks in tilapia aquaculture, especially in remote farms with limited access to
routine testing. TiLV collected from water sample could reveal its wider population

circulating the farms, specifically useful for a fast-evolving RNA virus.
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4.5 Supplementary Material

Supplementary Table 1:

Multiplex Primers for TiLV (generated for all 10 segments) using the

Primal Scheme software; the primer melting temperature (tm) for each primer

and the percentage of the GC are listed.

Name Pool Sequence Size %gc tm

(nt) °C
TiLV1_1_LEFT 1 TGTGGGCATTTCAAGAAGGAGT 22 454 60.3
TiLV1_1_RIGHT 1 TGAGCTCAGATGGAGAACTACAC 23 47.8 59.8
TiLV1_2_LEFT 2 TTGTGTGCAAAAGTACCACGCT 22 454 61.7
TiLV1_2_RIGHT 2 ACTAGCAGTAGCGGTGTACACT 22 50.0 61.0
TiLV1_3 LEFT 1 GGTTGCTTTCCTCTGTGGTAGA 22 50.0 60.1
TiLV1_3_RIGHT 1 CAAGGTGGCAGTTGCGTTAAAC 22 50.0 61.2
TiLV1_4_LEFT 2 TGCGTTCTCATCAAAGACACTCT 23 434 60.5
TiLV1_4_RIGHT 2 GAGTCACAAGTGGTCCCCTGAA 22 54.5 62.0
TiLV1_5_LEFT 1 CCTTACTAGGGACGGTGACCTA 22 54.5 60.2
TiLV1_5_RIGHT 1 CCATCAGGGTGCACTTGGTA 20 55.0 59.6
TiLV1_6_LEFT 2 GCCTGGGAGGGAAGACTGTAAT 22 54.5 61.6
TiLV1_6_RIGHT 2 GGTGGGCTGGACTGCTTTATAA 22 50.0 60.5
TiLv2_1_LEFT 1 CATTCAAGGGCAGAACTGAGGT 22 50.0 60.7
TiLV2_1_RIGHT 1 GGCTCATTGACTACCCTGTCTT 22 50.0 59.9
TiLv2_2_LEFT 2 ACTCAGGAGGAAGCAATTGATCT 23 434 59.7
TiLV2_2_RIGHT 2 AACTTAGCATCCTCGACAGCGA 22 50.0 61.9
TiLv2_3 LEFT 1 TGGATTTGTGATAAAAATCGGCGA 24 37.5 59.9
TiLV2_3 RIGHT 1 CTCCTGTGATATGTGGTTAGCTGT 24 458 60.4
TiLV2_4 LEFT 2 CCCACTGCACTAGATCCATTTGG 23 52.1 61.5
TiLV2_4 _RIGHT 2 CTCGGGAGAACGTAATGCCTTT 22 50.0 60.8
TiLv2_5 LEFT 1 TTTCAGTGAGGAACCTTGGACC 22 50.0 60.3
TiLV2_5 RIGHT 1 GTCCTCGTAACCCATCCACTTT 22 50.0 60.2
TiLV3_1_LEFT 1 TTGCACAGCTAACTGGGGTTTT 22 454 61.1
TiLV3_1_RIGHT 1 TGCCTTGTGCCCAACTTTAACA 22 454 61.4
TiLV3_2_LEFT 2 TCTGAGCAAGAGTACCAGCAGA 22 50.0 61.0
TiLV3_2_RIGHT 2 TCTCTATCACGTGCGTACTCGT 22 50.0 61.1
TiLV3_3 LEFT 1 TGCTCAAAGTTCCTCGCCTG 20 55.0 60.6
TiLV3_3 RIGHT 1 GAGGCGGTTGGTCTCCTTTT 20 55.0 60.2
TiLV3_4 _LEFT 2 AGCGATAATACCAGCATACTAGCT 24 41.6 59.6
TiLV3_4_RIGHT 2 GATGACGTCCCATCTTGTCTCA 22 50.0 60.0
TiLV3_5 LEFT 1 AGGGGAGCAAGACTTTGTGAGT 22 50.0 61.7
TiLV3_5_RIGHT 1 CTCGCAAATGGGTGTACTGTCA 22 50.0 61.0
TiLvV4_1_LEFT 1 ACAAAGACTAGTATGGCAGCTGC 23 47.8 61.1
TiLV4_1_RIGHT 1 TATAAGGCTCCTTCCGACCCTC 22 54.5 60.9

157



TiLV4_2_LEFT 2 GAAGAGAGAGAGGGAGAACGCT 22 54.5 61.1
TiLV4_2_RIGHT 2 AGCACGATAGGAATCCCCACTC 22 54.5 61.7
TiLV4_3_LEFT 1 CGTCAGTTTGGTTGCTCTCGA 21 52.3 60.9
TiLV4_3_RIGHT 1 AACAACACCAATACTCCCGTCC 22 50.0 60.7
TiLV4_4_LEFT 2 TGCAGATAGGTGACCAGGTCA 21 52.3 60.6
TiLV4_4_RIGHT 2 TATCTTCCAACAGCCCCTGC 20 55.0 59.7
TiLVS_1_LEFT 1 GACTCCAATAGCTATGCAGGCG 22 54.5 61.3
TiLVS_1_RIGHT 1 TCAGTAGCTCTCCAATCACCTCT 23 47.8 60.5
TiLVS_2_LEFT 2 GCAGTACCTAACAGCTTCCCAG 22 54.5 60.8
TiLV5_2_RIGHT 2 AACACCCATGCCAATTGCTACT 22 454 61.0
TiLVS_3_LEFT 1 GCCGAAGTCGTTTGTAGTAGCA 22 50.0 61.1
TiLV5_3_RIGHT 1 CACCAGGTAATAGACAAACTTATATTTCTCT 31 32.2 60.2
TiLV5_4_LEFT 2 GCTCGATTAAATCCCTCGTCTGT 23 47.8 60.7
TiLV5_4_RIGHT 2 GAAGCAGAGGGACTTCGTCATC 22 54.5 60.9
TiLV6_1_LEFT 1 TGCATTTTTATCTACAGGATTGTCCA 26 34.6 59.5
TiLV6_1_RIGHT 1 CAGTTCAGATGATGGAGTTCCCC 23 52.1 60.9
TiLV6_2_LEFT 2 AACGAAGTCATAGACTCAGGTGG 23 47.8 60.0
TiLV6_2_RIGHT 2 CACGCGACATTAGCATACAGGT 22 50.0 61.2
TiLV6_3_LEFT 1 GCTCTAAACTGTTTGAGACATCGC 24 45.8 60.7
TiLV6_3_RIGHT 1 AAGCAACTTCATCCTGCATCGC 22 50.0 62.2
TiLV6_4_LEFT 2 ACGGCTTCAGAACTGAATACAAGT 24 41.6 60.8
TiLV6_4_RIGHT 2 TCACATGTATTTATTGATTTTACAGCAGGA 30 30.0 60.7
TiLV7_1_LEFT 1 TGTCCTACAAGATTGGTGAGCTT 23 43.4 59.9
TiLV7_1_RIGHT 1 ACAGAGATGCATGTCCCCTTTG 22 50.0 60.8
TiLV7_2_LEFT 2 AGTATGAAGTGAGCCCCGGATT 22 50.0 61.4
TiLV7_2_RIGHT 2 AGGGATTGGCACTAACCCAACT 22 50.0 61.8
TiLV8_1_LEFT 1 CAACACTAAGAGAGGGCCAAGG 22 54.5 60.8
TiLV8_1_RIGHT 1 AGGTACTGTTTCCGATTGAATTCAAA 26 34.6 59.9
TiLV8_2_LEFT 2 CTTGTTAAGCACGCCGGCAT 20 55.0 61.9
TiLV8_2_RIGHT 2 TTCACGGAAATGGTTGATAGCAG 23 43.4 59.5
TiLV9_1_LEFT 1 TGTCACGATGGATAGAAAATACAGATTC 28 35.7 60.1
TiLV9_1_RIGHT 1 GCCAGCCATGTCAGATATCCTC 22 54.5 60.8
TiLV10_1_LEFT 2 AGTGTGGCAGATTATTTGTCAAGTG 25 40.0 60.4
TiLV10_1_RIGHT 2 AGACTGCACGTCAAGAGACTTC 22 50.0 60.4
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Supplementary Table 2:
List of the location of reads with less than 20x coverage across the TiLV

genome.

Sample
D F 1#;‘_’ F 1#2 w1 | w2 | w3 | s | w5 | s | b7 ID8_
ST T v | v | v | v | mv | v | v TiLV
Country . . ) . . . . :
BD BD Thai Thai Thai Thai Thai Thai Thai Thai
5179- 6607-  6753-
Regions | 130 | 32| 183 | 13| 1as| 1as| a5 | tes [ tss| 1as ST s2rs ST O
with <20 | 1593- | 1593- | 378- | 368- | 370- 368- | 369- 368-  5191- 6758-
read 1878 | 1878 | s18| s18| s18| 32| s18| 392 | 88| 518 s19a 5281 6618 a5
depth | 3052- | 3052- | 1099- | 1099- | 8a7- | .| 847 | at0-[tses- | o s197- .. 6628- 7373
3174 | 3167 | 1259 | 1250 | 1259 1020 | 482 | 1878 5199 6629 7528
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Supplementary code 1: The code used to determine read depths less than

20x coverage.

lines = !samtools depth -a [sorted.bam File produced by the Artic pipeline]

coverage = [(intCy[2]), int(y[2])) for y in [x.split('\t') for x in lines]]

cautious_loci = [x[@] for x in coverage if x[1] <20]

def

def

group_consecutive_numbers(numbers):

groups = []
current_group = []

for num in sorted(set(numbers)):
if not current_group or num == current_group[-1] + 1:
current_group.append(num)
else:
groups.append(current_group)
current_group = [num]

if current_group:
groups.append(current_group)

return groups

format_groups(groups):
formatted_groups = []
for group in groups:
if len(group) == 1:
formatted_groups.append(str(group[@]))
else:
formatted_groups.append(f"{group[@]}-{group[-1]3}")
return formatted_groups

consecutive_groups = group_consecutive_numbers(cautious_loci)

formatted_groups = format_groups(consecutive_groups)

formatted_groups
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5. The experience of an epidemioloqgical study for in-
field genomic surveillance for an ISKNV outbreaks
in Ghana

Low-Income Food-Deficient Countries are particularly vulnerable to threats to
food security and are most likely to benefit from the capacity for real-time
epidemiology. Yet, they are the least likely to have access to centralised
sequencing. This shortfall means that there are long delays in obtaining results,
where rapid analysis of the sequencing information is essential for early
interventions. Since the development of the MinlON sequencer, the potential for
field-based sequencing has been promising, with the tagline of Oxford Nanopore
Technologies (ONT) stating "To enable the analysis of anything, by anyone,
anywhere". Despite this, the adoption of field-based sequencing of diseases has
been relatively slow, with a primary focus on human infections, with much of the

work carried out by a handful of research groups.

The potential barriers to field-based sequencing include lack of expertise, access
to lab equipment in remote settings, unreliable power, difficulty in maintaining
cold-chain for reagents, no access to internet connection and cutting-edge
computers for processing large data sets. Also, a barrier of cost and lingering
doubt over error rates has hindered its adoption. Until these issues are resolved,
and a greater number of case studies are published to guide future efforts, it is
unlikely that real-time genomic surveillance using portable sequencing will

achieve its full potential.

In this chapter, | outline my efforts to evaluate real-time sequencing of Infectious
spleen and kidney necrosis virus (ISKNV) in the field during a trip to Ghana. |
describe the issues through first-hand experience of the challenges of field-based
sequencing and offer a perspective on how best to overcome these challenges

in the future.
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5.1 Section 1 - Designing a portable field kit

The equipment used for preparing samples for DNA extraction, library
preparation and sequencing are usually available in most molecular labs. This
includes a thermocycler, vortex, centrifuge, and cold storage. To create a
portable genomic surveillance system, smaller size equipment was transported
to Ghana using a Pelicase (Peli Products, UK), carrying a portable thermocycler
machine (Mini16 Thermal Cycler) (Figure 1), and a miniGel electrophoresis
device, both by MiniPCR (Amplyus, Cambridge, MA, USA), a mini centrifuge and
mini vortexer. The Pelicase included reagents transported at ambient
temperature: PEG, NaCl, syringe filters as back up plans for viral concentration
of water samples; a handheld Quick grip for water filtering; a DNA extraction kit
(Qiagen); dissecting kits, Tricaine (MS-222), and different sizes of LoBind
microcentrifuge tubes. The following reagents were transported on ice blocks to
maintain temperatures < 0°C during transport: pre-designed primers, polymerase
and library prep reagents. The following reagents were transported on cool packs
to maintain temperatures ~4°C: AMPure XP beads; a 1kb ladder (NEB) and
positive controls for ISKNV extracted DNA.

A laptop, portable compact sequencing devices (an MK-1B: a small sequencing
device that operates on a laptop; and an MK-1C with its fully integrated computer)
(Figure 2), flowcells and flongles by Oxford Nanopore Technologies (ONT), were
all carried in a personal backpack. A Field Sequencing kit (SQK-LRK001) (ONT)
comprising lyophilised reagents for minimising the need for a cold-chain was also
taken, although it is only designed for one sample (no multiplexing through
barcodes) and is announced to be discontinued by the company in 2024. All ONT
reagents had to be taken to perform field work, as there is no supply chain for
ONT products in Ghana, and the nearest provider is in Cape Town in South
Africa.
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Figure 1. A MiniPCR machine connected to a mobile phone, performing a tiled PCR

on ISKNV isolates collected from Lake Volta, Ghana.
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5.2 Section 2 - Establishing a lab in a resource limited
setting

The Commission of Fisheries provided a physical workplace near Lake Volta, a
water chemistry lab based on a grow-out farm for tilapia fingerlings, and was
sampled during our sampling campaign. This was situated in the Akosombo
region, which is around two hours away from Accra, and was used as a base for
easier access to the fish farms selected for sampling. An electric power source
was provided, allowing access to a 4°C fridge, a —20°C freezer, and a water bath
which was used for DNA extractions. In general, the laboratory had no molecular
equipment. After approximately 14 hrs (six hours of flight travel), the Pelicase was
opened and the contents were placed in a temperature appropriate unit upon
arrival at the destination. Most reagents thawed during travel, but remained cold,

with minimal apparent impact on their performance.

Following our first sampling day at the nearest farm (Farm A), DNA extractions
were performed on fish tissue samples and the extracted DNA was taken to the
hotel to perform the 3-hour tiled PCR in the evening to ensure samples were
ready for library preparation and sequencing the following day. This was done
due to the miniPCR’s reliance on a personal mobile connectivity for its
performance. When amplicons were visualised on the miniGel electrophoresis
device, we were not able to see bands at the 2kb region (amplicon target size),
except for the positive control. Access to a Qubit fluorometer could have assisted
in confirming the success of the DNA extraction, and quantifying the
concentration of DNA to be added to the multiplex PCR. The small form factor of
the Qubit would have added little to the shipping requirements.

Library preparation was approximately three hours, and samples were prepared
for sequencing on Lake Volta near the floating cages, shown in figure 2. Wifi
connection was established through mobile device hotspots (4G), and we were
able to perform a sequencing run. Early sunsets reduced time available for
sequencing to prevent working in the dark and far from facilities. This was not
originally planned for, and the sequencing was cut short after the beginning of
the first MinlON run.
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The rest of the five farms were located at distances of less than 100 km, with
approximate travel times of 2-3 hours by car. The journey was usually difficult
and longer than expected due to unpaved and broken roads. Accompanied by a
team belonging to the Commission of Fisheries, we managed to reach all the
farms that were selected for this study. All fish sampling took place on farms and
tissue samples were kept in either RNALater or/and ethanol. Water samples
collected from each farm were taken back to the provided laboratory for filtration.
A range of 200-500 mL of water was also taken back to the lab and kept at 4°C.
Prior to the trip, we were assured that there would be access to a centrifuge
suitable for 50 mL Falcon tubes, but this was not available on arrival.
Consequently, plans to concentrate viral particles from water samples using PEG
were abandoned and our backup plan of concentration via filtration was enacted.
Water samples were filtered using sequentially decreasing sized syringe filters
assisted with an Erwin® quick-grip minibar 102 clamp (6") to facilitate the
pumping of the water, with a custom 3D-printed adaptor for the syringe. A small
team of volunteers was used to process samples due to the difficulty in pushing
the water through the filters, especially when processing through the 0.1 pym
filters.
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Figure 2. In-field sequencing, in a hotel and near the fish cages on Lake Volta,

Ghana. Sequencing tissue samples using the MK-1C (ONT) on the left, and the MK-1B
(ONT), on the right.

5.3 Section 3 - Training farmers and local experts

To test the practicality of on-site training, a medical veterinarian, with limited
knowledge of molecular biology, and who was also a member of the Commission
of Fisheries, was trained to run a tiled PCR, perform library preparation and
MinlON sequencing. After five hours of one-to-one training, the trainee was able
to successfully complete all steps. Sequencing by this member was performed
using a library prepared prior to departure in Exeter, as a positive control (Figure
3).
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Figure 3. Training a member of the commission of fisheries; showing Kwaku Duodu

performing sequencing using the MinlON sequencer on ISKNV samples.

Sequencing results within the first hour were similar to those obtained in Exeter,
with the length of reads at expected range (2 kb), yet the time limitation and our
inability to leave our devices behind meant we had to cut the sequencing short.
To reduce time, another library was prepared using the Field Sequencing kit,
where samples are prepared in less than 20 min, opposed to 3 hours, but this kit
falls short being designed for one sample. Although sequencing of the sample
was successful, | was not able to train the veterinarian in appropriate methods of
data analysis in the time available. Accurate interpretation of outputs from Artic
require a grounding in knowledge of bioinformatics and command-line Linux.
Therefore, a future recommendation would be a week-long course following
sampling where trainees are provided appropriate training. Trainees could
accelerate their training prior to the workshop by gaining a fundamental
understanding of sequence analysis through available online bioinformatics
training modules and specific educational guides for nanopore sequencing
(Salazar et al. 2020). Despite this, the portability of the MinlON sequencer has
made it possible to perform training in the field, making this a revolutionary feature
and particularly appealing for resource-limited countries. A short campaign to
seed countries with externally trained experts could accelerate in-country training
through a domestic program, reducing costs and avoiding entry restrictions for
foreign visitors. Interestingly, during the trip | attended a meeting with the Director
of the Commission of Fisheries in Ghana, where new aquaculture development

plans were discussed to increase tilapia production. Their central focus was the
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need for molecular training to assist in the diagnosis and the control of diseases
affecting the growth of aquaculture in Ghana. Therefore, it is likely that
government policy would align with the proposed training needs if a suitable

source of funding could be identified.
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5.4 Discussion

This chapter aims to provide an overall view of our fieldwork experience in Ghana,
demonstrating in-field feasibility and repeatability for monitoring and tracking viral
outbreaks in aquaculture in resource limited areas, highlighting the technical and

economic challenges and restrictions that were faced during this study.

During sample preparation an initial technical issue to arise was DNA
quantification. When testing our generated amplicons on a gel, we were not able
to see bands at the amplicon target size. The presence of a Qubit fluorometer
could have been useful to confirm the amount of DNA to be added to the multiplex
PCR. Yet, it was noticed that despite high quantification of DNA, the presence of
ISKNV was low in most samples when tested using the ddPCR upon our return
to Exeter. The presence of a portable gPCR machine could have been a solution
for quantifying ISKNV, and to avoid non-specific DNA targets of all
microorganisms as well as fish tissue. In addition, due to performing sequencing
that lasts 24-72 hrs, we were unable to leave our laptop and sequencing device
in the field to complete the sequencing, and failed to maintain an internet
connection during transfer. Therefore, we suggest creating a set up for overnight
sequencing, or early sequencing during the day to avoid moving the devices
during sequencing. A portable electric generator is essential to maintain charging
the laptop while sequencing, and a portable light source could assist for evening
sequencing runs. Finally, the time spent in the field and in Ghana needs to be
extended for troubleshooting, resolving the technical issues faced during our field

trip, and for providing suitable training for downstream analysis of data.

Economic issues were highlighted during our discussions with farmers. They
spoke of their experiences since the initial outbreak in 2018, where some were
explaining events dated long before that year, due to bacterial infections. For the
Commission of Fisheries and authorities, difficulties arose between the rules they
would like to impose on farmers, such as unauthorised farms and the
undocumented import of fingerlings, and the difficulties the farmers and
consequently their families would face due to their losses in tilapia production.
They mentioned that the major bottleneck to the increase of tilapia production is
the high cost of fish feed, and one of the farmers mentioned a rapid increase in
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feed price, from 6 GHC to 25 GHC per kilogram in the past year (equivalent to
£1.64 per kg). Due to a considerable reduction in tilapia produce, mainly caused
by ISKNV outbreaks, farmers couldn’t afford this increase, reporting extremely
narrow profit margins, and were doubtful of any proposed solutions.

Despite the promising performance of the MinlON sequencing device, and its
ability to carry out real-time epidemic surveillance for understanding the way
viruses transmit, spread, and evolve, it still falls short of its potential due to several
factors. Proposing an epidemiological study for the management of ISKNV using
the MinlON sequencer, as a cheaper and more accessible approach than other
sequencing platforms, this technology remains costly for farmers in Ghana. The
capital costs for purchasing MinlON platforms is not insignificant, with the Mk-1B
and Mk-1C costing $1,000 and $4,900, respectively. Furthermore, the lifespan of
these devices can be short, with rapid obsolescence. For example, the Mk-1C
sequencer was introduced in 2019, with an integrated screen and GPU to remove
the need for a laptop for sequencing. However, increases in sequencing
throughput and advances in sequencing chemistry now exceed the capabilities
of the Mk-1C for processing data and on Dec 8" 2023, ONT announced that it is
being discontinued in early 2024, with hardware and software support removed
by 2026 (“Oxford Nanopore Technologies” 2023). Similarly, automated sample
preparation devices such as the Voltrax, were rapidly replaced (at cost to the
user) by the Voltrax2, which is soon to be replaced again by the TraxION. For
early adopters of the technology, these continual updates of capital equipment
are a source of frustration as experimental protocols need to be re-evaluated and
re-written. However, for establishing a programme of standardised field-based
genomic surveillance, the rapid obsolescence, and associated costs are a
significant barrier to adoption. Even for the cheapest device for sequencing (the
flongle at $70 per unit), the reagents used for library preparation are ~ $600.
Although multiplexing samples (using up to 96 barcodes) is now feasible,
reducing the cost to approximately $7 per sample still remains high for low-
income countries. Even when accounting for these costs, other factors such as a
lack of representatives of Oxford Nanopore Technologies in certain areas in the
world limit access to products and associated support. Shipping to these areas
or countries is often delayed, with significant impact on the performance of

reagents. Upon its release, the lyophilised sequencing kit (SQK-LRK001) was
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touted as a solution to cold-chain issues with field sequencing in remote settings.
However, its planned obsolescence in 2024 is perhaps an indicator that there are
more significant challenges such as local infrastructure to support supply chains,
trained expertise, and expertise in analytics that currently hinder adoption.

Unless a collaborative effort is proposed to generate a plan for disease
management on Lake Volta, such as centralised sequencing, there are major
barriers to small farms adopting this approach for routine monitoring. Centralised
whole genome sequencing (WGS) has been successfully adapted for human
outbreak investigations, such as SARS-Cov2, where isolates are sequenced at a
centralised lab, and a generic analysis report is produced (Beukers, Jenkins, and
van Hal 2021; Grant et al. 2018). Governmental and financial support will be
needed for the success of this approach, and would be a welcome and impactful
investment, considering its potential to deliver food security, livelihoods, and
reduce the overall distress to the region. If such an approach were to be adopted
to get the ISKNV outbreak under control, localised sequencing could be achieved
by creating a mobile lab for routine monitoring. During the Zika outbreak
sequencing was carried out in real-time on a mobile laboratory bus, where results
were obtained from patient samples in less than 48hrs (Loman 2017). This has
great potential, especially with the drive to farms located on Lake Volta being a
few hours apart. In our work we have shown that water sampling can efficiently
replace destructive tissue sampling for monitoring outbreaks (see Chapter 4),
further reducing the costs to the farmer, the need for sampling by veterinary
specialists and associated permits and permissions to routinely monitor the lake.

The expense of this approach remains the biggest limiting factor, as the technical
issues for applying it for epidemiological studies can be easily addressed. Yet,
MinlON sequencing is constantly evolving, including more rapid turn-around time,
and a price decrease is continuously witnessed per sample. Increasing use of
cloud computing and decreasing costs of data transport and storage, coupled
with improving global availability of trained bioinformaticians will further expand
the possibility of sharing data for processing, reducing the expenses needed to
ship samples to countries with established sequencing facilities, or travelling
abroad for training purposes.
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6. General discussion

Viruses tend to be considered the most important potential threats in aquaculture
(Debnath et al. 2023). Their easy transmission through water has facilitated their
spread and transfer to different parts of the world. Rapid detection is essential to
contain and control their spread, and many methods have been described for
their identification. These methods usually involve trained personnel for fish
sampling, observing clinical symptoms, and a large number of fish sacrificed. Yet,
remote fish farm establishments lack access to diagnostic laboratories and an
increased difficulty arises in identifying the cause of infection, due to the similarity
of clinical symptoms of viral diseased fish. Furthermore, subclinical viral
infections in fish emphasises the importance of the presence of an established

routine testing programme for fish farms.

In this thesis, we were able to develop a tiled-PCR method for an in-field whole
genome sequencing (WGS) approach for a virus affecting tilapia fish, known as
ISKNV. The Artic pipeline tool, designed specifically for nanopore data generated
from tiling amplicon schemes, was employed for this study, providing insight into
circulating strains during outbreaks. Detected mutations allowed for the prediction
of ISKNVs evolutionary rate, and locate non-synonymous mutations in important
structural proteins. We successfully detected ISKNV in water samples collected
from floating cages, by concentrating viral fractions on filters. Both tissue and
water isolates were comparable, exhibiting similar mutations, with an advantage
of water samples revealing the presence of more than one circulating strain.
Additionally, our interest expanded to testing the practicality of this method for
other viruses in aquaculture, by applying this protocol to Tilapia lake virus (TiLV),
an equally important virus hindering the growth of tilapia globally.

My primary focus on ISKNV was mainly due to its capability to infect a wide range
of fish species, causing mass mortalities globally, and being listed in new
countries almost every year. Devastating outbreaks affecting fish farms located
across Lake Volta in Ghana have been the focus of this study, due to the
livelihoods and food security being at stake in these communities. A wide range
of large dsDNA viruses belonging to the family Iridoviridae, are known to be

serious impediments to the expansion of global aquaculture, where similar
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symptoms are noticed during infection (Qin et al. 2023). The lack of a universal
gene marker for viral detection has increased the challenge to monitor their
presence. The efficiency of targeted tests comes at the cost of focussing on a
single part of the genome, lacking the ability to discover mutations occurring
across the genome, which may be involved in developing more virulent and
transmissible strains. Nevertheless, mutations in targeted genes used for
detection, may prevent their amplification and consequently fail to identify novel

variants of concern.

Key findings

In Chapter 2, the Arctic pipeline to generate consensus genome was jointly used
with the tiled PCR method for phylogeographic analysis of ISKNV isolates
collected from Ghana during a series of outbreak events, since its first discovery
in Lake Volta, in 2018. Our developed method was tested on isolates harvested
from cell lines and applied to extracted DNA obtained directly from tissue samples
(archival samples). An additional set of samples were collected in 2022 from one
of the previously sampled farms, in search of mutational changes present in the
genome over time. This was successful in determining the number and location
of mutations that have taken place in the ISKNV genome and also predicting its
evolutionary rate, with mutations occurring in the major capsid protein (MCP).
Confirming non-synonymous mutations located at coding regions of the genome
is necessary for genomic surveillance by relating to changes observed in the host.
Furthermore, this information is essential for the development of diagnostics,
vaccines and drugs for treatment. In addition, the number of ISKNV templates
needed to recover at least 50% of the full ISKNV genome was determined
through the use of ddPCR, identifying a practical limit under which tiled PCR is
not cost- or time-efficient. Similar approaches could be used to identify ddPCR-
derived limits for other viruses, detecting low quantities of viral template without
the need for a standard curve to be customised for each virus. The full ISKNV
genome circulating Lake Volta has been annotated and submitted to the NCBI,
and compared to other ISKNV samples collected from different hosts and
countries. Samples collected from Ghana created a separate clade to all other
samples collected from different locations, despite some sampled being collected

within the same year.
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In Chapter 3 two research aims were established for fieldwork. The first was to
perform a phylogeographic study for ISKNV samples collected from six
geographically distant farms, which included previously sampled sites. Our
second aim was to evaluate the possibility of concentrating ISKNV from water
samples from floating fish cages in Lake Volta for non-destructive sampling,
comparing sites at different distances from the shore. We combined this
approach with developed genomic surveillance for ISKNV in Ghana, using
portable equipment in a farm setting. ISKNV was detected in both water and fish
tissue samples collected from farm sites across Lake Volta, and similar strains
were identified in paired water and tissue samples. Additionally, water samples
were able to provide insight into the wider diversity of strains in the water by
detecting the presence of at least two circulating strains, confirmed by short read
sequencing. This highlights the limitations of focusing on mutations observed in
consensus genomes that represent the dominant variant of the virus, and was
unexpected for a slow evolving dsDNA virus. Another assumption of this protocol
is that individual fish are infected by a single strain, and consensus genomes will
not be able to resolve intra-host single nucleotide polymorphisms (iISNVs). While
this might be an acceptable approximation for dsDNA viruses, it is critical to
determine intra host variation in fast evolving RNA viruses which may produce
multiple variants in every round of replication. This could be misleading in
epidemiological studies when resolving transmission chains and predicting
evolution rates. Nevertheless, water sampling avoids destructive sampling of fish
and reduces costs to the farmers, providing an overview of fish viruses circulating
the farms. In one fish farm, despite detecting high concentrations of ISKNV in the
water, only one out of 12 sampled fish showed to be infected when testing with
conventional PCR, which could have been missed with a less robust sampling
campaign that relied on fish sampling alone. In general, ddPCR was able to
detect reasonably low numbers of viral templates from both tissue and water
samples. Farms situated at further distances from the shore had very low viral
template in the water surrounding the cages. This information is valuable to both
farmers and the Commission of Fisheries to advise farmers for optimal placement
of cages to reduce cross-infection or to minimise impact of an ongoing infection
when coupled with improved understanding of water flow in the lake. However,

most farms had inland ponds, used for fish as grow-out farms for fish fry and
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fingerlings; these grow-out ponds were usually supplied with water from the
lake. Detecting ISKNV in the surrounding waters could encourage farmers to

refrain from such practice to minimise exposure of fish to viral pathogens.

We evaluate the success of our developed tiled PCR method (Chapter 4) for an
equally important ssRNA virus threatening tilapia aquaculture, known as TiLV.
This virus has been known as an emerging threat to tilapia aquaculture
worldwide, for more than a decade. In 2017, FAO issued an alert for tilapia-
producing countries to initiate an active TiLV surveillance programme. Here, we
followed the same steps as used in for ISKNV (in Chapters 2 & 3) to generate a
TiLV consensus genome for genomic surveillance of fish tissue samples
collected from Thailand. Samples available in our lab from a previous study
(Chaput et al. 2020), collected from Bangladesh, were used as a control to test
the efficiency of this protocol, and to compare to the most recent TiLV isolates.
Applying this method to TiLV (a negative sense ssRNA virus) had unique
challenges, as a final consensus genome was not generated with the Artic
pipeline, rather a bam file produced by this pipeline was used to form a consensus
genome. Hopefully improvements to the Artic-network pipeline to better evaluate
segmented ssRNA viruses will be incorporated in future updates. Consensus
genomes generated by short read sequencing clustered with the long read
sequenced isolates collected from the same farm, confirming the equivalence of
our selected method to produce similar results to other sequencing methods.
Despite the small number of samples included in this study, and their
phylogenetic placement close to sequences from farms in Bangkok, Thailand,
there was a clear cluster separation between farms, indicating the capability of
this method to differentiate between samples according to location. Only one
sample clustered separately from both farms, and is most likely due to lowest
genome recovery in comparison to all TiLV sequenced samples, when aligned to
its reference genome. Further research is recommended to generate a
consensus genome through the Artic pipeline for negative sense ssRNA viruses,

to reduce the time needed to produce robust results.

Difficulties faced during our sampling campaign have been addressed in (Chapter
5). This includes the challenges experienced for performing our tiled PCR method

in the field, using a portable carrier for equipment and a basic lab to process
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samples. Some advice is provided here to improve results in a future sampling
campaign: Despite the technical challenges experienced, we can consider this
as a successful attempt and approach, given it was the first time to be applied in
the field, encountering new circumstances (such as heat and an unfamiliar
working space). Additionally, the length of time needed for sequencing could be
reduced, as sufficient data is usually available within the first few hours from the
start of sequencing (Quick et al. 2016). Training of a member of the Commission
of Fisheries was successful, and proved the feasibility of performing field-based
training, to reduce travel cost for trainees. In addition, suitable training for
downstream analysis of data needs to be considered, and/or a collaboration with
in-country informatics specialists. A collaborative effort is essential for adopting
this approach for managing ISKNV on Lake Volta, and future routine monitoring.
We suggested a centralised whole genome sequencing (WGS) system to be
utilised, and a generic analysis report to be produced and assessed by the

Commission of Fisheries, frequently.

During our sampling trip to Ghana, we took the opportunity to speak to farmers
at each sampling site, where they expressed their concerns and the
measurements taken to reduce the impact of the deadly episodes experienced in
tilapia fish production since 2018. The overall view was described as 50-90% of
fish losses, mainly experienced in adult fish, and usually when transferred from
grow-out pond to the lake. Some mitigation plans included food regimes in the
affected farms (known as break feeding). They stated that high quality feed with
high fat and protein, may cause to stress on the organs, yet reducing these
nutrients and fasting has not shown any noticeable change. Overall, farmers had
treated the pond water with bleaching powder, salt, oxygen flow, antibiotics, and
heat shock, with no noticeable improvement in fish survivorship. The farmers also
reported that water tested in the lake had a similar chemistry usually, yet its
quality deteriorated when the water tide was high. A growing catfish sector was
being established in some farms, to compensate for the losses in tilapia, with
more research required as to the impact of co-localisation of tilapia and catfish
on pathogen transmission. One extreme solution may be a future of culturing
different species that are less susceptible to diseases which are endemic in the
lake, although tilapia is considered a delicacy in Ghana, and so any such proposal

might meet cultural resistance.
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Future monitoring plan

For a future surveillance strategy, a rapid workflow for sample processing should
be developed. The first step should be creating a detection tool for ISKNV in the
water, such as investing in a rapid lateral flow test, specific for ISKNV. This will
assist in the initial identification of the virus in the farms. Additionally, it will be
useful to collect water away from the fish farms, for a better understanding of how
far ISKNV travels through water, and provide feedback to policy makers on a
specified safe distance between farms. Using an App to connect the Commission
of Fisheries to the farmers will allow for quick notification and assist the authorities
to guide the farmers, and share a list of recommended measures to control the
outbreak. Routine monitoring systems could also be applied and followed up in
this app. Later on, to help identify the source of infection and mutations linked to
VOCs, the portable sequencing device will be used, and a trained team of
scientists and/or veterinarians could carry out the sequencing at the farms using
a minibus, for transportation and carrying lab equipment. Here, the Ghanaian
authorities will be able to integrate metadata, molecular genetic data and
surveillance systems to better understand the links between outbreaks.
Developing a new primer scheme, biannually or annually, will be required for
updated primers that may include additional mutations, and more regularly for
fast-evolving viruses. Fortunately, all the current limitations from our field study
can be addressed and further developed, yet economic issues will require a
collaborative effort from governmental and funding institutes. Molecular training
for diagnostic testing needs to be a priority to overcome diseases in Lake Volta,
stepping away from relying on other countries. All the above aims will initially
need assistance from governments, other countries and/or organisations, with
considerable effort and commitment, and avoid these solutions to be an added
burden to a financially struggling country.

Advancements in technology such as portable next generation sequencing
(NGS) and artificial intelligence (Al) are increasingly being tested for early
diagnosis of disease (MacAulay et al. 2022). This has led to easier detection of
different organisms without impacting the environment or the organism itself.
Currently, environmental DNA (eDNA) and environmental RNA (eRNA) methods
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are being extensively used in aquaculture and fisheries settings to understand
the presence of different pathogens in water, following targeted or passive
methods (Bohara, Yadav, and Joshi 2022; MacAulay et al. 2022). Although DNA
within water or sediment samples may not be indicative of active infectious stages
of a pathogen, eRNA detection can indicate active gene transcription (MacAulay
et al. 2022). Common viruses found in freshwater aquaculture which have been
detected using eDNA and eRNA methods include red seabream virus (RSV), and
salmon alphavirus (Bohara, Yadav, and Joshi 2022).

More recently, Kellner et al. designed a CRISPR-based diagnostic tool that
combines nucleic acid preamplification with CRISPR—Cas enzymology for
specific recognition of desired DNA or RNA sequences (Kellner et al. 2019). It is
termed specific high-sensitivity enzymatic reporter unlocking (SHERLOCK), and
allows multiplexed, portable, and ultrasensitive identification of RNA or DNA from
clinical samples. SHERLOCK is a potential method for rapid detection and
identification of infectious diseases, which is characterized by sensitivity and
specificity comparable to traditional PCR-based methods, but does not require
sophisticated equipment and has a very low estimated cost. Embedding
CRISPR-Cas into molecular diagnostics may provide a step-change in global

diagnostics programs (Mustafa and Makhawi 2021).

The direct diagnosis of diseased fish underwater requires a high level of
technology, and the diversity and heterogeneity of fish diseases increases the
difficulty of diagnosis, and currently the accuracy of diagnosis using these various
physiological indicators is low. Image-based disease-diagnosis techniques have
been widely used in the diagnosis of fish diseases (Li et al. 2022). Image
processing combined with computer vision may provide a real-time, non-invasive,
and economical technique for disease diagnosis. Camera images can detect
disease on the surface of the fish, and microscopic images can provide details of
minor changes in tissues within the fish to diagnose pathogens (Li et al. 2022).
Al has the potential to considerably reduce the time required to survey fish for
disease whilst simultaneously allowing for higher throughput but requires
significant input in “teaching” the Al to detect specific diseases. These methods
can revolutionise remote diagnostic testing (MacAulay et al. 2022; Li et al. 2022).

Although setting up Al-driven image analysis per site will be cost-prohibitive, as
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these new technologies evolve and become more available, a price decrease is

usually witnessed.

Finally, there is an increase in reported incidences of viral disease in aquaculture,
due to several factors, such as intensified farming, transporting fish with
subclinical infections and global warming. For a global growing population, with
44 countries considered as Low-income Food-deficient countries (LIFDC) (FAO
2023), this is a major concern. This study presents an early diagnostic tool of viral
infections for timely containment, for an improved productive and economic
performance in aquaculture systems. Rapid genome sequencing during ongoing
outbreaks has only been possible in recent years with the invention of new
sequencing technologies, accompanied by real time data sharing. Taking
advantage of these technologies can reshape disease diagnosis and monitoring
in aquaculture, enabling researchers to confirm their dynamics, probable
transmission routes and other information crucial for interventions. The quick
turn-around time for results for this adapted method is a critical aspect for
epidemiological studies, predicting how cases are related and identifying new
introductions. Our water sampling method has further reduced sampling time,
providing an accurate insight into circulating strains, and an attractive adaptation
for non-destructive sampling, dispensable of reagents or electrical equipment.
The cost of the technologies proposed in this study are in constant decline, and
many ONT providers are expanding globally. This approach will in turn increase
the availability of whole genome sequences for important fish viruses in the
database, for a better understanding of their mutations, virulence, and moreover

fundamental for vaccine and drug design.
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We are delighted to advise you that your application has been successful, and the panel has
allocated in total £5,000 to support this project. Funding will be provided in accordance with the
breakdown of costs indicated on your application form.

The panel were excited by the proposed collaboration between the University of Exeter and the
University of Baghdad.

Funds from Exeter must be spent before 31st July 2024; all according to the budget submitted with
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Please email Global Partnerships (GP-Funding@exeter.ac.uk) by Friday 20t October to confirm
acceptance of the award and that you have also read and agree to the conditions of funding as set
out below. Your email in response will be taken as acceptance of the award on the terms stated.

We wish you the very best with your project and look forward to hearing further details about the
impact and outcomes from this work. Please note a post-project report will be due 30+ August 2024,
as indicated in the conditions stated. We trust your project will be successful and look forward to
seeing its fruitful results.

Conditions of Funding:

e Awardees have until 31st July 2024 to complete initiatives and expend the funding.
e Funding is only provided for the activities as detailed in your application, unless by
prior agreement.

e Expenditure of the award must not exceed the value of the award.

e Details of the award may be listed on the Global Partnerships website.

e The Global Partnerships team may, from time to time, contact award holders to
monitor progress and expenditure.

e Post-project reports will be due by 30th August 2024, with a follow up report
assessing project outcomes (publications, funding outcomes, mobility outcomes etc) 18
months later (31 March 2026)
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