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Thesis Abstract

Lates calcarifer, commonly known as Barramundi or Asian seabass, is now
regarded as the “salmon of the tropics” due to its economic value as a globally cultured
food fish. High consumer demand for this species stems from its excellent taste and
meat texture. In Singapore, L. calcarifer has been identified as a key species with
significant potential to scale up to meet domestic seafood production goals. However,
the industry faces substantial challenges, particularly from constant disease outbreaks
associated with intensive farming. Most recently, one of Singapore’s largest L.
calcarifer farms suspended production due to recurring outbreaks of the devastating
Scale Drop Disease Virus (SDDV). These production losses threaten Singapore’s
ambitious goal of increasing local food production to meet 30 percent of its nutritional
needs by 2030. Some progress has been made in L. calcarifer disease diagnostics,
vaccine development, and the development of disease-resistant stock. However, a
critical gap remains in identifying biomarkers to assess health and as early indicators
of disease, to enable early intervention and reduce production losses in L. calcarifer

aquaculture.

Chapter 1 (General introduction) highlights the limitations of current disease
management practices and identified research gaps in the aquaculture of L. calcarifer.
Establishing use of biomarkers to assess health based on haematology and gut
microbiome profiles will significantly improve farm decision-making to reduce losses
due to disease. Blood reference intervals (RIs) for accurate health status assessments
were not available for L. calcarifer at the commencement of this PhD. Unavoidable

husbandry stress from long-duration transportation and handling can adversely impact
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fish physiology and disrupt homeostasis. Poor husbandry practices further increase
disease susceptibility and accentuate mortality in farmed fish immediately post-
stocking. There have been recent advancements in gut health research in salmonids.
In comparison, few studies have characterized changes in the gut microbiome of
healthy and diseased L. calcarifer. This limits our understanding of the dynamics of
bacterial groups in fish gut in the period leading up to disease (pathobiome).
Monitoring pathogen loads using environmental DNA (eDNA) is an area that deserves
further study to better understand disease dynamics in fish farms and improve their
management. These topics set the direction for the research chapters of this thesis,

based on studies carried out in a commercial marine fish farm in Singapore.

Chapter 2 is on the 90% percentile baseline Rls in clinically healthy juvenile L.
calcarifer (n=156) for 12 distinct blood parameters: glucose (GLU), haematocrit (Hct),
haemoglobin (Hb), total plasma protein (TPP), red blood cell count, white blood cell
(WBC) count, lymphocyte, monocyte, and heterophil counts, mean corpuscular
volume, mean cell haemoglobin and mean cell haemoglobin concentration. Clinically
healthy juvenile L. calcarifer (n=72) with blood parameters falling outside these RIs
had severe chronic enteritis (25%) and depleted liver lipid stores (13%), based on
histopathology. Point biserial correlation analysis showed that reduced Hct and
increased total WBC, monocyte and heterophil counts were significantly associated
with severe chronic enteritis and depleted liver lipid stores (p<0.05). Reduced TPP
and GLU levels were also linked to severely depleted liver lipid stores in fish in
negative nutritive state due to subclinical chronic granulomatous bacterial enteritis or
“big belly” disease (p<0.05). This is the first study to develop blood RIs for clinically
healthy, farmed L. calcarifer, and highlights the potential use of haematology as an

early indicator of subclinical disease in farmed fish.
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Chapter 3 investigated disease outbreaks following poor transport conditions in
L. calcarifer from three hatcheries post-stocking. All three batches of L. calcarifer
transported >10 hours experienced mass mortality due to Streptococcus iniae
infection within 24 hours of stocking. Histopathology showed that these fish exposed
to prolonged high free ammonia nitrogen (FAN) levels (= 0.1 ppm) during transport
suffered extensive damage to their gastrointestinal tracts that served as entry points
for pathogens. S. iniae is a pathogen commonly associated with land surface run-offs
in coastal farms off Singapore. Newly stocked L. calcarifer with underlying chronic
bacterial enteritis (“big belly” disease) suffered high mortality within 24 hours post-
stocking. The gut plays an important role in water absorption in fish in seawater.
Haematological analysis of fish with chronic enteritis showed hypoglycaemia and
reduced TPP, which in combination are likely to lead to severe dehydration and
mortality. A ten-fold elevation in total WBC counts was observed in SDDV-infected
fish. These fish often develop severe obliterative endarteritis, which results in the
blockage of blood supply to vital organs such as the spleen, eventually causing
immune depression, and to the skin, leading to scale loss. Vibrio harveyi, an ubiquitous
opportunistic pathogen, was detected in 58% of L. calcarifer with “big belly” disease

and 61% of L. calcarifer infected with SDDV.

Chapter 4 analysed the gut microbiome of asymptomatic (clinically healthy) and
diseased L. calcarifer afflicted with severe chronic bacterial enteritis or “big belly”
disease using 16S rRNA sequencing. Diseased L. calcarifer guts showed significant
increase in Proteobacteria at the phylum level (up to 98.3%) and Vibrio at the genus
level (77.3% to 97.2%), both of which are known to be associated with poor gut health
and dysbiosis. Higher levels of beneficial probiotic bacteria, such as Firmicutes at the

phylum level and Weissella at the genus level, were observed in recovered fish.
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Differences in asymptomatic and diseased L. calcarifer further supports that gut
microbiome profiles can be used as a biomarker of gut health and that in-feed

probiotics may be beneficial.

Chapter 5 followed the weekly levels of SDDV and V. harveyi eDNA levels as
well as total bacterial activity in selected recirculating aquaculture systems (RAS) and
flow-through systems, for up to 14 weeks post-stocking with L. calcarifer. Pathogen
eDNA levels were quantified using both conventional quantitative PCR (qgPCR) and
digital PCR (dPCR) methods. Residual SDDV eDNA levels were higher in RAS,
compared to flow-through systems with constant water exchange, increasing the risk
of horizontal transmission and disease outbreaks in RAS. Pearson correlation analysis
revealed a significant positive correlation between elevated total bacterial activity
(BQV), total ammonia nitrogen (TAN), and cumulative mortality during production, with
the strongest correlations observed at 10-, 15-, 20- and 30-days post-outbreak across
all tanks (p<0.05). BQV and TAN levels are good biomarkers for monitoring and
managing water quality. dPCR was more sensitive compared to qPCR, and able to

detect much lower abundance of eDNA.

Chapter 6 provides the final discussion and conclusion, highlighting key findings
from each data chapter. This PhD study established the use of biomarkers in farmed
L. calcarifer for health assessments and as early indicators of disease based on
haematology and gut microbiome profiles. It offers insights into better understand the
impact of transport, aquaculture systems and husbandry practices on disease
dynamics in farmed L. calcarifer. Farms must transition from reactive disease
management to active monitoring of biomarkers that reflect the health status of their

fish stocks, to inform and optimise their husbandry practices.
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spleen tissue sections (lIl) in leech infested fish, with marked depletion of RBC
population, and (1V) in clinically healthy fish with good RBC population. Scale bars:
(LAY 124 O Vo R 90

Figure 6. L. calcarifer with marine leech infestations, scale drop disease virus
(SDDV), “big belly” disease (BB) and Streptococcus iniae infection (S. iniae) showed
depression of blood glucose and haemoglobin concentration, with blood glucose
reaching undetectable levels in fish with S. iniae infections. Total WBC counts were
elevated in fish with leech infestations and SDDV but depressed in S. iniae
infections. Depression of TPP and total RBC counts were most marked with blood-
sucking marine leech infestations. Red dotted line indicates blood reference intervals
established for clinically healthy L. calcarifer by Chew & Gibson-Kueh (2023). ....... 94

Figure 7. Monocyte counts are elevated in L. calcarifer with marine leech
infestations, scale drop disease virus (SDDV), and “big belly” disease (BB), while
markedly elevated heterophil is observed only for SDDV. The apparent lack of an
inflammatory response to Streptococcus iniae (S. iniae) maybe related to severe
hypoglycaemia. Red dotted lines indicate blood reference intervals previously
established for healthy L. calcarifer (Chew & Gibson-Kueh, 2023). ............cccevveee.. 95
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Chapter 4

Figure 1. A) Histopathology on asymptomatic and diseased L. calcarifer. Chronic
granulomatous enteritis (E) were observed in both asymptomatic (i) as well as
diseased fish (ii). Asymptomatic fish had good lipid stores in liver (Lv) (i), as
compared to darker staining liver (Lv) due to lipid loss in diseased fish (ii). Diseased
fish had more severe and extensive enteritis, often with intralesional, clusters of
large coccobacilli (ii-inset, arrows). Kidney in asymptomatic fish (iii). Kidney of
diseased fish (iv) with interstitial nephritis and coccoid shaped bacteria (arrows). B)
PCR on fish and water samples collected on Days 7, 9 and 22 post-stocking, (i)
Nearly all diseased fish (5/6) and all water samples tested PCR positive for big belly
(BB) disease novel Vibrio spp. (ii) Half of the diseased fish (3/6) and all water
samples tested PCR positive for S. iniae (SI). (iii) Some diseased fish (3/6) and all
water samples tested positive for V. harveyi (VH). (iv) All fish and water samples
tested negative for scale drop disease virus (SDDV). +ve positive control; -ve
negative control. The expected size of PCR product for each pathogen is indicated.

Figure 2. Summary of the alpha and beta diversities of asymptomatic and

diseased L. calcarifer gut microbiomes from 16S rRNA metasequencing. A) alpha
diversity index of Chao1. B) alpha diversity index of Shannon index. Statistically
significant pairwise differences among the groups is highlighted with asterisk (*, p <
0.05; **, p<0.01). C) Principal coordinates analysis (PCoA) of bacterial community in
fish and water. D) Beta diversity analysis of UPGMA cluster tree of fish and water.
............................................................................................................................... 116

Figure 3. Comparison of the relative abundances of bacterial OTUs among
asymptomatic and diseased L. calcarifer, and water samples. A) Phyla. B) Genus.

Figure 4. A) Comparison of the most abundant observed bacteria genera in gut
microbiota of asymptomatic and diseased fish. Bars with “ * ” indicated significant
difference between fish sample groups. B) Histogram of Linear discriminant analysis
(LDA) scores (log10) to identify differentially abundant bacterial taxa between
diseased and asymptomatic groups. C) Circular Cladogram showed taxonomic
distribution of bacterial abundance between asymptomatic and diseased groups. 122

Figure 5. The KEGG Orthologies by Tax4Fun classification at level 3 of OTUs
identified by 16S rRNA sequencing in the gut of diseased and asymptomatic L.
o2z 1 (o2 4] =] PSR UPPPSPSRPPIIN 124
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Chapter 5

Figure 1. Daily fish mortality, feed rates and time points of heat treatment, formalin
baths, oral and antibiotic baths in RAS (T1 & T2) and flow-through systems (T3 &
T4). Total bacterial activity (BQV), scale drop disease virus (SDDV) and V. harveyi
eDNA (Ln copies/L) using qPCR and dPCR, and specific time points of sick and
clinically healthy fish sampling are indicated. ...............ccccooiiis 145

Figure 2. Scale drop disease virus (SDDV) and V. harveyi genomic DNA load
(copies/uL) detected in kidney of clinically healthy and sick L. calcarifer sampled
from RAS tanks T1 and T2 using qPCR. Box plots shows mean values of DNA
copies/pL detected. SDDV and V. harveyi eDNA was not detected in kidney tissues
of clinically healthy and sick fish from flow-through tanks T3 (n=5) and T4 (n=5). . 146

Figure 3. Positive correlation between total bacterial activity (Ln BQV /L) and
cumulative fish mortality (Ln) at 10 days (p<0.05) and 15 days (p<0.01) after water
SaMPING fOr @NAIYSIS. .....ccoeiieieeece et 150

Figure 4. Scale drop disease virus (SDDV) and V. harveyi eDNA levels in water
samples collected from RAS T1 and T2 using quantitative PCR (qPCR) versus digital
PCR (dPCR). The arrows indicate the graphical representation of the tabulated
SDDV and V. harveyi eDNA [EVEIS. ... 151
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Chapter 1: General Introduction

1.1 Rapid Growth of Global Aquaculture

Aquaculture is the farming of a wide range of finfish, crustaceans, molluscs,
and aquatic plants for human consumption which has contributed significantly to global
seafood production, food security, and livelihoods. According to FAO (2023), global
aquaculture production reached an estimated 126 million metric tonnes in 2021,
valued at US$296.5 billion. This sector provides a sustainable source of high-quality
protein, supporting nutritional needs worldwide (Bondad-Reantaso et al., 2005;
Tarnecki et al., 2017; Legrand et al., 2020a). Notably, finfish production tripled from
20.8 metric tonnes in 2000 to 59.4 metric tonnes in 2021, with an increase in market
value from US$29.2 billion to US$156.2 billion (FAO 2023). The rapid depletion of
natural fishery resources due to overfishing and declining wild fish populations has
driven the expansion of aquaculture to meet the growing demand for alternative
sources of seafood and protein (Jacobs et al., 2018; Cottrell et al., 2021; Bogmans &
Soest, 2022). Consequently, aquaculture is positioned as a vital component of future
global food systems, helping to alleviate pressure on wild fish stocks while providing

a sustainable source of protein.

1.2 Lates calcarifer as a Key Aquaculture Species

Barramundi, also known as Asian seabass (Lates calcarifer), is a highly
adaptable species capable of thriving in both freshwater and seawater environments,
making it one of the most important emerging aquaculture species (Jerry, 2014). L.

calcarifer have a natural distribution spanning the Indo-West Pacific region, South-
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east Asia, and Australia (Grey, 1987). L. calcarifer's versatility poises it to rival other
established aquaculture species such as salmonids and kingfish (Tendencia, 2002;
Glencross, 2006; Wilkinson et al., 2008; Kayansamruaj et al., 2017; Xie et al., 2022).
This species’ adaptability to various farming systems including recirculating
aquaculture systems (RAS), pond systems, and open sea cages has increased its
popularity in tropical aquaculture (Jerry, 2014). Production of L. calcarifer has
increased sixfold, from approximately 2.1 million tonnes in 2000 to 13.3 million tonnes
by 2021, with its value rising from US$71.5 million to US$534.5 million (FAO 2023).
The top producers of L. calcarifer include Thailand (47,017 tonnes), Malaysia (32,580
tonnes) and Australia (19,910 tonnes) (FAO, 2023). Singapore produced
approximately 1248 tonnes of L. calcarifer valued at US$9.7 million in 2019, where it

has been farmed since 1982 (Bensam & Nammalwar, 1991; FAO 2023).

1.3 Diseases in L. calcarifer Aquaculture

Disease outbreaks in aquaculture represent a major challenge, contributing to
estimated global economic losses of over US$6 billion annually and posing a
significant threat to industry growth (Shinn et al., 2015; Yukgehnaish et al., 2020; Cain,
2022; Sanchez et al.,, 2022). The impact of disease on farmed L. calcarifer is
particularly significant, with viral, bacterial, and ectoparasite infections leading to
production losses often exceeding 60-70% (Gibson-Kueh, 2012). Emerging viral
threats such as scale drop disease virus (SDDV) (Gibson-Kueh et al., 2012; Senapin
et al., 2019; Nurliyana et al., 2020), Lates calcarifer herpesvirus (LCHV) (Domingos et
al., 2021; Gibson-Kueh et al.,, 2023) and viral nervous necrosis virus (VNNV)
(Ransangan & Manin, 2010; Hick et al., 2011), present significant challenges to the

farming of L. calcarifer.
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Bacterial pathogens such as Streptococcus iniae is responsible for causing
massive production losses in farmed finfish in the tropics in association with surface
runoff (Agnew & Barnes, 2007; Juarez-Cortés et al., 2024). S. iniae causes an
estimated annual production losses of 8-15% in L. calcarifer farmed in sea cages, with
infection sometimes leading to acute mortalities of up to 70% overnight, often with few
clinical signs (Bromage et al., 1999; Bromage & Owens, 2002; Bromage & Owens,
2009). Due to their proximity to land, L. calcarifer farms in Singapore are particularly
exposed to surface runoff during heavy rainfall and are susceptible to streptococcosis
outbreaks (Agnew & Barnes, 2007; Bromage & Owens, 2009; Islam et al., 2024).
Other prominent bacterial threats include Vibrio species, such as Vibrio harveyi
(Tendencia, 2002; Ransangan & Mustafa, 2009; Dong et al., 2017b) and a novel Vibrio
strain responsible for “big belly” bacterial disease in L. calcarifer (Gibson-Kueh et al.,

2004; Gibson-Kueh et al., 2021).

Ectoparasite outbreaks are common in L. calcarifer aquaculture, often resulting
in significant mortalities in farmed fish during severe infestations. In Singapore, farmed
L. calcarifer in seacages are especially vulnerable to Neobenedenia sp. outbreaks
since the close proximity of farms facilitates transmission and the presence of
surrounding wild fish populations may serve as reservoirs for these parasites
(Deveney et al., 2001; Hutson et al., 2012; Brazenor & Hutson, 2015; Hoai et al.,
2019). Enclosed farming systems, such as RAS or ponds used for farming L.
calcarifer, with limited water exchange, can result in the rapid proliferation of
Cryptocaryon irritans (Khoo et al.,, 2012) and Chilodonella spp. (Bowater &
O'Donoghue, 2015; Bastos Gomes et al., 2017a; Bastos Gomes et al., 2017b). Farms
often suffer heavy losses from these viral, bacterial and ectoparasitic threats,

highlighting the urgent need for proactive health and water monitoring to inform
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husbandry decisions, strengthen biosecurity, and optimise disease management

strategies in aquaculture.

1.4 Challenges in Disease Management in L. calcarifer Aquaculture

Managing disease in intensive L. calcarifer aquaculture remains a significant
challenge. Farmed fish are frequently exposed to pathogens and suboptimal
husbandry practices, which compromise theirimmune defences and make them more
susceptible to infections (Snieszko, 1974; Jarp et al., 1993; Christopher Marlowe et
al., 2014; Ferreira et al.,, 2021). High stocking densities in intensive aquaculture
systems favor horizontal transmission of pathogens between fish by increasing host
availability and facilitating pathogen spread (Kristoffersen et al., 2009; Crosbie et al.,
2010). Effective disease control is impeded by a poor understanding of the
epidemiology of common diseases (Georgiadis et al., 2001; Revie et al., 2003). Basic
biosecurity measures, such as the quarantine of newly stocked fish (Peeler, 2005;
Mohd Yazid et al., 2021), disinfection of equipment (e.g., nets) and water (e.g., using
UV) (Hick et al., 2011; Ali et al., 2020), and minimizing fish stock movement (Bondad-
Reantaso et al., 2005; Peeler, 2005) are not widely practised in farms to minimize
spread or introduction of pathogens. Consequently, eradication of pathogens
becomes difficult once pathogens are introduced into the culture system (Ogawa et

al., 2007; Jensen et al., 2014; Tsang et al., 2021)

Routine health monitoring of fish stocks, which serve as an early warning
system for early disease outbreak intervention, is not widely practiced (Subasinghe,
2005; Kon et al., 2017; MacAulay et al., 2022; Chew & Gibson-Kueh, 2023). Fish

farmers primarily rely on observations of clinical signs and increased mortality rates to
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assess the health of stock (Brugere et al., 2017). However, these traditional methods
of disease surveillance are not sensitive enough to detect subclinical infections, when
clinical signs are absent (Murray et al., 2011). Undetected subclinical infections within
the population can progress to severe disease outbreaks with high mortality following
routine husbandry stress (Baxa et al., 2015). Assessing fish physiological changes
using haematology may provide a more accurate health assessment, allowing for the
detection of underlying subclinical diseases (Kent et al., 2012). Environmental
stressors, including poor water quality (Simbeye & Yang, 2014; Ardiansyah & Fotedar,
2016; Becke et al., 2019; Lindholm-Lehto, 2023), seasonal changes (Callinan et al.,
1993), heavy rainfall (Wiwanitkit, 2005; Creeper & Buller, 2006; Tendencia et al.,
2010), and fluctuations in temperature (Ali et al., 2020) and dissolved oxygen (Abdel-
Tawwab et al., 2014), can exacerbate the risk of disease outbreaks in farmed L.
calcarifer. As farms intensify production, the early identification of disease indicators
becomes increasingly important to prevent outbreaks (Segner et al., 2012; Cain,

2022).

Disease management strategies in L. calcarifer farming are currently reactive,
with farms addressing disease outbreaks as they occur rather than relying on
monitoring and prevention programs. Reactive measures are often ineffective at
controlling outbreaks or minimizing losses (Gabriel & Akinrotimi, 2011). Fish generally
stop feeding once clinical symptoms are visible, rendering oral medication ineffective
(Rigos et al., 2006; Kim et al., 2019; MacKinnon et al., 2019; Norbury et al., 2022).
Immersion treatments, such as freshwater baths, can be effective against marine
ectoparasites or countering dehydration in fish with severe gut damage due to “big
belly” disease (Gibson-Kueh et al., 2021). The utility of bath treatments is limited on

farms in Singapore, where there is inadequate access to freshwater (Bridle et al.,
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2003). Immersion bath treatments are often not coordinated across cages, and do not
break the ectoparasite’s life cycle due to constant presence of infected fish at the
farming site at any one time (Chong et al., 2003; Ogawa, 2015; Boerlage et al., 2017;
Khoa et al., 2019; Fusianto et al., 2021). Formalin baths are stressful to fish and have
been found to cause branchial lesions in Atlantic salmon (Salmo salar L.) and rainbow

trout (Oncorhynchus mykiss) (Speare et al., 1997).

Fish ectoparasites can evade treatment by burrowing into the host’s epidermis,
hiding beneath scales, or attaching to sheltered gill sites with reduced exposure to
chemical baths (Parsons et al., 2001; Buchmann, 2015; Trujillo-Gonzalez et al., 2015).
Other ectoparasites shed chemically resistant eggs into the water column (Umeda et
al., 2006), while blood-feeding leeches lay cocoons on tank surfaces, making them
difficult to remove (Ogawa et al., 2007; Kua et al., 2010; Afifah et al., 2021). Although
several vaccines, such as those against S. iniae, have been developed, most farms
do not vaccinate their fish (Bachrach et al., 2001; Agnew & Barnes, 2007; Jiang et al.,
2014; Smirnov et al., 2024). The presence of different serotypes of S. iniae may render
poor protection in previously vaccinated fish (Bachrach et al., 2001; Pakingking et al.,
2009; Aviles et al., 2013; Barnes & Rudenko, 2016). Vaccines for other deadly
pathogens, such as infectious spleen and kidney necrosis disease (ISKND), SDDV,
Tenacibaculum maritimmum and C. irritans, are not commercially available for L.
calcarifer (Khoo et al., 2012; de Groof et al., 2015; Seng & Sawal, 2015; Dong et al.,
2017a). In the absence of effective vaccines, farms will continue to lose fish due to

these diseases (Bromage & Owens, 2009).

Suboptimal husbandry practices increase farmed L. calcarifer susceptibility to
diseases by disrupting physiological homeostasis (Pickering & Pottinger, 1989;
Johnson & Albright, 1992; Yatabe et al., 2011; Segner et al., 2012; Tacchi et al., 2015;

29



Butt & Volkoff, 2019; Cain, 2022; Parvathy et al., 2023). Common stressful practices
include high stocking densities (Ruane et al., 2002; Jia et al., 2016; Liu et al., 2019),
handling and transfer of fish stock (Wedemeyer, 1972; Barton, 2002; Young et al.,
2019), poor water quality (Paterson et al., 2003; Ardiansyah & Fotedar, 2016) and
prolonged exposure to ammonia (Harmon, 2009; Sampaio & Freire, 2016; Erikson et
al., 2022). Such stressors elevate blood cortisol or corticosteroid levels in fish,
triggering secondary stress responses like elevated blood glucose levels to meet
increased metabolic demand (Segner et al., 2012; Buchmann, 2015; Ardiansyah &
Fotedar, 2016; Pomposini et al., 2019). Chronic stress weakens immunological
functions, causing lymphopenia and reducing lysozyme and myeloperoxidase activity
(Pickering & Pottinger, 1989; Davis et al., 2001; Barcellos et al., 2004; Small &

Bilodeau, 2005; Small et al., 2008; Sadhu et al., 2014).

Immunosuppressed fish creates opportunities for bacterial species commonly
present in the aquatic environment such as Vibrio spp. to cause disease (Thune et al.,
1993; Salimnia et al., 2011; Krupesha Sharma et al., 2012; Segner et al., 2012; Wu et
al., 2012b). Opportunistic diseases caused by V. alginolyticus and V. harveyi have
been reported in L. calcarifer (Tendencia, 2002; Zorrilla et al., 2003). Stressful
conditions including suboptimal water quality, poor feeding practices and
overcrowding (Hick et al., 2011; Kerddee et al., 2020) in intensively farmed L. calcarifer
can predispose to disease outbreaks (Conte, 2004; Erikson et al., 2022; Islam et al.,

2024).

The transportation of juvenile fish for stocking at another site is commonly
practiced in the aquaculture industry. This causes significant stress to the fish, often
leading to disease outbreaks shortly after transport (Arif et al., 2016; Shabani et al.,
2016; Saputri et al., 2019; Fusianto et al., 2021; Assane et al., 2022; Erikson et al.,
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2022). Transport stress can have significant negative impacts on fish health. Fish
farms in Singapore commonly import juvenile fish from hatcheries in neighbouring
countries (Begum, 2022). Direct exposure of gills to toxic free ammonia nitrogen (FAN)
can also result in substantial damage such as epithelial lifting, hyperplasia, and
necrosis (Parvathy et al., 2023). The fish epidermis normally serves as an impervious
barrier against pathogens and water or ion loss (Tripathi et al., 2005; Segner et al.,
2012; Torfi Mozanzadeh et al., 2015). Damaged skin leads to dehydration in marine
fish as water escapes through the disrupted epidermis, and creates entry points for

pathogen invasion (Conte, 2004; Tacchi et al., 2015; Doyle et al., 2022).

1.5 The Impact of Diseases on Fish Health

Understanding the impact of diseases on fish health is essential for determining
effective management strategies. Low-grade gill monogeneans infestations cause
focal to multifocal pathology, often without clinical signs (Dias et al., 2021). Parasite
numbers may build-up over time and heavy infestations result in extensive hyperplasia
which reduces the qill surface area available for gas exchange and waste excretion,
resulting in poor growth and depressed immunity (Trujillo-Gonzalez et al., 2015; Reda
et al., 2024). Since parasite levels typically take weeks to reach harmful thresholds,
early detection and intervention are possible before clinical disease develops
(Brabrand et al., 1994; Bastos Gomes et al., 2017a). The most common method for
detecting ectoparasite on farms is through wet mount microscopic examination of gill
or skin scrapings (Chew et al., 2024b). Parasite infection loads on farms are often
underestimated, especially when low-intensity infections are difficult to detect through
conventional screening methods (Fensham et al., 2018). Recent studies have

highlighted the potential of quantifying environmental DNA (eDNA) from protozoan
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parasites, such as Chilodonella hexasticha and C. irritans, as well as fungal pathogens
like Pseudoloma neurophilia, to predict disease outbreaks in fish farms, enabling early

intervention (Bastos Gomes et al., 2017a; Tsang et al., 2021; Schuster et al., 2023).

Bacteria associated with diseases in tropical aquaculture species are
commonly present in the aquatic environment without causing disease (Abdullah et
al., 2017; Sanches-Fernandes et al., 2022). However, breach of skin, gill or gut
barriers, or increased bacteria loads in the water, can increase the risk of opportunistic
bacterial infections that rapidly progress to systemic disease (Bromage & Owens,
2002; Bhuiyan et al., 2022; Manchanayake et al., 2023). Bacterial diseases typically
progress faster than viral infections, often leading to conditions such as septicemia or
acute inflammation and necrosis of skin, gills or gut (Li et al., 2017; Piamsomboon et
al., 2020). Exceptions include chronic granulomatous enteritis seen in “big belly”
disease and systemic granulomas associated with nocardiosis (Gibson-Kueh et al.,
2021; Islam et al., 2024). Vibrio species produce extracellular compounds that induce
erythrocyte haemolysis and elevate leukocyte counts (Li et al., 2003; Kim et al., 2021;

Sheikh et al., 2022; Triga et al., 2023).

Increased mortality due to viral infections such as SDDV is usually observed
several weeks to months after stocking in sea cages (Gibson-Kueh et al., 2012;
Domingos et al.,, 2021; Nurliyana et al., 2020). SDDV infections often progress to
destruction of the spleen leading to immune suppression and increased susceptibility
to secondary bacterial infections, and disruption of the skin barrier resulting in
dehydration in seawater (Gibson-Kueh et al., 2012; Domingos et al., 2021). L.
calcarifer infected with LCHV develops disseminated intravascular coagulation
resulting in extensive destruction of gut, significant reduction in feed rates followed by
spikes in mortality (Gibson-Kueh et al., 2023).
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An inflammatory response forms part of the healing process following tissue
damage related to handling during routine husbandry in fish (Lévesque et al., 2013).
Immune cells, including macrophages, monocytes, heterophils and neutrophils, play
a key role in maintaining host homeostasis by clearing dead or degenerate cells to
allow for tissue regeneration whether the cause is physical trauma or infectious
(Secombes & Wang, 2012; Salinas, 2015; Selders et al., 2017; Kordon et al., 2018).
An elevated blood white blood cell counts can be due to an ongoing infection
(Esmaeili, 2021; Weichert et al., 2021). Glucose is an essential energy substrate
required for ATP generation to support the immune system, and decreased levels can
compromise immune function (Calder et al., 2007; Maclver et al., 2008). Circulating
blood proteins such as albumin and globulins, are needed for maintaining osmotic
pressure of circulating body fluids and blood, and they affect the fish ability to
osmoregulate (Hankins, 2006; Andreeva, 2019). Establishing reference intervals (RIs)
in these key blood values in clinically healthy L. calcarifer can improve fish health

assessment capabilities and allow early interventions in farmed fish (Fazio, 2019).

1.6 The Need to Establish Health Monitoring Tools - Blood Reference Intervals

(RIs)

The value of blood Rls in assessing the health of farmed fish is increasingly
recognised (Torfi Mozanzadeh et al., 2015; Nabi et al., 2022; Rozas-Serri et al., 2022).
RIs enable fish farmers to detect deviations in blood parameters caused by subclinical
disease or impaired organ function resulting from disruptions to homeostasis or
suboptimal husbandry (Klaassen, 1999; Knowles et al., 2006; Katayev et al., 2010;
Segner et al., 2012; Fazio, 2019). RIs provide reference points for blood parameters

such as glucose, total red and white blood cell counts, haematocrit and haemoglobin
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levels as indicators of health and immune status (Snellgrove & Alexander, 2011;
Parrino et al., 2018; Casanovas et al., 2021). Blood RIs have been successfully
applied to assess the health of various non-fish species such as dogs (Bourgés-Abella
et al., 2011; Dunlop et al.,, 2011; Misbach et al., 2014), cats (Baral et al., 2014,
Paltrinieri et al., 2014; Spada et al., 2015), cattle (Otter, 2013), sea turtles (Flint et al.,
2010), horses (Ireland & McGowan, 2023) and birds (Harr, 2002; Spagnolo et al.,

2006; Haile & Chanie, 2014).

Haematological baseline data for assessing the health status in farmed L.
calcarifer is lacking. Without an established RI for blood parameters, farmers are
unable to detect the early effects of disease or suboptimal environmental factors,
delaying management responses (Munkittrick & Leatherland, 1983; Barcellos et al.,
2004). Blood Rls have already been developed for a few important aquaculture
species, such as salmonids (Rozas-Serri et al., 2022), catfish (Tavares-Dias &
Moraes, 2007), tilapia (Hrubec et al., 2000). Rls for blood parameters such as white
blood cell counts, glucose, haematocrit and haemoglobin levels provide useful
indications of the health and immune status of L. calcarifer (Yildiz, 2009; Segner et al.,

2012).

1.7 Pathobiome vs Microbiome in Gut Health

The gut microbiome plays an important role in fish immunity, physiology,
osmoregulation, and metabolic processes (Whittamore, 2012; Ghanbari et al., 2015;
Tarnecki et al.,, 2017; Butt & Volkoff, 2019). A healthy fish microbiome should be
biodiverse, without domination by potentially pathogenic bacteria (MacAulay et al.,

2022). Recent advancements in molecular tools, such as next-generation sequencing
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(NGS) techniques, have enabled researchers to characterize the gut microbiome of
fish more effectively (Tarnecki et al., 2017). These advancements allow scientists to
identify changes in gut bacterial groups that may impact health or contribute to disease

development in farmed fish (Diwan et al., 2022).

Dysbiosis, which is the disturbance of the normal gut microbiota where harmful
pathogenic microbes predominate, can be a precursor for various health conditions
and disease in farmed fish (Talwar et al., 2018). Dysbiosis has been associated with
enteritis in multiple farmed fish species, such as hybrid sturgeon (Acipenser
schrenckiid x Acipenser baeriQ) (Huang et al., 2020) and Atlantic salmon Salmo salar
L. (Wang et al., 2017) and largemouth bronze gudgeon (Coreius guichenoti) (Li et al.,
2016). Fish suffering from gut dysbiosis may exhibit an increase in gut Proteobacteria

(Shin et al., 2015) or a rise in pathogenic Vibrio spp. populations (Xavier et al., 2024).

Various factors can influence gut microbiota in fish, including starvation (Xia et
al., 2014), the addition of pro- and prebiotics (Raffic Ali et al., 2016; Adorian et al.,
2018), feed additives (Siddik et al., 2020), exposure to microplastics (Xie et al., 2021;
Xie et al., 2022), antibiotics (Kim et al., 2019; Donati et al., 2022), and diseases
(Miyake et al., 2020; Gibson-Kueh et al., 2021). Characterizing these changes in gut
microbiome may serve as an early indicator of shifts in health status of farmed fish,
and help farms make informed management changes (Nayak, 2010; Legrand et al.,

2020b).

Baseline studies suggest that the gut microbiome of a normal healthy L.
calcarifer is similar to that of other carnivorous marine fish species, mainly comprising
of bacteria phylum groups such as Proteobacteria, Firmicutes, Cyanobacteria, and

Actinobacteria or Fusobacteria (Apper et al., 2016). Earlier research on the gut
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microbiome of L. calcarifer were mostly focused on the effects of feed additives (Apper
et al., 2016; Reyshari et al., 2019; Siddik et al., 2020) and probiotics (Syed Raffic Al
et al., 2018; Siddik et al., 2022). One study characterized the gut microbiome of L.
calcarifer experimentally infected with tenacibaculosis and found an increase in
Proteobacteria and Vibrio populations (Miyake et al., 2020). Some advancements in
sequencing technology and bioinformatics should enable farmers to have a more
detailed examination of changes in the gut microbiome of L. calcarifer at the genus
and species levels (Diwan et al., 2022). A better understanding of the dynamics in gut
microbiome in farmed L. calcarifer before, during and after disease will help formulate

better diets and intervention studies.

“Big belly” disease is a severe, chronic granulomatous bacterial enteritis that is
fatal in L. calcarifer kept in seawater (Gibson-Kueh et al., 2004; Gibson-Kueh et al.,
2021). The causal agent for this disease has been identified as a novel Vibrio spp.
thought to be naturally present in the gut of clinically healthy L. calcarifer (Gibson-
Kueh et al., 2021). However, it remains unclear whether a shift in gut microbiome and
an increase in a single Vibrio species is responsible for the disease (Gibson-Kueh et
al., 2021). “Big belly” disease is a chronic condition that causes severe granulomatous
enteritis and can cause significant mortality rates of 80-100% (Gibson-Kueh et al.,
2004). The intestine is considered the largest immune organ and an important line of
defence against invading pathogens and in osmoregulation in fish (Wong et al., 2014;
Zhang et al., 2016; Dehler et al., 2017; Meng et al., 2019). Mortality occurs when
diseased fish are unable to osmoregulate due to severe extensive damage to the gut
lining due to the bacterial enteritis (Grosell, 2006; Whittamore, 2012; Gibson-Kueh et
al., 2021). Reports of “big belly” disease outbreak is becoming increasingly common

in farmed L. calcarifer (Fu et al., 2014; Gibson-Kueh et al., 2021). More studies are
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needed to better understand the changes in gut microbiome preceding the onset of

disease in L. calcarifer and allow appropriate intervention (MacAulay et al., 2022).

1.8 Monitoring of Pathogen Load using eDNA

Farmers need to adopt better disease surveillance methods to improve disease
management. Traditionally, farmers rely on records such as feed rates and growth
performance for decision-making on fish health management. Reduced feeding
activity is one of the first signs of stress or disease in farmed fish (Hick et al., 2011;
Bowater & O'Donoghue, 2015; Parvathy et al., 2023). However, such indicators are
non-specific and may not provide much information until the disease has progressed
to later stages. Clinical signs of disease in farmed fish are usually not observed until
advanced stages, by which point extensive tissue damage has already occurred
(Gibson-Kueh et al., 2012; Gibson-Kueh et al., 2023). Intervening only when clinical
signs are apparent often yield poor disease control outcomes and exacerbate mortality

if there is a need to handle fish.

A few studies have demonstrated the effectiveness of eDNA monitoring
methods for quantifying pathogen levels in aquaculture settings and linking them to
disease incidences (Kawato et al., 2021; Tsang et al., 2021; Lo et al., 2023). eDNA
monitoring is a sensitive technique for detecting or quantifying DNA of target species
in the aquatic environment (Huver et al., 2015). It is non-invasive and does not stress
fish or require lethal sampling of fish stock (Thomsen et al., 2012; Bastos Gomes et
al., 2017a; MacAulay et al., 2022). Elevated levels of pathogen eDNA in aquaculture
systems can serve as an early warning system for disease outbreaks (Huver et al.,

2015; Bastos Gomes et al., 2017a; Bastos Gomes et al., 2019; Tsang et al., 2021).
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Elevated Chillodonella hexasticha eDNA levels were found to be highly correlated to
subsequent pond farmed L. calcarifer mortality events (Bastos Gomes et al., 2017a).
Monitoring trends and pathogen eDNA levels can enable early detection of subclinical
diseases, encouraging the prompt implementation of control strategies, reducing

losses and the spread of disease.

SDDV is a chronic disease affecting L. calcarifer that remains poorly managed
by farmers, resulting in significant losses (Senapin et al., 2019; Nurliyana et al., 2020;
Domingos et al., 2021). In Singapore, major L. calcarifer farms have had to cease
operations due to their inability to control outbreaks of SDDV (Ang & Begum, 2023).
Recent studies have demonstrated that the eDNA of SDDV is quantifiable in
aquaculture facilities and is significantly correlated with increased rainfall and lowered
salinity (Kiat et al., 2022). Currently, farmers heavily rely on histopathology (Gibson-
Kueh et al., 2012) and species-specific polymerase chain reaction tests (Dangtip et
al., 2019; Sukhontip et al., 2019) for diagnosis. By the time clinical signs are presented,
L. calcarifer with SDDV have suffered significant damage of an important immune
organ such as the spleen predisposing to secondary Vibriosis, and extensive damage
of skin resulting in dehydration in seawater (Gibson-Kueh et al., 2012). Opportunistic
infections by Vibrio spp. are common in SDDV-infected L. calcarifer (Gibson-Kueh et
al., 2012; Dong et al., 2017b; Domingos et al., 2021). Routine eDNA monitoring or
surveillance of these pathogens may help farmers inform decisions to improve disease

management.
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1.9 Thesis Aims and Data Chapters

This PhD study aims to identify biomarkers as routine health monitoring tools
and early indicators of disease in farmed L. calcarifer. These tools will inform and
improve decision in commercial fish farms, and help them move from reactive to
proactive management to reduce production losses. The establishment of baseline
blood values in clinically healthy fish as reference intervals (Chapter 2), study of the
impact of transport and underlying disease conditions on fish survival post-stocking
(Chapter 3), dynamic changes in gut microbiome in diseased and clinically healthy fish
(Chapter 4), and monitoring of eDNA of pathogens such as SDDV and V. harveyi and
total bacterial activity (Chapters 5) in a commercial farm form this thesis. The final
discussion and conclusion (Chapter 6) summarise the key findings from each chapter,
discuss their applications to improve disease monitoring and management in

commercial fish farms, and offer suggestions for future research.

Chapters 2 (https://doi.org/10.1111/jfd.13831) and 3

(https://doi.org/10.1111/jfd.13963) have been published in the Journal of Fish

Diseases (Chew & Gibson-Kueh, 2023; Chew et al., 2024a), while Chapter 4 has been

published in Aquaculture (https://doi.org/10.1016/j.aquaculture.2023.739516) (Chew

et al., 2023). Chapter 5 is also planned for publication.
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Chapter 2: The Haematology of Clinically Healthy, Farmed
Juvenile Asian Seabass (Lates calcarifer Bloch) - Reference

Intervals, and Indicators of Subclinical Disease

Xian Zhe Chew and Susan-Gibson Kueh

This chapter has been submitted and accepted for publication in the Journal of Fish

diseases

2.1 Abstract

This study establishes the blood reference intervals (RIs) for clinically healthy
and farmed juvenile Asian seabass (Lates calcarifer), within four to six weeks after
stocking into flow-through, marine aquaculture systems. The 90% percentile Rls
(n=156, mean bodyweight 41.89) are as follows: glucose (GLU) 2.4 — 11.3 mmol/L,
haematocrit (Hct) 18.9 — 39.2 %, haemoglobin concentration (Hb) 56.0 — 85.0 g/L, total
plasma protein (TPP) 56.0 — 77.0 g/L, total red blood cell (RBC) count 4.1 — 11.2 x
10"2/L, total white blood cell (WBC) count 5.3 — 69.9 x 10%L, total lymphocytes 4.7 —
51.4 x 10%L, monocytes 0.3 — 16.2 x 10%/L, and heterophils count 0.6 — 8.4 x 109/L.
Pearson’s method analysis showed weak but significantly positive correlations
between fish bodyweight and Hct, Hb, TPP, and total RBC count (p < 0.05).
Histopathology of 42 of the 156 clinically healthy fish used to derive the RlIs, with blood
values within 90% percentile range, did not exhibit any abnormal pathology. In
contrast, histopathology from a different group of clinically healthy L. calcarifer (n =72,

mean bodyweight 31.3 g) with blood values falling outside of these established 90%
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percentile Rls showed that 25% of these fish had severe, chronic granulomatous
enteritis, and 13% had severely depleted lipid stores in their liver. Point biserial
correlation analysis of blood values from this second group of 72 fish showed that
elevated total WBC, monocyte and heterophil counts, and reduced Hct levels are
significantly associated (p < 0.05) with the occurrence of severe, chronic
granulomatous enteritis and depleted lipid stores in their liver. Reduced blood GLU
and TPP levels in the second group of fish were significantly associated with fish that
had depleted lipid stores in liver (p < 0.05), corroborating a period of malnutrition. This
study is among the first to establish blood RIs for clinically healthy, farmed juvenile L.

calcarifer, and detection of subclinical diseases in fish to support early intervention.

Keywords: aquaculture, blood reference intervals, histopathology, subclinical disease,

health management

2.2 Introduction

Barramundi or Asian seabass (Lates calcarifer) is an increasingly important
aquaculture species in Southeast Asia, Australia, and the United States. This is due
to its versatility in both freshwater and marine aquaculture (Jerry, 2014). The global
production of L. calcarifer has grown by almost two-fold, from 63,000 tonnes in 2016
to 117,000 tonnes in 2020 (valued at 540 million $USD) (FAO, 2023). However,
disease is estimated to cause greater than 40 - 70 % production losses in aquaculture,
costing the industry millions of dollars annually (Bromage et al., 1999; de Groof et al.,
2015; Loch et al., 2017). Chemical overuse to combat bacterial or parasitic diseases

threatens the sustainability of aquaculture, contributing to environmental degradation
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and loss of biodiversity. There is a need for cost-effective and reliable methods to
detect subclinical disease and allow farms to institute early intervention to reduce

production losses.

Haematology, or the analysis of blood parameters, is a quick and potentially
non-lethal means of monitoring health in commercial fish farms (Yildiz, 2009; Fazio,
2019; Witeska et al., 2022). Blood analyses reflect the immune status and ability of
cultured fish to respond to husbandry stressors, infection by pathogens, and disease
outbreaks (Thrall et al., 2012). Broadly, haematological values may vary due to several
factors: (a) intrinsic — sex, age, species, (b) extrinsic — photoperiod, temperature,
seasons, and (c) pre-analytical — sampling methods (Braceland et al., 2017; Fazio,
2019; Manna et al., 2021). There have been previous studies on differences in
haematological values in fish based on age (Okorie-Kanu & Unakalamba, 2015),
culture conditions (Tort et al., 1996; Montero et al., 1999; Liu et al., 2017), dietary
additives (Chiu et al., 2015; Siddik et al., 2018; De et al., 2019), exposure to heavy
metals (Javed et al., 2016), handling (Alexander et al., 2011; Fazio et al., 2015), high
stocking density or poor water quality (Ardiansyah & Fotedar, 2016), sex (Gabriel et
al., 2004; Akinrotimi et al., 2011), species (Parrino et al., 2018; Sayed et al., 2020),
temperature (Kim et al., 2019; Stewart et al., 2019), transportation (Paterson et al.,
2003) and infectious disease (Qiang et al., 2013; Pomposini et al., 2019). However,
interpretation requires baseline blood values or reference intervals (RIs) to be firstly
established for fish under different culture conditions and age groups (Friedrichs et al.,

2011).

Rls have been established in several important cultured catfish (Akinrotimi et
al., 2011; Bianchi et al., 2014; Manna et al., 2021), tilapia (Hrubec et al., 2000; Chen
et al., 2003; Mauel et al., 2007), salmonids (Casanovas et al., 2021; Nabi et al., 2022;
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Rozas-Serri et al., 2022) and other teleost species such as the shortnose sturgeon
(Acipenser brevirostrum) (Knowles et al., 2006), spotted rose snapper (Lutjanus
guttatus) (Del Rio-Zaragoza et al., 2011) and Senegalese sole (Solea senegalensis)
(Peres et al., 2015). However, Rls for clinically healthy, farmed L. calcarifer are
lacking. The requirements for sufficient sample size make it challenging to establish
statistically reliable and robust Rls (Katayev et al., 2010; Schubiger et al., 2021). In
addition, teleost possess nucleated red blood cells (RBC), which present a challenge
for automated analysis commonly used in other domesticated animal species (Fazio
et al., 2012). RBC, white blood cell (WBC) and differential WBC counts require
laborious manual-counting techniques (Witeska et al., 2022). Nevertheless, studies
have investigated the mean blood values of L. calcarifer in response to dietary
additives or supplementation (Talpur & Ikhwanuddin, 2012; Syed Raffic Ali et al., 2017;
Longbaf Dezfouli et al., 2019), high stocking density (Sadhu et al., 2014; Ardiansyah
& Fotedar, 2016), harvest stress (Wilkinson et al., 2008), probiotics (Adorian et al.,
2018) and transportation stress (Paterson et al., 2003), but Rls have not been

established.

This study aims to establish baseline blood RIs for clinically healthy, farmed
juvenile L. calcarifer. Juvenile fish in intensive aquaculture are more susceptible to
disease, due to developing immune systems (Azad et al., 2004; Fenner et al., 2006;
Gibson-Kueh et al., 2011; de Groof et al., 2015; Bastos Gomes et al., 2017a; Dong et
al., 2017b; Al Khaziri et al., 2019). The blood parameters analysed and methods used
are selected based on their practical applications in commercial farms. This study will
allow fish farms to identify farmed stocks with blood values outside established RIs, to

facilitate early detection of subclinical disease and manage production losses.
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2.3 Materials and Methods

2.3.1 Background of fish in this study

Fish were subsampled from eight batches of juvenile L. calcarifer shortly after
stocking into 80-tonne flow-through nursery tanks at a commercial marine fish farm in
Singapore, over a 15-month period (September 2020 to November 2021). These fish
were sourced from local and neighbouring overseas hatcheries and transported in
carboys at a stocking density of approximately 300-400 kg/m? by boat to the farm.
Clinically healthy (i.e., with no disease signs) L. calcarifer, displaying good feeding
response and active swimming behaviour were sampled for haematology and
histopathology (n=156, mean bodyweight S.D. = 41.8 + 26.6 g). Fish were sampled
from each batch over several time points, in the first four to six weeks post-stocking.
These flow-through systems run on sand-filtered seawater, with approximately one
full-cycle water exchange per hour. Fish were fed commercial slow-sinking pellets
(Uni-president or Skretting brand) two to three times a day, at feed rates of
approximately 3% bodyweight. Farmed L. calcarifer that are less than 500g
bodyweight are recommended to be fed a high protein diet of 45-55% and lipids of 14-
16% (Glencross, 2006). Water quality recorded included temperature at 30 °C £ 0.5,
dissolved oxygen above 6ppm, pH of 7.8 — 8.2, salinity at 29 — 31 ppt, ammonia levels
at 0 — 0.25 mg/L, nitrite at 0 mg/L, and nitrate at 0 — 5 mg/L, throughout the study

period.

2.3.2 Blood sample collection and analyses

Twelve fish were taken at each sampling point before the first feed of the day,

and all blood samples were kept chilled until processed within one to two hours, to
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minimize post-collection artefacts. All fish were anaesthetised using AquiS™
immersion bath (40ppm) post-capture for blood sampling, promptly euthanised in
prolonged immersion baths with same concentration of Aqui-S and kept chilled on ice
for bodyweight-length measurements and tissue sampling. This is to ensure
consistency in sampling methods which may have an impact on blood analysis (Young
et al., 2019). Blood was drawn from the caudal vein using a 1 mL syringe (Nipro), and
21G or 23G needle (BD PrecisionGlide™), and immediately placed in 1.5 mL lithium

heparin tubes (BD Microtainer®).

Blood glucose (GLU) (mmol/L) was measured using a handheld Instant ACCU-
CHEK™ glucometer (Roche Diagnostics GmbH, Mannheim, Germany). Haemoglobin
(Hb) concentration (g/L) was determined using a handheld haemoglobin analyser
DiaSpect™ (DiaSpect Medical GmbH, Barleben, Germany) according to manufacturer
instructions. Heparinised blood in microcapillary tubes was spun at 12,000 rpm
(69009g) at ambient temperature for three minutes to determine haematocrit (Hct) (%),
using a portable micro-haematocrit ZipCombo™ centrifuge (LW Scientific, USA).
Approximately three microliters of heparinised whole blood from each fish was used
to prepare blood smears on clean glass slides, air dried and stained with Diff Quik™
(Thermo Shandon Limited, USA) to determine differential white blood cell (WBC)
count, as percentages of lymphocyte, monocyte and heterophil counts per 100
leukocytes. Differential WBC counts were conducted under bright-field microscopy
using an Olympus BX53 transmission light microscope, by differentiating one hundred
WBC under oil immersion (100x objective) (Rozas-Serri et al., 2022). Heparinised
blood was spun down in a centrifuge (CF-5, DAIHAN Scientific, Korea) at 6000 rpm
(1210q) for five minutes, and approximately 30 pyL of plasma was placed on a MT-

200ATC clinical handheld protein refractometer (QA Supplies LLC, USA) to measure
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total plasma protein (TPP) (g/L). Blood samples that clotted or haemolysed were
excluded from analyses. Blood GLU with readings beyond the detection limits of
ACCU-CHEK™ |nstant glucometer (Roche Diagnostics GmbH, Mannheim, Germany)

were excluded.

Total red blood cell (RBC) counts (10'%/L), and WBC counts (10°/L) were
carried out on 1:200 dilution or five microliters heparinised blood diluted in 1 mL of
Natt and Herrick’s solution (Vetlab supply, Palmetto Bay, FL, USA). Blood samples
were mixed well before approximately 15 pyL of blood diluted in Natt & Herrick’s
solution were fed into a KOVA® Glasstic® counting chamber (Kova International Inc.,
USA). WBCs were counted in all 81 small grids, and RBC counts in nine grids (four
corners, one in the centre, and four centre grids of the outermost rows and columns)
under 400x magnification. Total WBC and RBC counts were derived using the
formulae below. Total WBC count was subsequently multiplied with differential counts
(%) of monocytes, lymphocytes and heterophils to obtain their respective counts.

Samples with lysed or swollen RBCs were excluded from total RBC counts.

) Total No.of WBC counted in all 81 grids
White blood cell count (per uL) = ( 99 ) x 200
Total No.of RBC counted in 9 grids
Red blood cell count (per ulL) = ( 3 X 90) x 200

Mean corpuscular volume (MCV) (fl), mean corpuscular haemoglobin (MCH)
(pg), and mean cell haemoglobin concentration (MCHC) (g/L) values were derived
from Hct, Hb concentration and total RBC counts according to the formulae below

(Thrall et al., 2012).

Hct (%)
RBC count(per uL)/10°6

MCV (fL) = ( ) x 10
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10
RBC count (per uL)/10°

MCH (pg) = Hb (g/L) X ( )

H lobi L
aemoglobin (g/ )) 100

MCHC (g/L) = ( Hematocrit (%)

2.3.3 Histopathology

Tissues (Brain, gills, gut, heart, kidney, liver, muscle, spleen and stomach) from
freshly euthanized L. calcarifer were fixed in 10% phosphate-buffered formalin, for
routine histoprocessing at Institute of Molecular & Cell Biology (IMCB), Agency for
Science, Technology, and Research (A*STAR) Singapore, or Diagnostic Veterinary
Pathology Laboratory, Murdoch University, Australia, into hematoxylin and eosin
(H&E) stained tissue sections. Of the 156 clinically healthy L. calcarifer used to
establish the Rls, H&E stained tissue sections from 42 fish (i.e., with GLU, TPP, Hct,
Hb, total RBC count and total WBC count within the 90% percentile Rls) were
examined on the Olympus BX53 transmission light microscope, and images captured
using Digital Camera DP74 and CellSens™ Standard Imaging System (Olympus
Corporation). Additionally, a separate group of 72 clinically healthy L. calcarifer (mean
bodyweight S.D. = 31.3 + 26.7 g) from the same farm, with at least one blood value
(GLU, TPP, Hct, total RBC count or total WBC count) falling outside the 90% percentile
RIs were examined for histopathology. Out of these 72 fish, 45 (63%) fish have at least
one blood value outside the 90% percentile Rls, while the rest had more than one
blood value outside the 90% percentile RIs. In this study, the presence or absence of
severe chronic enteritis is as described in previous studies, or in brief, multifocal to
coalescing, chronic granulomatous enteritis (Gibson-Kueh et al., 2004; Gibson-Kueh
et al., 2021). Researchers may refer to Domingos et al.’s (2021) for images of how

livers with good lipid and glycogen reserves or depleted fat stores look histologically.
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2.3.4 Statistical analysis and development of reference intervals

This study follows the protocol proposed by the ASVCP Quality and Laboratory
Standards Committee (QALS) Guidelines, for the determination of Rls in veterinary
species (Friedrichs et al., 2011). Data was analysed using IBM SPSS ver. 27. As
sample size exceeded the recommended minimum of n = 39, Rls were generated
using non-parametric methods. Blood values within the central 90% percentile of
reference values were adopted in this study for increased robustness and stringency
(Friedrichs et al., 2011). Normality of data were determined using Shapiro-Wilk test
and equal variances were verified with Levene’s test. The correlation between
bodyweight of clinically healthy fish (n = 156) used to establish the Rls for this study
and their blood values were analysed using Pearson’s correlation coefficient. In a
different group of clinically healthy fish (n = 72), point-biserial correlation test was used
to determine if there is an association between blood parameters of fish with values
outside the 90% percentile Rls and the occurrence of severe chronic enteritis in the
gut or depletion of liver lipid stores. The blood data of these 72 fish were log-

transformed to meet the assumptions for point-biserial correlation tests.
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2.4 Results

The RIs of blood values from clinically healthy, farmed juvenile L. calcarifer (this
study) are presented in Table 1. Rls (90% percentile) values are as follows: GLU 2.4
—11.3 mmol/L, Hb 56.0 — 85.0 g/L, Hct 18.9 — 39.2 %, TPP 56.0 — 77.0 g/L, total RBC
counts 4.1 — 11.2 x 10"?/L, MCV 25.8 — 78.1 fL, MCH 6.5 — 17.4 pg, MCHC 197 .4 —
317.6 g/L, total WBC counts 5.3 — 69.9 x 10%L, and lymphocytes 4.7 — 51.4 x 10°/L,
monocytes 0.3 — 16.2 x 10%/L, heterophils counts 0.6 — 8.4 x 10%L. Lymphocytes are
the dominant WBCs in clinically healthy, farmed juvenile L. calcarifer. Eosinophil and
basophils were not observed in L. calcarifer examined in this study. These blood
values did not show a normal distribution, except for Hct and total RBC counts.
Pearson correlation analysis showed a weak, but significantly positive correlation
between bodyweight and Hct (r = 0.32; p < 0.01), Hb (r = 0.19; p < 0.05), TPP (r =
0.25; p < 0.01), and total RBC counts (r = 0.28) (Figure 1 & Table 2) (n=156). In
contrast, a significantly weak, negative correlation was observed between fish

bodyweight and MCHC (r =-0.31) (p < 0.01) (Figure 1 & Table 2) (n=156).

Histopathological examination of 42 out of 156 clinically healthy fish used to
develop blood Rls for this study did not reveal any significant pathology (Table 3). In
contrast, histopathological examination of a different group of clinically healthy fish (n
= 72) with blood parameters outside the established RIs revealed that 25% (n = 18 /
72) suffered from severe, chronic granulomatous enteritis, while 13% (n =9/ 72) had
severely depleted lipid and glycogen stores in the liver (Figure 2 & Table 3). Moreover,
11.1% (n = 8 / 72) of examined fish suffered from both severe, chronic granulomatous
enteritis and depleted lipid and glycogen stores in the liver. Some fish with chronic

enteritis displayed the occasional intralesional, scattered clusters of large coccobacilli,
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resembling “big belly” disease (Gibson-Kueh et al., 2004; Gibson-Kueh et al., 2021)

(Figure 2).

Point biserial correlation analysis of blood parameters from this second group
of 72 clinically healthy L. calcarifer showed that elevated total WBC counts (r = 0.31/
0.28; p < 0.05), monocyte (r = 0.28 / 0.27; p < 0.05) and heterophil counts (r = 0.28 /
0.28; p < 0.05), and reduced Hct levels (r = -0.38 / -0.34; p < 0.01) are significantly
associated with the occurrence of severe, chronic granulomatous enteritis and
depleted lipid stores in the liver (Table 4). Reduced blood GLU (r = -0.39; p < 0.01)
and TPP levels (r =-0.24; p < 0.05) were also significantly associated with L. calcarifer

that had depleted liver lipid stores (Table 4).

50



Table 1. Blood reference intervals (RIs) in clinically healthy, farmed juvenile L. calcarifer in this study.

Blood Parameters n Min Max Median Mean (S.E.) 90% Percentile90%  Confidence
reference values of mean
intervals

Glucose (mmol/L) 151 1.4 15.4 6.4 6.7+0.2 24-113 6.3-7.0

Haemoglobin (g/L) 156 38.0 91.0 74.0 72.2+0.08 56.0-85.0 71.0-73.5

Haematocrit (%) 156 15.0 43.0 29.0 29.3+04 18.9-39.2 28.5-30.0

Total plasma protein (g/L) 156 51.0 89.0 66.0 66.2+0.05 56.0-77.0 65.4-67.0

Total red blood cells (10*2/L) 60 3.2 13.1 7.3 7.2+0.2 41-11.2 6.8-7.6

MCV (Mean corpuscular volume) (fL) 60 20.6 92.9 44.8 46.6+1.8 25.8-78.1 43.5-49.6

MCH (Mean cell haemoglobin) (pg) 60 5.5 23.2 10.1 11.0+04 65-174 10.3-11.7

MCHC (Mean cell haemoglobin concentration) (g/L) 156 183.0 383.0 250.0 251.7+2.7 197.4-317.6 247.1-256.2

Total white blood cells (10%/L) 91 4.2 85.3 26.2 29.2+2.1 53-69.9 25.7-32.7

Lymphocyte (10°/L) 91 3.4 70.0 18.3 21.2+14 47-514 18.8-23.6

Monocyte (10°/L) 91 0.1 27.2 2.5 46+0.5 0.3-16.2 3.7-5.5

Heterophil (10%/L) 91 0.5 10.2 3.1 3.5+0.3 0.6-8.4 3.1-3.9
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Table 2. Correlation analyses of blood parameters to bodyweight (g) in clinically healthy L. calcarifer.

Blood Parameters n Pearson correlation score (r value) p-value
Haemoglobin (g/L) 156 0.185 <0.05
RBC count (10'2/L) 60 0.279 <0.05
MCHC (g/L) 156 -0.308 <0.01
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Figure 1. Scatter plot displaying weak but significantly positive correlation of haematocrit (n = 156, r < 0.32) and total plasma protein (n = 156, r
< 0.25) to bodyweight in clinically healthy L. calcarifer used to establish Rls in this study (n = 156, p < 0.01). It is possible that analyses of blood
values against a wider bodyweight range may show stronger positive correlation.
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Table 3. Histopathological findings in clinically healthy L. calcarifer with blood values within and outside the 90% percentile Rls.

Number and percentage of L.
Histopathology examination calcarifer with severe chronic

Number and percentage of L.
calcarifer with depleted lipid stores in

enteritis in gut liver
- . . - o
Clinically healthy fish VYIth blood values within 90% 0 (0%) 0 (0%)
percentile Rls (n = 42)
- . . . 0
Clinically healthy fish with blood values outside 90% 18 (25%) 9 (13%)

percentile Rls (n = 72)*

*These 72 L. calcarifer are a separate group of fish that were distinct from the fish used to derive the Rls.
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Figure 2. H&E tissue sections from clinically healthy, juvenile L. calcarifer with blood parameters within (I, Il & Ill) and outside (IV, V & VI) the
90% percentile Rls established in this study. (I & Il) Liver with light staining, wispy appearance, indicate good lipid and glycogen storage, shown
at higher magnification in Il. (lll) Intestine with no abnormal histopathology. (V) Clinically healthy L. calcarifer with blood parameters outside the
90% percentile Rls, suffering from severe, extensive chronic granulomatous enteritis (E). (V) Liver with severely depleted lipid and glycogen
storage, stain more intensely eosinophilic. (V1) Intralesional, clusters of large coccobacilli (arrow), in intestine with chronic granulomatous enteritis
due to ‘big belly’ disease.
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Table 4. Point biserial correlation analysis of blood values from clinically healthy L. calcarifer with blood values outside Rls (n = 72) showed
significant association between some blood values and presence of severe chronic enteritis and depleted lipid stores in liver.

Blood parameters n Mean Std. Association with severe chronic Association with

Deviation enteritis in gut (r-value) depleted lipid stores in
liver (r-value)

Glucose (mmol/L) 57 5.5 3.7 -0.118 -0.392"

Haemoglobin (g/L) 72 52.4 34.9 0.203 0.069

Haematocrit (%) 72 28.9 8.4 -0.375" -0.342"

Total plasma protein (g/L) 72 6.7 0.9 -0.178 -0.235°

Total red blood cells (10*2/L) 30 7.8 2.9 -0.241 -0.100

MCV (Mean corpuscular volume) (fL) 30 44.3 17.4 -0.079 -0.229

MCH (Mean cell haemoglobin) (pg) 30 10.8 3.9 -0.040 0114

MCHC (Mean cell haemoglobin concentration) 72 5.8 43 0.021 0.083

(8/L) ' '

Total white blood cells (10%/L) 59 292 31.4 0.308" 0.278'

Lymphocyte (10%/L) 59 65.9 20.9 0.213 0.182

Monocyte (10%/L) 59 17.9 10.7 0.279" 0.267"

Heterophil (10°/L) 59 16.2 14.7 0.279° 0.281°

(*) Blood parameters with a significant p-value of < 0.05. (**) Blood parameters with a significant p-value of < 0.01. The r value represents the strength of the
association and ranges between -1 and 1. Positive r value represents a positive correlation, while negative r value represents a negative correlation.
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Table 5. A summary of blood reference intervals (RIs) in clinically healthy juvenile L. calcarifer (this study) and other teleost fish species.

. . - Body wt GLU Total / Plasma Protein RBC Hct Mcv MCH
Fish groups Species Salinit Hb (g/L MCHC (g/L Reference
group P Y @ (mmol/L)  (TP/PP) (g/L) o (%) ) w) (e (/1)
. S . *29.0-66.0 (TP) / 48.0-78.0 27.0 - 115.0- 28.3 -
Tilapia Tilapia (O. hybrids) FW 240.0 1.7-3.8 (PP) 19-28 370 70.0-98.0 183.0 423 220.0-290.0 Hrubec et al., 2000
Hybrid Tilapia (O. aureus 72.0 - *27.0-50.0 (TP) /30.0-77.0 22.0-
X 0. niloticus) FW 556.0 1876 (pp) 45.0 Mauel et al., 2007
A . 33.3-
Nile Tilapia (O. niloticus) FW 393.2 29-8.7 *33.0-50.0 (TP) - 485 - - - - Chen et al., 2003
. Striped catfish (P. " 38.8 - 63.9 - 11.5-
Catfish hypophthalmus) FW 23.6-394 49-7.7 42.5-67.0 (TP) 6.8-85 433 67.0-83.0 83.9 15.3 163.8-202.0 Mannaetal., 2021
. X . 541+ 26.8 - 116.9 - . .
Duckbill catfish (S. lima) FW 151 42.0 - 50.0 (PP) 21-25 30.0 49.6-72.1 1345 173.7-254.6  Bianchietal., 2014
Yellow catfish (H 36.0- 704~ 214- Prasad & Charles
. . *% - - : - - - - !
brachysoma) FW 161.0 141.3 20.6 - 86.3 (PP) 1.7-24 556 72.0-99.0 2010
(/L)
Striped catfish (P. 141.7 + *30.0-42.0(TP) / 126.0 - 23.8 - 106.3 - Galagarza et al.,
hypophthalmus) FW 41.2 46-76 173.0 (PP) 18-28 35.9 156.6 2017
Channel catfish (/. 98.5 - 1,500.0 — 27.0 - 44.0 - 88.6 - Tavares-Dias &
punctatus) FW 834.5 0.9-48 26.0-66.0 (TP) 4,100.0 54.0 109.0 186.7 205.0-226.0 Moraes, 2007a
African catfish (C. 32.6- 100.2 - 72.1- 30.2 - Akinrotmi et al.,
gariepinus) FW 18000 ) ) 3.1-86 457 186.4 91.3 46.7 382.1-467.4 5014
. Coho Salmon (O. 50.0 - % 22,258.9 - 38.3- 299.2 - 40.1 - Rozas-Serri et al.,
Salmonid 0 teh) FW 150.0 13-75 20.0-59.6(TP) 160,179.8 685  749.9 177.8 0.7-14 2022
. 50.0 - % 21,312.0- 24.0 - 1543 - 110.7 - Rozas-Serri et al.,
Atlantic salmon (S. salar) FW 150.0 2.9-9.6 25.7-64.9 (TP) 130,669.2 56.6 636.3 206.0 - 0.7-1.4 2022
Rainbow trout (O. 50.0 - " 10,716.9 — 33.0- 86.0 - Rozas-Serri et al.,
mykiss) FW 150.0 11-75 25.1-55.4(TP) 86,834.6 60.7 ) 192.7 0.7-11 2022
Rainbow trout (O. " 33.0- Marancik et al.,
mykiss) FW - 3.1-6.7 35.0-58.0 (TP) - 51.0 - - - - 2014
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Rainbow trout (O.

131.0-

83.2 - 188.8 -

56.8 -

mykiss) FW 2253 19-27  30.0-39.0(TP) 1.0-2.0 00 1aos OO 281.4-327.6 Nabietal, 2022
e Gw steso 27781 270-466(1) : s tms  wee - 3o nomesh
Cichlid (Sg”;;n/:r;z;ica“ cichlid 27.1-502 - - 1.7-43 ;;i T 523-833 Zg;(; ig:z T 1743-303.1 gi‘g:/rzzrgugé(f;
(Rl\‘j,fj;;’:;f:kzli;’e cichlid ¢\ 99.7+4.1 21-27  *34.6-46.2 (TP) 17-27 ;;g " 63.0-913 23234 121(6):2 T 2700-320.0 ZT:)'(E:SZ‘: 82‘011
Others Common carp (C. carpio) ~ FW 206-60.7 - - 1.4-15 ;g:g T 62.4-69.6 ié?,jf ) gi ) 256.6-284.9 Witeska et al., 2016
22??;;" sea bream (3. sw 351+09 6.2-7.9  *32.0-39.0(TP) 17-22 g::; T 28.0-60.0 gii . ;2:: T 92.0-180.0 Torfietal, 2015
%‘— ; ]baSSL' SW 41.8+21 2.4-113 56.0-77.0 (PP) 4.1-11.2 g °  56.0-85.0 g : % 197.4-317.6 Present study
e L T T e
Yellow Perch (P. W 1250+ s4.101 37:0-500(TP)/60.0-820 0002- 200- ) ) ) Hrubec & Smith,
flavescens) 14.0 (PP) 0.003 47.0 2004
Koi (C. carpio) FW 200 - - 1.7-1.9 gg; " 63.2-755 122:3 ) i;; ) 204.0-229.0 Tripathietal., 2004
i:::;;l':;ilz)c"e (5. SW ;2%0 * 11-48  26.0-63.3(TP) 11-23 227' 26.1-60.2 ?éié 4111:2 T 138.9-2734 Peresetal., 2015
Sablefish (4. fimbria) W iig:S- 1045 :F)zs,).z -44.9(TP)/43.0-79.2 Zgjg- ) ) ) zgglibiger etal,,
i;:gteizjass (M. FW 1?8%0 * 64-108 35.0-48.0(TP) 23-39 iz:g - 22'5% igf . i;:g © 259-37.8  Fazioetal., 2020
ooy e R0 2aean JOTROMIIOIR0 gy BT womo Z007 (071 1s00-3000 jromeserl

* Indicates studies that reported plasma protein (PP) as total protein (TP) despite using anticoagulants. ** This study presented as PP but did not state use of
anticoagulants. The large variation in total RBC counts between salmonids and other finfish species highlights the need to develop species-specific, farm
system-specific, and age-matched reference intervals for accurate interpretation of blood values.
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Table 6. A summary of total and differential leucocyte counts or percentages in clinically healthy juvenile L. calcarifer (this study) and other teleost

fish species.
Small Large Neutrophils (N
. . .. Mean wt WBC Lymphocytes g Monocytes P . (N)/
Fish groups Species Salinity () (10°/1) (10%/L) lymphocytes lymphocytes (10%/L) Heterophils (H) Reference
& (10%/1) (10%/1) (10°/1)
Tilapia Tilapia (O. hybrids) FW 240.0 21.6 - - 6.8-136.4 2.9-30.8 0.4-43 0.6-9.9(N) Hrubec et al., 2000
154.7
Hybrid Tilapia (O. aureus X FW 72.0 - 18.8 - 8.2-139.6 - - 0.2-6.1 0.5-16.0 (N) Mauel et al., 2007
O. niloticus) 556.0 151.8
Catfish Striped catfish (P. FwW 23.6-39.4 10.0-11.6 - - - - - Manna et al., 2021

hypophthalmus)

Duckbill catfish (S. lima) FW 54.1+15.1 30.2-52.5 24.1-42.1 - - 0.0-1.0 1.0-5.2(N) Bianchi et al., 2014

Yellow catfish (H. FwW 36.0 - 20.4 - 36.7 - - - - - Prasad & Charles,

brachysoma) 161.0 2010

Striped catfish (P. FW 141.7 + 36.3-94.3 19.0-60.0 13.8-51.5 0.7-21.2 0-7.6 - Galagarza et al., 2017

hypophthalmus) 41.2

Channel catfish (/. FW 98.5 - 27.5-415 5.4-11.6 - - 29-75 12.5-22.7 (N) Tavares-Dias &

punctatus) 834.5 Moraes, 2007b

African catfish (C. FW 1800.0 18.7-25.6  51.1-70.2 (%) - - 1.9-4.0 (%) 27.6-40.1 (%) (N) Akinrotmi et al., 2011

gariepinus)

Coho Salmon (O. kisutch) FW 50.0 - 3.7-24.2 2.4-19.3 - - 0.06-1.0 0.5-5.3(N) Rozas-Serri et al.,
150.0 2022

Atlantic salmon (S. salar) FW 50.0 - 45-16.5 3.8-13.0 - - 0.05-0.4 0.7-3.5(N) Rozas-Serri et al.,
150.0 2022

Rainbow trout (O. mykiss) FW 50.0 - 7.2-245 9.1-15.7 - - - 0.3-5.9(N) Rozas-Serri et al.,
150.0 2022

Rainbow trout (0. mykiss) FW 131.0- 34.1-85.0 28.1-64.0 14.9-42.0 7.5-37.7 12-7.0 4.,5-18.8 (N/H) Nabi et al., 2022
385.3

Chinook salmon (O. FW/SW  44.0- 11.3-44.1 86.3-99.0 (%) - - - - Casanovas et al., 2021

tshawytscha) 3164.0

South American cichlid (C. FW 27.1-50.2 6.6-18.6 26-7.1 - - 1.2-33 1.9-5.2(H) Rey Vazquez &

dimerus)
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Red top ice blue cichlid (M.
greshakei)

Common carp (C. carpio)

Sobaity sea bream (S.
hasta)

Asian seabass (L. calcarifer)

Spotted rose snapper (L.
guttatus)

Yellow Perch (P. flavescens)
Koi (C. carpio)

Senegalese sole (S.
senegalensis)

Sablefish (A. fimbria)

Striped bass (M. saxatilis)

Shortnose sturgeon (A.
brevirostrum)

FW

FW

SW

SW

FW

FW

SW

SW

FW

FW

99.7+41  229-552 21.2-52.4

20.6-60.7 51.3-60.8 87.3-91.7 (%)

351+09  88-145  85.0-96.0(%)

41.8+21 53-69.9 4.7-51.4

59.0+23.7 252- 82.6 - 100.0
111.2 (%)

125.0 + 526 - -

14.0 186.5

200 19.8-28.1  74.5-83.7 (%)

288.0 £ 66.1 - 31.2-63.1 (%)

56.0 200.4

186.0 - 43-331  66.0-96.0 (%)

440.0

1800.0 + 14.7-883 -

150.0

2590.0 + 28.4-90.8 -

860.0

36.8-153.4

9.1-56.7

3.5-231

2.1-104

0.1-17 0.3-2.4 (N/H)
0.7-2.0 5.6-8.9(N)

- 2.0-6.0 (%) (N)
0.3-16.2 0.6 -8.4 (H)
0.6-5.4 (%) 0.2-8.4(%) (N)
0.7-12.6 1.9-36.0(N)
2.3-3.4(%) 8.0-13.9 (%) (N)
0.7-7.1(%) 3.0-8.4(%) (N)
0.0-12.1 1.8-23.4 (%) (N)
(%)

0-7.1 3.8-33.6(N)

Snellgrove &
Alexander, 2011
Witeska et al., 2016
Torfi et al., 2015
Present study

Del Rio-Zaragoza et
al., 2011

Hrubec & Smith, 2004
Tripathi et al., 2004
Peres et al., 2015
Schubiger et al., 2021

Fazio et al., 2020

Knowles et al., 2006
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Table 7. A summary of mean blood parameters in clinically healthy juvenile L. calcarifer as reported in this and other studies on the blood of
clinically healthy L. calcarifer.

Total / Neutrophil
. . GLU Plasma RBC WBC Lympho Monoc s(N
Fish size Salin Hb Hct R 1 Mcv MCH MCHC s ymp v (N)/ .
&) n ity (mmol &/L) (%) Protein (1012/ (L) (pg) (&/L) (10°/L  cyte te Heterophil References
/L) (TP/PP) L) ) (10%/1) (10%/1)  s(H)
(g/L) (10%/1)
62.0 £ 203+ 0.1+ 16+ .
+ - - - - - - - -
1.5+0.2 9 SW 0.03 01 0.01 01 Adorian et al., 2018
21+ 241+ Devakumar &
+ - + - - - - - - - -
2.7£07 3 SW 60.0+1.0 0.01 0.1 Chinnasamy, 2017
5.2+0.2 6 SW - 73.0 (%) 31.6 - - - - - - - - - Ilham et al., 2016
26+t 34.7 38.8+8.3 3.5+ 1015+ 195+ 7.8+ Syed Raffic Ali et al.,
+ + + - - -
7:1£0.1 9 SW 0.3 720£10 0.2 (TP) 0.03 0.4 0.3 184.0£3.0 0.1 2018
2.7+ 343+ 3.3 920+ 209+ 73+ Syed Raffic Ali et al.,
+ + - + - - -
7.8 +£0.02 6 SW 02 82.0+3.0 17 03 1.0 07 215.0+10.4 01 2017
56 33.2+ 13.2+5.9 3.3 79.7 + 24.8 + 83t .
+ + + - - -
8.1+0.1 9 SW 03 72.5+0.3 27 (TP) 05 14 39 301.2+£22.7 06 Alietal., 2017
385+ 3.1+ 96.3 ¢ 214 + 7.3+ Syed Raffic Ali et al.,
+ - + - + - - -
12.2+04 9 SW 743+15 04 0.03 0.2 0.2 213.0+£5.0 0.03 2016
6.5+ 253+ 0.001 0.1+ 0.2+ 282+14 213t 38714
+ + - - -
180£1.0 5 W01 700£20 4 0.0004 (TP)  0.01 0001 (%) 14(%) (%) (N) Talpur etal,, 2013
6.3 t 0.002 +0.001 93.8+ 21.2 + 228+1.2 161+ 435+14 Talpur & lkhwanuddin
+ - - - + 9 - ’
18020 5 W o1 (TP) 14 11 26.4£0.2 (%) %) 12(%) (%) (N) 2013
6.3+ 0.001 £ 0.001
+ - - - - - - - - - -
20.0+1.0 6 Sw 01 (TP) Talpur 2014
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20.0+2.0

28.2+0.1

32.8+2.2

35.0+5.0

41.8+2.1

46.6+0.2

235.0-
410.0

350.0 -
500.0

350.0 -
600.0

468.0 +
12.9

500.0

40.0 -
100.0 cm

w

(2]
o
'

[y
w1
[}

16

SW

SW

FW

SW

SW

SW

SW

SW

SW

Brack
ish

57+
0.2

o
N
I+

o
N

36+
0.2

4.2+
0.1

0.6+0.1
(8 %)

105.0 £
2.7

72.2+0.8

61.1+0.2

53.2+24

53.2+
0.03

53.2+
0.03

10.1+1.1

18.2 +
1.4

327+
0.9

443 +
5.9

443 +
5.9

311+
3.0

0.002 +
0.0002 (TP)

*36.0£1.1
(TP)

37.5£2.0
(TP)

*31.3£2.0
(TP)

66.2 +0.05
(PP)

*36.7 £0.03
(TP)

*0.05 £ 0.01
(TP)

*0.05 £ 0.01
(TP)

*0.05 £ 0.01
(TP)

9.2+
0.1

3.0+
0.1

~N
N
+

o
N

3.0+
0.2

134+
9.9

134+
9.9

152+

156.6 +

156.6 +
21

156.6 +
21

251.7+2.7

29+0.2

120.1+9.5 (%)

120.1+1.2 (%)

120.1+ 1.2 (%)

324+21(g
100 ml?)

0.2+
0.001

05+
0.01

N
o
)
+

N
=

216+

216+
0.2

211+
3.6

21.4+25
(%)

21.2+1.4

13.2 +
1.7 (%)

4.6+0.5

53.3+2.4
(%) (N)

3.5+0.3 (H)

Talpur & Ikhwanuddin,
2012

Lim et al., 2019

Longbaf Dezfouli et al.,
2019

Norouzi et al., 2021

Present study

64.0 -
92.0 (%)

4.0-16.0
(%)

6.0-36.0
(%)(N)

Kathirkaman et al.,
2018

Satheeshkumar 2012

Satheeshkumar et al.,
2011

Satheeshkumar et al.,
2012

Wilkinson et al., 2008

Paterson et al., 2003

Masterman et al.,
2016

(*) represent studies that reported plasma protein (PP) as total protein (TP) despite using anticoagulants.
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2.5 Discussion

This is the first study to establish blood reference intervals (Rls) for clinically
healthy, farmed juvenile L. calcarifer, as a quick and simple health monitoring tool
(Table 1). RIs may vary across fish species, size, and husbandry practices, such that
specific baseline values are needed for interpretation (Mauel et al., 2007; Casanovas
etal., 2021; Schubiger et al., 2021; Nabi et al., 2022; Rozas-Serri et al., 2022). Twenty-
five percent of clinically healthy, juvenile L. calcarifer with at least one blood value
(GLU, TPP, Hct, total RBC count or total WBC count) outside the 90% percentile Rls
had severe chronic granulomatous enteritis due to “big belly” disease, which can
cause high mortality rates of up to 80 — 100% (Gibson-Kueh et al., 2004; Gibson-Kueh,
2012; Chew et al., 2023). This study demonstrated the usefulness of Rls in the
detection of subclinical diseases. Chronic gastrointestinal bacterial diseases are
common in many aquaculture species: yellowtail kingfish (Seriola lalandi) (Legrand et
al., 2020b), grouper (Epinephelus coioides) (Lee et al.,, 2002), marine cobia
(Rachycentron canadum L.) (Liu et al., 2004) and grass carp (Ctenopharyngodon

idella) (Song et al., 2014).

Severe chronic bacterial enteritis and depleted liver lipid stores in clinically
healthy juvenile L. calcarifer are significantly associated with elevated total WBC,
monocyte and heterophil counts, and low Hct levels. Leucocytosis, or increased total
WBC counts in fish, is an inflammatory response (Clauss et al., 2008), that have been
reported in bacterial disease in Nile tilapia (O. niloticus L.) (Martins et al., 2008),
African catfish (Clarias gariepinus) (Adeyemi et al., 2014), Senegalese sole (S.
senegalensis) (Costas et al., 2013) and Koi (Cyprinus rubrofuscus) infected with
Flavobacterium columnare (Tripathi et al., 2005). Low Hct levels or non-regenerative

anaemia is common in chronic diseases (Gallaugher & Farrell, 1998; Smith et al.,

62



2006; Collet et al., 2015). Anaemia has been reported in salmonids with gill disease
(Currie et al., 2022), winter flounder (Pseudopleuronectes americanus) with fin rot
(Ziskowski et al., 2008), and striped bass (Morone saxatiles) and Korean catfish
(Silurus asotus) experimentally infected with Edwardsiella tarda (Lee Herman &

Bullock, 1986; Yu et al., 2010).

The blood glucose RI of 2.4 - 11.3 mmol/L (n = 151) observed in clinically
healthy juvenile L. calcarifer in this study is comparable to other cultured teleost
species such as Nile tilapia (2.9 — 8.7 mmol/L), striped catfish (4.9 — 7.7 mmol/L),
Atlantic salmon (2.9 — 9.6 mmol/L) and rainbow trout (3.1 — 6.7 mmol/L) (Table 5).
However, the mean GLU (6.7 £ 0.2 mmol/L) of clinically healthy, juvenile L. calcarifer
in this study is higher than that reported in previous studies on the same species (Table
7). This study was conducted on L. calcarifer less than four to six weeks after stocking
at a commercial fish farm, while previous studies were on experimental fish in
laboratory settings. Farmed fish often experience high levels of stress due to factors
such as high stocking density and regular handling (Barcellos et al., 2004; Sadhu et
al., 2014). Stress-induced spikes in blood cortisol levels can lead to gluconeogenesis,
insulin resistance and hyperglycaemia, as a response to meet increased metabolic
energy demands (Bonga, 1997; Small, 2004; Geer et al., 2014, Stewart et al., 2019).
Hyperglycaemia is transient and will abate when stressors are removed, but poor
husbandry practices that persist may result in chronic stress and sustained
hyperglycaemia (Manuel et al., 2014). Decreased blood GLU levels was observed in
L. calcarifer with chronic enteritis and low liver lipid stores in this study. Hypoglycaemia
had been reported in L. calcarifer that were not eating post-challenge with Vibrio
harveyi (Talpur, 2014), exposed to heavy metals (Javed & Usmani, 2015), or suffered

short-term food deprivation (Norouzi et al., 2021).
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TPP show smaller fish-to-fish variations with a range 56.0 — 77.0 g/L and mean
of 66.2 + 0.05 g/L (n = 156), which makes TPP a more reliable biomarker compared
to other blood parameters (Table 1). The Rl for TPP in clinically healthy L. calcarifer
in this study aligns with several other fish species such as tilapia (48.0 — 78.0 g/L),
yellow perch (60.0 — 82.0 g/L) and sablefish (43.0 — 79.2 g/L) (Schubiger et al., 2021),
except for significantly higher values in striped catfish (126.0 — 173.0 g/L) (Table 5).
Variations in blood protein levels between species may be species-related or due to
different methodology used to obtain the measurements (Table 5 & 7). Elevated blood
serum protein levels have been observed in fish given immunity enhancing feed
additives such as essential oil (citrus EO) (Ranjan et al., 2014; Acar et al., 2015) and
dietary chitosan (Ranjan et al., 2014). In Asian seabass (L. calcarifer), total protein
levels were significantly increased 12 hours post-challenge with Aeromonas
hydrophilia, thought to be due to elevated globulins levels (Kathirkaman et al., 2018).
There is a weak but significantly positive correlation between TPP and L. calcarifer
bodyweight (Figure 1). Higher blood protein levels have been reported in adult catfish
(Heteroclarias hybrid) (Okorie-Kanu et al., 2015) and rainbow trout (O. mykiss)
compared to younger fish (Pastorino et al., 2020). Other studies did not find a
significant positive correlation between total serum protein and bodyweight in striped
bass (M. saxatilis) (Fazio et al., 2020). L. calcarifer with severely depleted liver lipid
stores in this study exhibited significantly reduced blood TPP (hypoproteinaemia),
which may be due to impaired nutrient absorption or increased protein loss in fish
associated with chronic enteritis (Rehulka, 2002; Rehulka & Minarik, 2007; Gibson-
Kueh et al.,, 2021). Hypoproteinaemia have been reported in bacterial, viral and
parasitic infections across multiple fish species, including snapper, salmonids and

trout (Yildiz & Aydin, 2006; Rehulka & Minarik, 2007; Del Rio-Zaragoza et al., 2011).
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Similarly, hypoproteinaemia was reported in carp (Cyprinus carpio L.) and Asian
seabass (L. calcarifer) kept at high stocking densities (Yin et al., 1995; Sadhu et al.,
2014), in channel catfish (/. punctatus) subjected to acute temperature spikes (Stewart
et al., 2019), and in koi (Cyprinus carpio) with severe skin ulcerations (Tripathi et al.,

2005).

The RI for total RBC count in clinically healthy L. calcarifer, 4.1 - 11.2 x 10"?/L
(n = 60), is relatively higher as compared to tilapia (1.9 - 2.8 x 10'?/L), duckbill catfish
(2.1 — 2.5 x 10"?/L), South American cichlid (1.7 — 4.3 x 10'?/L) and Koi (1.7 — 1.9 x
10'2/L), and lower than Coho Salmon, Atlantic salmon and rainbow trout (10716.9 to
160179.8 x 10"?/L) (Rozas-Serri et al., 2022) and channel catfish (1500.0 — 4100.0 x
10'?/L) (Tavares-Dias & Moraes, 2007a) (Table 5). Erythrocyte indices are useful
indicators of fish health, providing insights into their overall well-being (Witeska, 2015).
The variation in total RBC counts in different fish species reflects physiological
differences in meeting oxygen demands between sedentary versus active swimmers
(Putnam & Freel, 1978; Franklin et al., 1993; Satheeshkumar, 2012; Witeska, 2013)
However, due to the substantial variation in RBC values across species, comparisons
should be made within the same species rather than between different species. The
RIs of haematocrit (Hct) and haemoglobin (Hb) in L. calcarifer established in this study,
ranging from 18.9 - 39.2% and 56.0 — 85.0 (g/L), respectively, are comparable to those
reported in most fish species (Table 5) and other studies on L. calcarifer (Table 7).
Typically, Hct levels in fish range between 20 - 45% (Clauss et al., 2008; Torfi
Mozanzadeh et al., 2015). Lower Hct ranges 9.4 — 26.7% reported in Senegalese sole
(S. senegalensis) may be attributed to the lower oxygen demand in this bottom-
dwelling species (Peres et al., 2015). Higher Hct levels (> 45%) have been reported

in teleost species such as salmonids (38.3 — 68.5%) (Rozas-Serri et al., 2022), spotted
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rose snapper (33.5—-71.1%) (Del Rio-Zaragoza et al., 2011), and sablefish (36 — 62%)
(Schubiger et al., 2021) (Table 5). Occasionally, transient spikes in Hct levels may
occur as a result of various factors such as splenic contraction in response to
stressors, such as fish capture or handling (Gallaugher & Farrell, 1998; Frisch and
Anderson, 2000), hypoxia (Silkkin & Silkina, 2005), and dehydration (Clauss et al.,

2008).

The blood cell indices of L. calcarifer in this study revealed that their RBCs are
smaller but exhibit similar Hb concentration compared to other fish species (Table 5).
In this study, clinically healthy L. calcarifer demonstrated an MCV range of 25.8 — 78.1
fL and MCH of 6.5 — 17.4 pg, differing from the 150 — 350 fL for MCV, and 30 — 100
pg for MCH typical in teleost species (Hrubec & Smith, 2010). However, the MCHC RI
of L. calcarifer (197.4 — 317.6 g/L) in this study compares well with channel catfish
(205.0 - 226.0 g/L), South American cichlid (174.3 - 303.1 g/L) and spotted rose
snapper (111.6 - 310.9 g/L) (Table 5). The mean MCV (46.6 + 1.8 fL), MCH (11.0
0.4 pg) and MCHC (251.7 £ 2.7 g/L) in this study are also consistent with the findings
from other studies on L. calcarifer (Table 7). Natural variations in the size of
erythrocytes exist between fish species and tends to be smaller in more active

swimming fish (Hrubec & Smith, 2010; Lahnsteiner, 2021).

The RI for total WBC count in this study 5.3 - 69.9 x 10°%/L compares well with
studies on L. calcarifer and other teleost species (Table 6 & 7). Variations in total WBC
count in fish may be attributed to species differences (Fazio et al., 2013), sex (Motlagh
et al., 2012), or the feeding habits and environment in which they reside (Parrino et
al., 2018). Notably, the mean WBC count of L. calcarifer (29.2 + 2.1 x 10%L) in this
study is higher than reported in other studies on this species (Table 7). This
discrepancy may be due to the sampled L. calcarifer originating from a commercial
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farm setting, where husbandry stressors such as handling, high stocking density and
poor water quality could trigger immune responses, leading to elevated WBC counts
(Thrall et al., 2012). Differential WBC count is a valuable indicator of fish health (Modra
et al., 1998). Dominantly high lymphocytes, low heterophils / neutrophils and low
monocytes differential counts were reported in healthy L. calcarifer in this and one
other study (Masterman & Barnes, 2016). B lymphocytes are the predominant WBC
type in the peripheral blood circulation of normal, healthy fish (Sunyer et al., 2006;
Haugland et al., 2012). Studies where neutrophils were elevated in clinically healthy
L. calcarifer (Talpur and Ikhwanuddin, 2012, 2013; Talpur et al., 2013) would suggest
challenge from infectious agents (Stakauskas et al., 2007). Migration of neutrophils
into the blood circulation to inflammatory sites occur within minutes and peaks within
one to two days in zebrafish and Korean catfish (Martin & Feng, 2009; Yu et al., 2010).
Neutrophilia precedes the arrival of monocytes from the circulatory system to the
inflammatory site (Roberts, 2012). Few studies have reported the presence of
eosinophil and basophils in L. calcarifer, and this concurs with our observations
(Talpur & Ikhwanuddin, 2012, 2013). Similarly, eosinophils and basophils are either
scarce or absent in sablefish (Schubiger et al., 2021), yellow perch (Hrubec & Smith,
2004), African catfish (Akinrotimi et al., 2011), wild Australian catfish (Kelly & Gibson-

Kueh, 2015) and Kaoi fish (Tripathi et al., 2004).
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2.6 Conclusion

This study is among the first to establish blood RIs for clinically healthy, farmed
juvenile L. calcarifer, and detection of subclinical diseases in fish to support early
intervention. Blood RIs can vary with fish size, species, and husbandry practices.
Therefore, it is important to establish farm-specific baseline values or Ris for different
age groups under varying culture conditions, for evaluating the health status of farmed

L. calcarifer.
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Chapter 3: Impact of Transport Conditions and Underlying
Disease on Post-stocking Survival of Juvenile Lates

calcarifer

Xian Zhe Chew, Maura Carrai, Xueyan Shen, Susan Gibson-Kueh

This chapter has been submitted and accepted for publication in the Journal of Fish

Diseases

3.1 Abstract

Diseases caused by pathogens commonly occurring in the aquatic
environment or those that are non-host specific are prevalent and threaten the rapid
growth of tropical aquaculture. This study investigates causes of mortality in twelve
batches of newly stocked juvenile Lates calcarifer from three different hatcheries.
Cytology based on Diff-Quik™-stained tissue and blood smears provide rapid
diagnosis of possible causes of mortality, while histopathology and haematology
provided a better understanding of how prolonged transport and fish with existing
chronic disease are more likely to experience elevated mortality post-stocking. Our
findings showed that accumulation of ammonia during prolonged transport causes
extensive damage to epithelial barriers in gastrointestinal tracts and depress immunity
due to marked hypoglycaemia, predisposing fish to acute streptococcosis. L. calcarifer
with chronic bacterial enteritis developed severe hypoglycaemia, had low circulating
total plasma protein and suffered high mortality within 24 hours post-stocking.
Hypoglycaemia and low circulating blood proteins disrupt osmoregulation and

exacerbate dehydration, which is fatal in fish in seawater. Dying L. calcarifer tested
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PCR-positive for scale drop disease virus (SDDV) at 28 days post-stocking showed a
ten-fold elevation of white blood cell counts, severe vasculitis and obstruction of blood
supply to major organs. Destruction of important immune organs such as spleen is a
hallmark of SDDV infection that explains high incidences of opportunistic Vibrio
harveyi infections in 61% of fish with SDDV. Overall, this study reiterates the

importance of stocking disease-free fish and reducing transport stress.

Keywords: aquaculture, transport stress, ammonia, haematology, cytology,

histopathology

3.2 Introduction

Asian seabass or Barramundi, Lates calcarifer, is an increasingly important
tropical food fish species in Southeast Asia (Tendencia, 2002; Wilkinson et al., 2008;
Domingos et al.,, 2021). L. calcarifer is fast growing, performs well in intensive
aquaculture, and is a versatile species tolerant to freshwater, brackish and marine
rearing conditions (Jerry, 2014). Singapore is heavily reliant on juvenile fish sourced
from hatcheries in neighbouring countries such as Malaysia, Indonesia and Australia
(Begum, 2022). Farms regularly experience mortality due to suboptimal transport
conditions and underlying disease in newly stocked fish. Juvenile fish are often
transported over long distances at high stocking densities (McDonald et al., 1993;
Acerete et al., 2004; Sampaio & Freire, 2016; Zahedi et al., 2017). Transporting live
fish in restricted volumes of water over extended periods leads to significant
deterioration of water quality, resulting in marked elevations in ammonia and carbon

dioxide, and high bacteria load (Amend et al., 1982; Ip et al., 2001; Paterson et al.,
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2003; Das et al., 2004; Shabani et al., 2016; Erikson et al., 2022; Mielke et al., 2022).
Ammonia is a cytotoxic compound, causing damage to the protective mucosal barrier
of skin, gills, and alimentary tract (Portz et al., 2006; Benli et al., 2008; Chin et al.,
2020b; Esam et al., 2022), and increases disease susceptibility (Thune et al., 1993;
Carballo et al., 1995; Ackerman et al., 2006; Evans et al., 2006; Magnadottir, 2010; Li
et al., 2014; Tacchi et al., 2015; Abu-Elala et al., 2016; Abdullah et al., 2017).
Accumulation of carbon dioxide during transport reduces the pH of water and leads to
acidosis, impairing oxygen uptake (Amend et al., 1982; Paterson et al., 2003; Bhuiyan
et al.,, 2022). Elevated circulating hormones such as epinephrine (adrenalin) and
cortisol (Barton & Iwama, 1991; Sun et al.,, 1992) due to transport stress causes
hyperglycaemia, neutrophilia, and depressed immune-related enzymes such as
lysozyme and myeloperoxidase activity (Sadhu et al., 2014; Ronchetti et al., 2018).
Mass mortalities are frequently observed in fish soon after transport, which have been
associated with bacterial (Arif et al., 2016; Assane et al., 2022; Mielke et al., 2022),
viral (Stene et al., 2014; Fusianto et al., 2021) and parasitic (Kent et al., 1995; Assane

et al., 2022) infections.

Diseases caused by bacteria commonly present in the aquatic environment
such as Vibrio and Streptococcus species are frequently reported in tropical
aquaculture. Although these bacterial infections are mostly opportunistic, they result
in rapid onset of mortalities and significant production losses in newly stocked juvenile
fish (Dong et al., 2017a; Jahangiri et al., 2022). In contrast, scale drop disease caused
by scale drop disease virus (SDDV) was initially observed in 100-300 g L. calcarifer 3-
4 months after stocking into sea cages (Gibson - Kueh et al., 2012). However, with
the increasing prevalence of SDDV, the disease is now reported in L. calcarifer up to

1.1 kg in Singapore, Malaysia, Thailand, and Indonesia (Gibson-Kueh, 2012; de Groof
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et al., 2015; Senapin et al.,, 2019; Nurliyana et al., 2020). SDDV is commonly
complicated by co-infections with Vibrio harveyi, Flavobacterium columnare, Lates
calcarifer herpesvirus, or ectoparasites such as Lernanthropus and Diplectanum
species (Dong et al., 2017b; Kerddee et al., 2020; Charoenwai et al., 2021; Domingos
et al., 2021). Monogeneans and marine leeches are non-host specific ectoparasites
that produce large numbers of sticky eggs and are difficult to eradicate, with heavy
infestations often associated with high mortalities in intensive aquaculture (Kua et al.,
2010; Ogawa, 2015; Jahangiri et al., 2022). Production losses in Asian aquaculture
due to parasites often exceed 30-50%, with significant economic losses either directly
from mortality caused by parasite infestations or indirectly, from the cost of treatment
and preventative measures (Shinn et al., 2015). The highest production cost reported
is attributed to Benedenia seriolae at M$214 per annum, and overall losses may

exceed billions of dollars globally (Shinn et al., 2015).

The rapid growth in aquaculture production and food security is threatened by
infectious diseases. Disease outbreaks are often associated with higher cumulative
mortality in the tropics due to higher temperatures favouring pathogen proliferation
and transmission (Gallana et al., 2013; Brumfield et al., 2021), lack of systematic
monitoring to inform management decisions, and unavailability of effective control
measures. Juvenile fish are more susceptible to disease due to less developed
immune system (Leung & Bates, 2013; Bastos Gomes et al., 2017a). This study
investigates mortality events in newly stocked juvenile L. calcarifer using cytology,
haematology, histopathology, and PCR to identify possible causes of disease and

better understand production losses.
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3.3 Materials and Methods

3.3.1 Background

This study is based on 12 batches of juvenile L. calcarifer stocked into a
commercial marine floating grow-out facility in Singapore at different times, over a
period of 13 months. These fish originated from three different hatcheries in
Singapore, Johor, or Perak. Perak is located more than 500km away from Singapore,
such that the overland journey will take more than 10 hours. In contrast, fish transport
from local Singapore and Johor hatcheries took approximately two hours to the grow-
out facility over land and / or sea in boats. These fish transportation occurred at high
stocking densities of approximately 300 to 400 kg/m3, with pure oxygen
supplementation. Although feed was withheld for one to two days, fish were not
sedated and ammonia levels often reached greater than 8 ppm during transport. Each
batch of fish generally consisted of 15,000 to 20,000 fish which were stocked into 80-

tonne flow-through tanks supplied with sand-filtered seawater.

Water quality in transport tanks and grow-out tanks were analysed (Table 2).
Fish were transported in water derived from culture ponds, where seawater is diluted
by rainfall over time, thus explaining the variation in salinity recorded. Total ammonia
nitrogen (TAN) (ppm), nitrite (ppm), nitrate (ppm) and pH levels were tested using API
test kits (APl Marine kit for pH >7.4 and API Freshwater kit for pH <7.4), salinity using
a refractometer (Kern Optics, Balingen, Germany), and dissolved oxygen (DO)
concentration (mg/L), DO saturation (%) and temperature (°C) taken using a portable
Oxyguard DO and temperature meter (Handy Polaris 2, Oxyguard™, Denmark). Free
ammonia nitrogen (FAN) was estimated using exponential curve graphs generated to

correlate FAN to TAN at different temperature and pH, based on conversion tables in
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Loh & Landos (2011) and Francis-Floyd et al., (2022) (Table 2). FAN often exceeded

0.1 ppm during transport of fish in this study.

Findings on clinically healthy juvenile L. calcarifer sampled from each batch at
stocking are summarised in Table 3, and moribund fish collected during periods of
post-stocking disease outbreaks are presented in Table 4. Disease outbreaks with
daily mortality exceeding 100 to 1000 fish were observed either within 24 hours or
several weeks post-stocking in this study. Moribund fish may display loss of schooling
behavior, appetite loss, body ulcerations, swollen abdomen, scale loss, or darkened
body. Fish were anaesthetised with 40 ppm AquiS™ immersion baths for blood
collection, and freshly euthanized fish kept chilled on ice until processed for tissue
collection on the same day. Individual fish total body length (cm), and bodyweight (g)
were recorded for calculating condition factor (K) (Solanki, 2013; Kumar et al., 2016).

(Fish bodyweight)

K=1
00 Total length3

Tissue and blood smears were air dried on glass slides and stained with Diff
Quik™ (Thermo Shandon Limited, USA) for microscopic examination. Gut smears
were prepared by squashing a 1-2mm section of intestine between two glass slides to
form a thin smear, air dried, and stained in a modified Giemsa or Diff Quik stains for
viewing under the microscope. All major organs were collected into 10% phosphate-
buffered formalin for histoprocessing at Diagnostic Veterinary Pathology Laboratory,
Murdoch University, Australia, or Institute of Molecular & Cell Biology (IMCB), Agency
for Science, Technology, and Research (A*STAR) Singapore into hematoxylin and
eosin (H&E) stained tissue sections. Selected wax block tissues sampled at stocking
(n =7 per hatchery) were stained with Martius Scarlet Blue (MSB) for fibrin, and Perls'

Prussian blue (Perls’) for iron. Kidney tissues were placed in 95% ethanol and stored
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at -80°C until processed for molecular analysis. Stained tissue / blood smears and
histology slides were examined using Olympus BX53 transmission light microscope,
Digital Camera DP74 and CellSens™ Standard Imaging System (Olympus

Corporation).

3.3.2 Haematology

Blood glucose (mmol/L), haemoglobin concentration (g/L), haematocrit (%),
total plasma protein (g/L), total red blood cell count (10'2/L), mean corpuscular volume
(fL), mean cell haemoglobin (pg), mean cell haemoglobin concentration (g/L), total and
differential white blood cell counts (10%L), and lymphocyte (10%L), monocyte (10%L),
and heterophil counts (10%L) were determined according to methods as outlined in

Chew and Gibson-Kueh (2023).

3.3.3PCR

DNA was extracted from ethanol fixed kidney tissues using DNeasy Blood &
Tissue kit (250) (QIAGEN, Germany) according to the manufacturer's instructions.
Extracted DNA was tested by conventional Polymerase Chain Reaction (cPCR) using
published primer sequences and methods for the novel Vibrio spp. that causes “big
belly” disease (Segers & Grisez, 2005; Gibson-Kueh et al., 2021), Vibrio harveyi (Pang
et al., 2006), Streptococcus iniae (Torres-Corral & Santos, 2021), scale drop disease
virus (SDDV) (Sukhontip et al., 2019) or Lates calcarifer herpesvirus (LCHV) (Chang
et al., 2018) based on initial indications of disease from smear cytology or
histopathology. Nuclease-free water without DNA templates served as negative

controls for all PCR tests. Double stranded synthetic DNA gene fragments (gBlocks®)
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manufactured by Integrated DNA Technologies were used to validate PCR or g°PCR
methods and in-house standards as positive controls for SDDV, LCHV and V. harveyi
(Table 1). In-house PCR positive control tissues for S. iniae and novel Vibrio species
of “big belly” disease used in this study were from cases previously diagnosed based

on histopathology (Gibson-kueh et al., 2021; Chew et al., 2023).

Each cPCR reaction was performed using Taqg PCR Core KitTM (QIAGEN), in
12.5 pL final volume reactions containing 10X Taq buffer, Taqg DNA polymerase (5
units / yL), dNTPs (10 mM), forward and reverse primers (10 uM), nuclease-free water,
and extracted DNA (at least 20 ng/uL) or gBlocks ® gene fragments (10° copies / L)
for positive control, on a T100 TM Thermal Cycler (Bio-Rad Laboratories, Inc.)
according to published cycling conditions for specific pathogens (Segers & Grisez,
2005; Chang et al., 2018; Sukhontip et al., 2019; Gibson-Kueh et al., 2021; Torres-
Corral & Santos, 2021). PCR products were visualized on a 1.5% agarose using gel
with a 100-bp DNA ladder (BioLabs, New England) using the Axygen® Gel

Documentation System.
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Table 1. gBlock gene fragments were synthesized from published primer sequences for scale drop disease virus, V. harveyi and Lates calcarifer
herpes virus and they used as positive controls for conventional PCR tests.

Amplicon size

Reference ID primer Primer sequences (5’-> 3’) (bp) Pathogen Gene target
Sukhontip et al., gSDDV-AF AATGACCGAAATACGACCGAGAAC 135 Scale drop disease Adenosine
(2019) virus triphosphatase
qSDDV-AR GCGGGGATCAAATGTCGTTTTG (ATPase)
Pang et al., (2006) toxRF1 GAAGCAGCACTCACCGAT 382 Vibrio harveyi toxR
toxRR1 GGTGAAGACTCATCAGCA
Chang et al., (2018) LCHV_MEP_Fw ATCACATCGTCACCTACCGC 277 Lates calcarifer Major envelope
Herpesvirus protein
LCHV_MEP_Rw ATGGTCTGTCGCTTTCGGAG

77



Table 2. Water quality during transport of juvenile Lates calcarifer from 3 hatcheries and in grow-out tank.

Hatchery Total Free

/ No. of Transport ammonia ammonia NO2 NOs3 , Salinity DO DO. 3 Temperature
duration . PR 2 pH saturation A
Growout batches nitrogen' nitrogen‘ (ppm) (ppm) (ppt) (mgl/L) o (°C)
(hrs) (%)
tank (Ppm) (Ppm)
, 21.3 - 330.6 -
Singapore 2 2 8 0.2 0 5 7.4 28-29 23 3 364.2 29 - 30
Perak 3 >10 8 0.01 - 0 5 6;3 17 - 31 116- 1785 - 28 - 31
0.1 79 17.6 2721
Johor 7 2 4-8 01-02 0-1 0 6;6 15-30 5.0~ 1554 - 25-28
' ' 74 14.6 350.5
Grow-out 7.6 7.82 -
- - 0 - 0 0-5 - 27-31 ' 137.1 28 -29
tank 8.0 11.8

Note: Fish were fasted 1-2 days prior to transfers. Neither sedation nor ammonia-binding additives were used during transport. ' Readings were based on API
test kit with a range for total ammonia nitrogen (TAN) of 0 to 8 ppm, and for pH from 6.0 - 8.8. 2 Free ammonia nitrogen (FAN) levels were derived using a
exponential curve derived from tabulated values of FAN at TAN concentrations at various pH and temperature in Loh & Landos (2011) and Francis-Floyd
(2022). 3 Pure oxygen supplementation was used during transport, leading to supersaturation of transport water.
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3.3.4 Statistical analysis

Data analysis was carried out using SPSS software (IBM SPSS ver. 27).
Evaluation of normality was conducted using Shapiro-Wilk test, and assessment of
equal variances was performed using Levene’s test. The selection of parametric or
non-parametric test was dependent on any violations of assumption in normality and
equal variances. Differences in blood parameters between the juvenile L. calcarifer
from the three hatcheries (Johor, Perak & Singapore) were compared using ANOVA
(parametric) or Kruskal Wallis test (non-parametric), followed by a post-hoc series of
Tukey HSD tests (parametric) or Mann-Whitney U tests (non-parametric). Total red
blood cell counts of fish from the three hatchery groups showed normality with equal
variances and was compared using ANOVA followed by post-hoc Tukey HSD test. In
addition, blood parameters of healthy versus diseased fish with “big belly” disease,
scale drop viral disease, S. iniae, or marine leeches, were compared using between
subject Student’s t-test (parametric) or Mann-Whitney U test (non-parametric), at p <

0.05.

79



3.4 Results

3.4.1 Health status of juvenile L. calcarifer from 3 different hatcheries at stocking,

based on haematology and histopathology

Juvenile L. calcarifer from all 3 hatcheries were subjected to high ammonia
during transport (Table 2). The journey from Perak which is located the furthest away
from the grow-out facility in Singapore took more than 10 hours. Blood glucose and
total plasma protein (TPP) were significantly lower in fish from Perak (glucose 3.8
1.9 mmol/L, TPP 62.5 + 6.4 g/L) than Singapore (glucose 5.0 + 2.2 mmol/L, TPP 68.2
1 8.1) and Johor (glucose 5.4 + 0.8 mmol/L, TPP 66.7 £ 5.0 g/L) (p < 0.05) (Table 3 &
Figure 1). Histopathology of juvenile L. calcarifer from all three hatcheries showed
acute degenerative changes with spongiosis, oedema, and necrosis in gills, stomach,
intestine, kidney, and liver, in association with prolonged exposure to significantly high
ammonia during transport. Fibrin deposits were extensive in the stomach, intestine,
pyloric caeca, kidney, and liver tissue sections (MSB stain), particularly in fish from
Perak (Figure 2, | - Ill). Fibrin plaques associated with acute spongiotic, or necrotic
epithelium were observed in the gastrointestinal tracts (including anterior gut, pyloric
caeca, and stomach) and kidney (Figure 2). To a lesser degree, scattered fibrin
plaques were observed within the liver, spleen and brain. Splenic iron deposits in
haemosiderophages and melanomacrophage centres (Perl’s stain) were observed in
Perak fish with the longest exposure to ammonia, suggesting haemolysis and

increased toxicity from prolonged exposure to ammonia (Figure 2, 1V).
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Table 3. Haematology of juvenile Lates calcarifer from three hatcheries at stocking.

Reference intervals

Parameters Singapore (n=23) Perak (n=34) Johor (n=88) (n=156)
Weight (g) 18.2 +6.0 17.9+4.8 4244222 41.8+26.6
Condition factor (K) 1.2+0.1a 1.3+0.2b 1.3+0.1b 1.3+0.2
Glucose (mmol/L) 50+22a 3.8+19b 5.4+0.8a 24-11.3
Hemoglobin (g/L) 67.0+9.6b 73.8+t116¢c 87.6+146a* 56.0 - 85.0
Hematocrit (%) 25.0+4.7b 27.2+50b 33.6t5.7a 18.9-39.2
Total plasma protein (g/L) 68.2+8.1a 62.5+6.4b 66.7+5.0a 56.0-77.0
Total red blood cells (10%2/L) 7.0+1.38 75+16b 9.3+2.0a 41-11.2
MCV (Mean corpuscular volume) (fL) 38.2+4.6 38.4+9.2 39.8+8.4 25.8-78.1
MCH (Mean cell haemoglobin) (pg) 10.5+1.8 10.4+2.3 10.1+1.7 6.5-17.4
MCHC (Mean cell haemoglobin concentration)
(g/L) 27091295 273.2+19.0b 263.8+439a 197.4-317.6
Total white blood cells (10°/L) 49.6 +30.7b 15.9+14.0c 9.5+22.7a 5.3-69.9
Lymphocyte (%) 43.4+187a* 64.4 £ 16.8 b 68.2+17.2b 57.0-92.0
Monocyte (%) 240+12.8a 18.1+10.5b 16.2+7.8b 3.0-30.0
Heterophil (%) 32.7+16.1a % 17.5+9.8b 15.6+13.3b 1.0-20.3
Lymphocyte count (10°/L) 18.7+11.6b 9.5+6.0c 43+51a* 47-51.4
Monocyte count (10°/L) 12.1+9.1b 3.1+4.0¢c 23+87a 0.3-16.2
Heterophil count (10°/L) 18.8+17.4b * 34+58¢c 3.0+10.54a 0.6-8.4

Alphabets a, b and ¢ represent significant differences between groups in each row (p<0.05). Asterisk (*) represents mean blood values outside previously

established blood reference intervals for clinically healthy juvenile L. calcarifer (Chew & Gibson-Kueh, 2023).
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Figure 1. Total WBC, heterophil and monocyte counts were significantly elevated in juvenile L. calcarifer from Singapore hatchery with chronic
granulomatous enteritis or “big belly” disease at stocking. Blood glucose and total plasma protein were significantly lower in fish from Perak after
a 10-hour transport journey. Haematocrit was significantly lower in fish from Singapore with “big belly” disease, and in Perak fish exposed to high
ammonia with indications of haemolysis based on increased presence of haemosiderin in macrophages and melanomacrophage centres in
spleen. Alphabets a, b and c¢ represent significant difference between groups (p<0.05). Red dotted line indicates blood reference intervals
established for clinically healthy L. calcarifer by Chew & Gibson-Kueh (2023).
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Figure 2. Martius Scarlett Blue stain. The presence of plaques or islands of red staining fibrin (arrows) is observed in association with acute
degenerative changes and necrosis (pyknosis, karyorrhexis) in mucosal epithelium of (1) intestines, (II) stomach and (lIl) renal tubules of kidney.
Note the separation of epithelium from basement membranes (*). Perl’s stain (IV) spleen. Iron deposits stained blue in haemosiderophages and
pigmented macrophage centres suggest haemolysis, presumably due to prolonged exposure to high ammonia levels. Fibrin plaques within blood
vessels or adhered to degenerated or necrotic tissues, indicate antemortem tissue damage (Laurens et al., 2006). Polymerisation of fibrinogen
may not occur in all vertebrates including fish and look more homogenous as in this study (Petersen et al., 2018). Scale bars: (I - IV) 20 ym.
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Fish from Singapore hatchery had underlying chronic granulomatous enteritis,
or “big belly” disease, based on histopathology and cPCR. Additionally, they exhibited
depleted liver lipid stores (Figure 3, lll & 1V) and significantly lower haematocrit (25.0
t+ 4.7 %) (Table 3). Condition factor of Singapore fish were significantly lower (1.2
0.1 K) than fish from Perak (1.3 £ 0.2 K) and Johor (1.3 £ 0.1 K) (p < 0.05). Total white
blood cell count (49.6 + 30.7 10%L), heterophil (18.8 + 17.4 10%L), lymphocyte (18.7
+ 11.6 10%L) and monocyte (12.1 £ 9.1 10%L) counts were significantly higher in fish

from Singapore than Perak and Johor at time of stocking (p < 0.05) (Table 3, Figure

1),
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Figure 3. Juvenile L. calcarifer sampled at stocking. (I) Pale creamy liver (*), and (II) hepatocytes with wispy staining eosinophilic cytoplasm
(H&E) indicative of good lipid storage in fish from Perak. (lll) Lipid-depleted dark red liver (*) in Singapore fish with “big belly” disease, and (V)
amphophilic staining hepatic parenchyma (H&E). Scale bars: (Il & IV) 50 um.
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3.4.2 Findings in juvenile L. calcarifer from 3 different hatcheries sampled during

disease outbreaks post-stocking

Table 4 summarises the findings in diseased L. calcarifer sampled during
periods of increased mortality post-stocking, based on cytology, histopathology and
PCR. Both batches of L. calcarifer from Singapore hatchery had underlying chronic
granulomatous enteritis or “big belly” disease detected at time of stocking and suffered
high mortality within 24 hours post-stocking. All three batches of Perak L. calcarifer
that experienced a >10 hours transport journey suffered high mortality due to
Streptococcus iniae within 24 hours post-stocking (Figure 4). Four of seven batches
of L. calcarifer from Johor experienced elevated mortality 28 days post-stocking and
tested PCR-positive for scale drop disease virus (SDDV). Histopathology of SDDV
infected L. calcarifer observed in this study is as previously described, with multifocal
to extensive splenic infarcts and glomerulonephritis (Gibson-Kueh et al., 2012;
Domingos et al., 2021). Two out of the same four batches that tested PCR-positive for
SDDV suffered heavy infestations with marine leeches (Figure 5). Fifty-eight percent
of Singapore L. calcarifer with “big belly” disease (n = 7 / 12) and sixty-one percent
Johor L. calcarifer with SDDV (n = 17 / 28) had concurrent infections with and were

tested PCR-positive for V. harveyi (Table 4).
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Table 4. Summary of findings in juvenile L. calcarifer from three hatcheries during disease outbreaks post-stocking.

Time No. / Size
Source post- . Haematology Cytology Histopathology PCR test Diagnosis
. examined
stocking
Singapore 24 hrs 19(14.7+ { GLU, Hb, Hct, TPP, Coccobacilli Severe and n=12/19 tested “Big belly”
5.1g) lymphocyte %, Heterophil bacteria observed extensive - 12 "Big belly" disease
%, lymphocyte count, in gut smear (Fig.  chronic enteritis  bacteria (+ve)
heterophil count 4,1). in the gut with - 1 Streptococcus
intralesional, iniae (+ve)
1 Monocyte %, clusters of large - 7 Vibrio harveyi
monocyte count coccobacilli (Fig.  (+ve)
4, 11).
Perak 24 hrs 12 (17.2+  Hb, Hct, TPP, total RBC  Abundant High numbersof n=6/12 tested Streptococcosis
3.8g) count, MCHC coccoid-shaped cocci bacteriain -6 S. iniae (+ve)
bacteriain blood  spleen, kidney
smear, indicative  and liver (Fig. 4,
of bacteria V).
septicemia (Fig. 4,
).
Johor >1 28 (81.2+ I GLU, Hb, Hct, total RBC  High numbers of  Spleen with n=28 Scale drop viral
month 99.8g) count, MCHC, lymphocyte monocyte and depleted RBCs, - 28 Scale drop disease
% heterophils in extensive disease virus (+ve)
blood smear. infarction and - 17 V. harveyi
M Total WBC count, multifocal (+ve)
monocyte %, heterophil haemorrhage - 1 "Big belly"

%, lymphocyte count,
monocyte count,
heterophil count
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described by
Gibson-Kueh et
al. (2012).

bacteria (+ve)
- 1 Lates calcarifer
Herpes Virus (+ve)



10 (65.2+  Hb, Hct, TPP, total RBC  Severely depleted Spleen s No PCR conducted. Marine leech

17.5g) count, MCHC, lymphocyte of red blood cells  severely infestation
%, heterophil % and often showed depleted of RBCs
abundant (Fig. 5, IV)
M Total WBC count, monocytes or
monocyte %, lymphocyte  monocytosis in
count, monocyte count blood smear.

Note: Glucose (GLU), Haemoglobin (Hb), Haematocrit (Hct), Total plasma protein (TPP), Red blood cell (RBC), White blood cell (WBC), Mean corpuscular
haemoglobin concentration (MCHC).| represents a significant depression, while 1 represents a significant elevation of blood parameters in L. calcarifer from
each hatchery source during disease outbreaks compared to values at stocking (p < 0.05).
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Figure 4. Diff Quik™ stained blood and tissue smears offer a quick diagnosis, over their corresponding H&E-stained tissue sections from diseased
L. calcarifer. Clusters of coccobacillary bacteria (encircled) in L. calcarifer with “big belly” disease in (l) gut smear and (ll) intestines with severe
chronic granulomatous enteritis. Abundant coccoid-shaped bacteria, Streptococcus iniae (Si) in (lll) blood smears, are often observed in pairs or
chains and (IV) spleen. Scale bars: (I & 111) 10 ym; (Il & IV) 20 pm.
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& -

Figure 5. (1) Juvenile L. calcarifer heavily parasitised by blood-sucking marine leeches, with (Il) pale gills and severe anaemia with low haematocrit
(9%). H&E spleen tissue sections (ll1) in leech infested fish, with marked depletion of RBC population, and (IV) in clinically healthy fish with good
RBC population. Scale bars: (Il & V) 20 ym

.'r 4
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The difference in haematological parameters of clinically healthy L. calcarifer at
stocking and diseased L. calcarifer are summarized in Tables 5 and 6. Total WBC and
monocyte counts were significantly elevated in moribund L. calcarifer that tested PCR-
positive for chronic diseases such as “big belly” disease and SDDV (Table 5). SDDV
PCR-positive fish showed a marked ten-fold elevation of WBC total counts,
lymphocytosis, monocytosis and heterophilia (Table 6). Acute infection with S. iniae
was associated with significant depression of haemoglobin, haematocrit, total plasma
protein, total red blood cell counts, all white blood cell type counts or pan-leucocytosis,

and MCHC (Table 5 & 6, Figures 6 & 7).
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Table 5. Haematology of L. calcarifer suffering disease outbreaks post-stocking compared to clinically healthy fish at stocking.

. Sample GLU o RBC MCH
Source Disease size (n) K (mmoliL) Hb (g/L) Hct (%) TPP (g/L) (102/L) MCV (fL) (pg) MCHC (g/L)
Singapore Healthy 23 1201 50%22a 67.0%96a 0 r  682x81a | 382%46 ooF 270.9+29.5
"Big belly” disease 19 12:02 2E00P 5ozizzon  108% sop:1azn O0F  a97:06 20% 28331533
Perak Healthy 34  13+02 38+19 738:116a 2 2% ga5+p4a [2F 384292 104+ 03,4904
50a 1.6a a 2.3
Below
y . 209+ . 471 493+ 104+
Streptococcus iniae 12 1.2+01 detlzc\:/tealble 43.7+94b 48b 46.6+55b 13b 181 b 38 209.6+11.4b
Johor Healthy gg 1301 g54i08x 876:146ax 50%%f  ee7:50a 3% 39g8:g4 101 6381439ax
ax 5.7ax 20ax 1.7
. 10402 . 186+ 442:170b 42+ 451+ 86+ .
Marine leech 10 : 3622 413:243b* 00% X o . O 1968%727b
Scale drop viral 1.2+0.2 * 23.0+ 6.0+ 48.8 + 113+
19 drop. 28 : 28:25y 540:147y*  POF  633x125 Pl s 55 234.6+532y
Reference 18.9 - 4.1 - 25.8 - 6.5 -
crerenc - 156 ; 24-113  56.0-850 > 56.0 - 77.0 A o8 o2, 197.4-317.6

Alphabets “a,b” or “x,y” indicates significant difference between healthy and diseased groups in each column (p < 0.05). Asterisk (*) represents mean blood
values outside previously established blood reference intervals for clinically healthy juvenile L. calcarifer (Chew & Gibson-Kueh, 2023).
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Table 6. White blood cell counts in juvenile L. calcarifer sampled during disease outbreaks post-stocking compared to clinically healthy fish at

stocking.
. Sample Total WBC count Lymphocyte o Heterophil Lymphocyte Monocyte Heterophil
Source Disease size (n) (10°1L) (%) Monocyte (%) (%) (10°1L) (10°1L) (10°1L)
Singapore Healthy 23 49.6 +30.7 434+187a  240+128a 327+161a* 187:116a 12.1+9.1 188+174a*
"Big belly” disease 19 405+275 137+114b 758+126b* 104+99b 80+44b 30.7+23.9* 1.8+13b
Perak Healthy 34 15.9 + 14 64.4+16.8 a 18.1 £10.5 175+98a 95+6.0a 31+40a 34%58a
Streptococcus iniae 12 77£4.9 77.0£149b 12.7 £ 10.0 103+74b 54+28b 13+15b 1.0£12b
Johor Healthy 88 9.5+227ax 68.2+17.2ax 16.2+7.8 ax 156+ 133 a 43+51ax 23+8.7ax 3.0+10.5x
Marine leech 10 734+479b*  392:226b* 552+266b* 56+7.1b 21.6+189b 482+411b* 35454
Scaﬁsdggse‘”ra' 28 112.7+936y* 336+167y* 536+196y* 129+126  33.8+151y 546+654y* 244+352y*
Rﬁfgﬁg‘l’e - 156 5.3-69.9 57.0 - 92.0 3.0 -30.0 1.0-20.3 4.7-51.4 0.3-16.2 0.6-8.4

Alphabets “a,b” or “x,y” indicate significant differences between healthy and diseased groups in each column (p < 0.05). Asterisk (*) represents mean blood

values outside previously established blood reference intervals for clinically healthy juvenile L. calcarifer (Chew & Gibson-Kueh, 2023).
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Figure 6. L. calcarifer with marine leech infestations, scale drop disease virus (SDDV), “big belly” disease (BB) and Streptococcus iniae infection
(S. iniae) showed depression of blood glucose and haemoglobin concentration, with blood glucose reaching undetectable levels in fish with S.
iniae infections. Total WBC counts were elevated in fish with leech infestations and SDDV but depressed in S. iniae infections. Depression of
TPP and total RBC counts were most marked with blood-sucking marine leech infestations. Red dotted line indicates blood reference intervals
established for clinically healthy L. calcarifer by Chew & Gibson-Kueh (2023).
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Figure 7. Monocyte counts are elevated in L. calcarifer with marine leech infestations, scale drop disease virus (SDDV), and “big belly” disease
(BB), while markedly elevated heterophil is observed only for SDDV. The apparent lack of an inflammatory response to Streptococcus iniae (S.
iniae) maybe related to severe hypoglycaemia. Red dotted lines indicate blood reference intervals previously established for healthy L. calcarifer
(Chew & Gibson-Kueh, 2023).
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3.5 Discussion

This study investigates cause of mortality in 12 batches of newly stocked
juvenile L. calcarifer from three different hatchery sources and provides insights into
improving survival post-stocking. Cytology based on Diff-Quik™-stained tissue and
blood smears was invaluable in providing rapid diagnosis of possible causes of
mortality and informing upstream molecular analysis (Figure 4), while histopathology
and haematology provided a better understanding of why prolonged transport,
exposure to ammonia, and fish with existing chronic diseases such as “big belly”
disease were more likely to experience elevated mortality events post-stocking.
Ammonia toxicity is primarily due to its un-ionized form (NHs) or FAN, which is
influenced by salinity, temperature, pH, oxygen saturation, and duration of exposure
(Randall & Tsui 2002; Parvathy et al., 2023). Perak fish were exposed to FAN at or
exceeding 0.1 ppm for extended periods greater than 10 hours during transport (Table
2). Prolonged exposure to 0.13 ppm FAN or higher has been reported to cause
mortality in both freshwater (Thurston et al., 1981; Hasan & Macintosh, 1986; Zhang
et al., 2012) and marine fish (Thurston et al., 1978; Sampaio et al., 2002; Rodrigues

et al., 2014).

In this study, Perak fish suffered heavy mortality due to Streptococcus iniae
septicaemia within 24 hours after stocking. Extensive spongiosis and necrosis of the
gastrointestinal tracts were observed in fish from Perak and previously reported in
association with ammonia toxicity (Qi et al., 2017; Ding et al., 2020; Cao et al., 2021;
Wang et al., 2021; Liu et al., 2023; Luo et al., 2023). Fish in seawater constantly drink
to combat dehydration, and this increase the exposure of gut to toxic ammonia during
transport (Thrall et al., 2012; Whittamore, 2012; Dehler et al., 2017). Disruption of

epithelial barriers of the gut (Perera et al., 1997), nares (McNulty et al., 2003), gills
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(McNulty et al., 2003; Varga et al., 2022) and skin (Bromage & Owens, 2002; Xu et
al., 2007) increase risks to invasion by pathogens commonly present in water (Benli
et al., 2008; Esam et al., 2022; Jerbnimo et al., 2022; Parvathy et al., 2023). Floating
marine fish farms in Singapore are located in close proximity to land, and this
predisposes farmed fish to infection by bacteria that are commonly associated with
surface run-offs, such as Streptococcus sp. (Chou & Lee, 1997; Creeper & Buller,
2006; Leigh et al., 2018; Awate et al., 2023; Dinh-Hung et al., 2023). Bacterial loads
may increase several folds during transportation of live fish and increase risks of
bacterial infections (Hossain et al., 2021; Bhuiyan et al., 2022; Gamoori et al., 2023).
Mean total plasma protein (TPP) levels were significantly lower in fish from Perak (62.5
1 6.4 g/L) than Singapore and Johor at stocking (p < 0.05) (Table 3). In addition to gut
damage, L. calcarifer exposed to FAN during transport in this study exhibited multifocal
renal tubular necrosis like that described in other studies (Abd Elnabi et al., 2018;
Zhang et al.,, 2018; Mangang & Pandey, 2021). Protein-losing enteropathy and
renopathy due to acute damage to gut epithelia and kidney tubules may explain the

lower TPP in Perak fish (Thrall et al., 2012; Junior et al., 2018).

In addition to prolonged ammonia exposure, all transported L. calcarifer in this
study were subjected to high dissolved oxygen saturation (155.4 - 364.2%) due to
unregulated pure oxygen injection in tanks during transport. Injecting pure oxygen
during live fish transport is a common practice, as transported fish are often stocked
at high densities (Crosby et al., 2006). Similarly high stocking densities, like those
observed in this study (300 - 400 kg/m3), have been reported during fish transport for
grow-out in various species. For instance, African catfish (Clarias gariepinus) have
been stocked at densities as high as 500 kg/m3 (Manuel et al., 2014), while rainbow

trout (Oncorhynchus mykiss) and coho salmon (O. kisutch) have been transported at
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densities ranging from 300-420 kg/m? and 240-360 kg/m?, respectively (Piper et al.,
1982; Harmon, 2009). Water supersaturated with oxygen could potentially cause
hyperoxia, particularly in cases of prolonged exposure (Harmon, 2009).
Supersaturation of gas in water could cause “gas bubble disease” (GBD) in fish, where
gas bubbles form in the bloodstream, tissue and organs such as gills and can cause
mortality (Ou et al., 2016; Cao et al., 2020). Oxygen saturation levels of 136% have
been reported to cause mortality in salmonids (Machova et al., 2017). L. calcarifer in
this study did not show any clinical signs of GBD, possibly due to the relatively short
duration of exposure or because L. calcarifer is inherently more tolerant (Weitkamp et
al., 2003; Skov et al., 2013; Machova et al., 2017). GBD was observed in juvenile
Atlantic salmon (Salmo salar) 14 days after exposure to oxygen saturation of 160%
(Espmark et al., 2010). In contrast, juvenile turbots (Scophthalmus maximus L.) could
readily adapt to moderately DO-supersaturated water conditions (147%-223%) with
no negative impact to their health (Person-Le Ruyet et al., 2002). Juvenile Atlantic cod
(Gadus morhua) are tolerant of moderate levels of nitrogen gas supersaturated water
of up to 105% (Gunnarsli et al., 2008). Oxygen supersaturation could cause oxidative
stress (Sampaio & Freire, 2016), affect immune functions and predispose to disease

(Chen et al., 2023).

L. calcarifer with S. iniae infection 24 hours post-stocking exhibited a significant
decrease in mean blood haemoglobin, haematocrit, red blood cell counts and TPP
levels, and blood glucose below detectable levels (Table 5). These haematological
alterations are similarly reported in other fish species infected with S. iniae (Barham
et al.,, 1980; Foo et al., 1985; Martins et al., 2011; Kim et al., 2021). Splenic iron
deposits observed in melanomacrophage centres and haemosiderophages (Perl’s

stain) in Perak fish (Figure 2, IV) suggested haemolysis which has been previously
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observed in ammonia toxicity (Xu et al., 2021; Zou et al., 2023). Carbon has been
reported to appear in splenic macrophages of fish 24 hours after injection, such that
haemosiderin can be expected to be taken up by resident macrophages in spleen in
a similar time frame (Lamers & Parmentier, 1985; Ferguson, 1989; Agius & Roberts,
2003). The apparent lack of an inflammatory response or leucocytosis in response to
acute S. iniae septicaemia may be related to severe hypoglycaemia (Figure 7).
Extreme hypoglycaemia is expected to reduce the ability of cells including immune
cells to generate ATP to fuel their metabolic function (Calder et al., 2007; Maclver et

al., 2008).

Singapore L. calcarifer with underlying “big belly” disease or chronic
granulomatous enteritis that suffered high mortality within 24 hours post-stocking had
severely depleted liver lipid stores, significantly lower mean condition factor as
compared to fish from other hatchery sources, low blood glucose and TPP levels.
Dehydration due to disruption of osmoregulation from hypoglycaemia and extensive
gut damage from chronic enteritis (Grosell, 2006; Whittamore, 2012) can be fatal in

fish in seawater (Rash & Lillywhite, 2019; Gibson - Kueh et al., 2021). Circulating

blood proteins contribute to maintaining the osmotic pressure of circulating blood, and
decreased proteins exacerbate dehydration in fish in seawater (Hankins, 2006;
Andreeva, 2019). Transport of Singapore L. calcarifer with an underlying chronic “big
belly” disease precipitated opportunistic bacterial infections, with kidney of seven of
twelve fish tested PCR-positive for V. harveyi, and one fish for S. iniae. These fish
which subsequently succumbed to “big belly” disease and co-infections with V. harveyi
or S. iniae showed elevated mean total white blood cell (40.5 + 27.5 10%L) and

monocyte (30.7 + 23.9 10%L) counts (Table 6), as reported in other bacterial disease
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in fish (Ranzani-Paiva et al., 2004; Martins et al., 2008; Martins et al., 2009; Sebastido

etal., 2011).

Four of seven batches of L. calcarifer from Johor with elevated mortality rates
28 days post-stocking and tested PCR-positive for SDDV showed extreme
leucocytosis, characterized by a ten-fold elevation of total WBC counts, lymphocytosis,
monocytosis and heterophilia (Table 6). Obliteration of blood vessels due to severe
chronic inflammation that results in infarcts and destruction of important immune
organs such as spleen and osmoregulatory barriers of skin are hallmarks of SDDV
infections (Gibson-Kueh et al., 2012; Domingos et al., 2021). Immune depression from
splenic infarcts could explain why sixty one percent of diseased Johor L. calcarifer with
SDDV (n =17 / 28) were tested PCR-positive for V. harveyi in this study. V. harveyi is
an opportunistic marine pathogen often reported in fish with SDDV (Dong et al., 2017b;

Qiao et al., 2017; Domingos et al., 2021; Lai et al., 2023).

Johor L. calcarifer with leech infestation exhibited the lowest mean condition
factor (1.0 £ 0.2 K) and significantly lower levels of blood haemoglobin, haematocrit,
TPP, total red blood cell count, mean corpuscular haemoglobin concentration and
lymphocyte percentages (Figure 6 and Table 5). These haematological alterations are
attributed to the heavy infestation of leeches and their blood-feeding activity (Munro et
al., 1992; Celik & Aydin, 2006; Ogawa et al., 2007). Fish hosts with a weakened
condition are more prone to ectoparasites (Rohde et al., 1995; Poulin, 2013; Shvydka
etal., 2018). Zeylanicobdella arugamensis is the most common parasitic leech species
affecting farmed fish in Brunei (Azmey et al., 2020), Indonesia (Mahasri et al., 2020;
Afifah et al., 2021; Suyanti et al., 2021), Malaysia (Kua et al., 2010; Chu et al., 2013;
Ravi & Shariman Yahaya, 2017) and Philippines (Cruz-Lacierda et al., 2000). Similar
to this study, Z. arugamensis infestations have been reported to cause secondary
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bacterial infections from bite wounds and elevated white blood cell counts (Ogawa et
al., 2007; Kua, 2009; Kua et al., 2010; Suyanti et al., 2021). Poor tank hygiene
encourages the proliferation of marine leeches in closed fibreglass tanks systems,
leading to heavy infestations weeks or months after stocking (Kua et al., 2010).
Regular tank surface cleaning and prophylactic formalin treatment have been
recommended to manage leech infestations in closed systems (Cruz-Lacierda et al.,

2000).

3.6 Conclusion

This study reiterates the importance of stocking disease-free fish and reducing
transport stress to increase post-stocking survival. Our findings show that prolonged
exposure to toxic free ammonia nitrogen (FAN) during transport can cause extensive
damage to epithelial barriers in gastrointestinal tracts and depressed immunity due to
marked hypoglycaemia, predisposing fish to invasion by pathogens commonly present
in the aquatic environment. Simple haematological tests for blood glucose and total
plasma protein are useful in assessing the impact of underlying disease on affected
fish, as for established reference blood values in cultured L. calcarifer by Chew &
Gibson-Kueh (2023). Hypoglycaemia secondary to chronic disease or prolonged
transport compromises immune function against invading pathogens and increases
susceptibility to disease. Successful disease management cannot be made solely on
pathogen detection. Haematology is useful in complementing histopathology and
smear cytology as decision-making tools in better disease management in

aquaculture.
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4.1 Abstract

Asian seabass (Lates calcarifer) is a major aquaculture food fish species in
Singapore. Farming of this species is increasingly threatened by frequent outbreaks
of infectious diseases, resulting in mortality exceeding 50-70%. In this study, we
investigated the comparative gut bacterial microbiota using 16S rRNA
metasequencing between asymptomatic and diseased juvenile fish collected during a
disease outbreak soon after stocking. Mild to severe chronic granulomatous enteritis
was observed histopathologically in both asymptomatic and diseased fish. Kidneys of
diseased fish tested PCR positive for the ‘big belly’ novel Vibrio spp., Streptococcus
iniae and Vibrio harveyi. These bacteria were also readily detected by PCR in water
samples corresponding to tanks fish were sampled from. Potentially beneficial
microbes that promote gut health such as Firmicutes, Bacteroidota and
Actinobacteriota were the dominant phyla in the intestinal microbiota of asymptomatic

fish. Moreover, the bacteria with probiotic potential such as Lactobacillus only
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presented in asymptomatic fish, and Weissella was unique and prevalent (47.59%) in
asymptomatic fish during the recovery phase of the disease outbreak, making them
candidate biomarkers for monitoring health status of L. calcarifer. Conversely,
diseased fish showed reduced diversity of their gut microbiome, with high abundance
of members of the phylum Proteobacteria. Vibrio was the most dominant genus
(87.3%) and Streptococcus iniae was only detected in diseased fish. These findings
provide a baseline study for understanding changes in intestinal microbiota in newly
stocked fish with mixed bacterial infection, biomarker assisted health monitoring, and

future host-derived probiotics screening in L. calcarifer.

Keywords: L. calcarifer, asymptomatic, chronic enteritis, gut microbiota, Vibrio, 16S

rRNA

4.2 Introduction

Asian seabass, Lates calcarifer, also known as barramundi, is a major food fish
species widely cultured in Southeast Asia and Australia, with an annual global
production of 90,000 tons in 2017 (Jerry, 2014; Khang et al., 2018; Longbaf Dezfouli
et al., 2019). Aquaculture production of L. calcarifer is increasingly threatened by
frequent outbreaks of multiple infectious diseases resulting in heavy mortalities often
exceeding 50-70% (Gibson-Kueh, 2012; Domingos et al., 2021). Important pathogens
of L. calcarifer include Vibrio harveyi (Dong et al., 2017b), novel Vibrio sp. in ‘big belly

disease’ (Gibson - Kueh et al., 2004; Gibson - Kueh et al., 2021), Streptococcus iniae

(Jiang et al., 2014; Van Khang et al., 2019), scale drop disease virus (SDDV)

(Gibson - Kueh et al., 2012; de Groof et al., 2015; Domingos et al., 2021), Lates
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calcarifer herpes virus (LCHV) (Chang et al.,, 2018; Meemetta et al., 2020), and

nervous necrosis virus (NNV) (Hick et al., 2011; Jaramillo et al., 2017).

In relation to bacterial-mediated diseases in L. calcarifer, V. harveyi, an
opportunistic pathogen, is recognized as one of the major causes of vibriosis in L.
calcarifer (Ransangan et al., 2012; Dong et al., 2017b; Chin et al., 2020a; Deng et al.,
2020). This acute disease transmits rapidly among L. calcarifer farmed in sea cages,
resulting in significant constraints for productive farming of the species (Crosbie &
Nowak, 2004; Ransangan et al., 2012). ‘Big belly’ disease is a severe chronic,
granulomatous bacterial enteritis caused by a novel Vibrio species (spp.), with affected
fish becoming emaciated and having a swollen abdomen (Gibson-Kueh et al., 2004;
Gibson-Kueh et al., 2021). The mortality rate caused by Vibrio spp. throughout the
production cycle of L. calcarifer can range from 40-100% (Gibson-Kueh et al., 2004;
Gibson-Kueh, 2012; Dong et al., 2017b). S. iniae, a gram-positive bacterium, causes
systemic infections and is also one of the most serious bacterial pathogenic agents to
Asian seabass (Hassani et al.,, 2021). The production losses due to S. iniae are
reported between 8% and 15% per year, and this figure can go up to 70% in severe

outbreaks (Bromage et al., 1999; Creeper & Buller, 2006; Van Khang et al., 2019).

The fish gastrointestinal tract of fish is a complex ecosystem, composed of
highly diverse microbiota which are recognized as an important barrier against
invading pathogens (Magnadottir, 2010; Desai et al., 2016; Kong et al., 2017; Legrand
et al., 2017). This microbial community is largely composed of bacteria and is termed
the bacterial microbiome. A healthy gut microbiome plays important roles in protecting
against the overgrowth of potentially pathogenic taxa and regulation of the immune
system of the host (Austin, 2006). The balance of fish gut microbial composition has
been reported to be influenced by various internal and/or external factors, such as host
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developmental stages, stress, nutritional status and culture system environment (Kim
et al., 2021; Xinyuan et al., 2022). Gastrointestinal dysbiosis in the microbiome can
subsequently increase susceptibility to enteritis/inflammatory bowel disease in fish,
thereby affecting host fitness (Llewellyn et al., 2014; Antonissen et al., 2016; Tran et
al., 2018; Abernathy-Close et al., 2021). Hence, maintaining a stable intestinal
microbiome has a significant impact on the immunity and health of cultured fish by

reducing incidences of bacterial diseases (Ma et al., 2019).

Several studies comparing the gut microbiome between healthy and diseased
fish have been reported, including hybrid Yunlong grouper (Epinephelus moara < x E.
lanceolatus &) with nervous necrosis virus infection (Wang et al., 2022), Malaysian
mahseer (Tor tambroides) suffering from infectious abdominal dropsy (Lau et al.,
2021), largemouth bronze gudgeon (Coreius guichenoti) infected by furunculosis (Li
et al., 2016), and hybrid tilapia (Oreochromis aureus x Oreochromis niloticus) with
external signs of parasitic disease (Ofek et al., 2022). The findings from these studies
provided an understanding about the interaction between intestinal microbiota and the
host under disease infection, which will further help develop effective approaches for

better health management of these fish species.

To date, the gut microbial community of L. calcarifer suffering from infectious
disease remains poorly understood. The only report was a finding highlighting gut
microbiome with tenacibaculosis symptoms, and isolation of one strain of sp. nov.
Tenacibaculum singaporense (Miyake et al., 2020). In the present study, we
investigated the gut microbiome of asymptomatic and diseased fish during a bacterial
disease outbreak at a commercial L. calcarifer farm. Improving the understanding of
these diseases may lead to farmers being able to better manage the health of the
species and limit impacts of disease on L. calcarifer production.
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4.3 Materials and Methods

4.3.1 Samples collection

Approximately 48,000 juvenile L. calcarifer (17.4 £ 5.5 g) transported from a
commercial local fish hatchery were stocked into an 80-tonne flow-through commercial
aquaculture system, with incoming sand-filtered sea water. Water quality parameters
were monitored throughout the study period, with ammonia < 0.5 mg/L, water
temperature at 30 £ 0.5 °C, pH 7.6, salinity 27-28 ppt, and dissolved oxygen ca. 7
mg/L. A disease outbreak was observed on Day 1 post-stocking. Peak mortality was
observed on Day 7, with mortality decreasing until no further mortality was observed
on Day 22. Asymptomatic fish exhibited active swimming with good feeding response,
while diseased fish showed lethargic behaviour at the water surface, no feeding
response, darkened body coloration, and pale gills. Asymptomatic (clinically healthy,
n=3) and diseased fish (h=3) on Day 7 and 9, and Asymptomatic fish (n=3) on Day 22
post-stocking were sampled. Asymptomatic fish were designated AD7, AD9, and
AD22, corresponding to samples taken on Days 7, 9, or 22. Similarly, diseased fish
were designated DD7, DD9, and DD22. Fish were euthanized on farm using AquiS
(40 mg/L) immersion baths and kept chilled on ice during transport to the laboratory
for same day aseptic sampling in a Class Il biological safety cabinet (ESCO). The
exterior of the fish was disinfected with 70% ethanol, prior to dissecting out the entire
gastrointestinal tract, and gut contents collected into sterile 2 mL screw capped tubes.
In addition, kidney tissues were collected for PCR diagnostic analyses. All samples
were flash frozen in liquid nitrogen and stored at — 80 °C until DNA isolation. Similarly,
water samples were collected from the central drainage outlet of the culture tank into
sterile 1 L bottles, on Day 7, 9 and 22 post-stocking (corresponding to the fish sampling

points). Water samples (WD7, WD9 and WD22) were promptly ice-bathed, filtered with
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a 0.2 um sterile filter (Sterlitech™) in a Class Il biological safety cabinet (ESCO), and

stored at -80 °C until processed for DNA extraction.

Formalin-fixed fish tissues (major organs such as liver, kidney, spleen, intestine
and qill etc.) in 10% phosphate-buffered formalin were sent to Murdoch University
Veterinary Histology Laboratory for histoprocessing into haematoxylin and eosin
(H&E) slides. Slides were analysed on an Olympus BX53 transmission light
microscope (Olympus Corporation). Lipid stores in liver (Domingos et al., 2021) and
splenic red blood cell (Gibson-Kueh & Uichanco, 2021) were graded using
histopathology as “+” for mild, “++” for moderate and “+++” for severe depletion.
Similarly, enteritis were graded as mild for focal, moderate for multifocal, and severe,
for multifocal to coalescing chronic granulomatous enteritis (Gibson-Kueh et al., 2004;

Gibson-Kueh et al., 2021).

4.3.2 DNA extraction and pathogen screening using PCR

DNA was extracted from kidney tissues of the nine asymptomatic (AD7, AD9 &
AD22) and six diseased fish (DD7 & DD9), using a DNeasy Blood & Tissue kit (250)
(QIAGEN, Germany). Microbial DNA was extracted from intestinal contents of the 15
fish using a Stool Nucleic Acid Isolation Kit (Norgen Biotek). Finally, a DNeasy
PowerWater Kit (50) (QIAGEN, Germany) was used to extract DNA from the 0.2 ym
sterile filters (Sterlitech™) used for water samples. A blank negative control (ultra-pure
water in sterile 1 L bottles transported to farm and brought back to laboratory) was
processed in parallel with the farm water samples. Extracted DNA was quantified using
a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA), and stored at — 20 °C until

analysed.
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DNA extracts from fish kidney and water samples were tested by PCR for
common pathogens reported in L. calcarifer. Scale Drop Disease Virus (SDDV)

(Sukhontip et al., 2019), and three bacterial pathogens such as S. iniae (Torres -

Corral & Santos, 2021), V. harveyi (Domingos et al., 2021) and “big belly” disease, a
novel Vibrio spp. (Segers & Grisez, 2005). The PCR was conducted using a Taq PCR
Core KitTM (QIAGEN), in 12.5 uL reactions containing 9.4 pL nuclease free water,
1.25 pl 10x Taq buffer, 0.25 yL dNTPs (10 uM), 0.25 uL of forward and reverse primers
(10 pM), 0.1 pl of Tag DNA polymerase (5 units/puL) and 1 uL of extracted DNA (at
least 20 ng/uL), on a T100TM Thermal Cycler (Bio- Rad Laboratories, Inc.) (using
cycling conditions as stated in the above publications). PCR products were visualized

on a 2% agarose using gel with a 100-bp DNA ladder (BioLabs, New England).

4.3.3 Library preparation and lllumnia Novaseq sequencing

V3-V4 hypervariable regions of the bacteria 16S rDNA gene were amplified with
Forward (5-CCTACGGRRBGCASCAGKVRVGAAT-3') and Reverse (5-
GGACTACNVGGGTWTCTAATCC-3’) primers (Ren et al., 2019). Indexed adapters
were added to the ends of the 16S rDNA amplicons during the PCR. DNA libraries
were cleaned up with Agencourt AMPure XP (Beckman Coulter, USA) and quantified
on a Qubit 2.0 Fluorometer, and size validated using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA). Clean DNA libraries were loaded on an
lllumina Novaseq instrument, according to manufacturer’s instructions (lllumina, San
Diego, CA, USA). Sequencing was performed using a 2 x 250 paired-end (PE)
configuration, and image analysis and base calling were conducted by the NovaSeq

Control Software (MCS) embedded in the NovaSeq instrument.
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4.3.4 Sequence analysis

The Quantitative Insights into Microbial Ecology (QIIME) package was
employed for 16S rRNA analysis. Forward and reverse reads were joined and
assigned to samples based on barcode, and truncated by cutting off the barcode and
primer sequence. Sequences with length <200 bp were discarded, and the UCHIME
algorithm applied to eliminate the chimera sequences. Effective sequences were
assembled into Operational Taxonomic Units (OTUs) with a sequence similarity at
97%, by using the clustering program VSEARCH (1.9.6) against the Silva 119
database. Taxonomic information was obtained using RDP classifier (Version 2.2,
https://sourceforge.net/projects/rdp-classifer). Alpha diversity indices (Chao1, Ace,
Shannon and Simpson) were calculated using QIIME. Beta diversity was calculated
using weighted and unweighted UniFrac, and principal coordinate analysis (PCoA)
performed. An unweighted Pair Group Method with Arithmetic mean (UPGMA) tree
was constructed based on the beta diversity distance matrix. LDA effect size (LEfSe)
and biomarkers were identified to investigate differential bacterial taxa abundances up
to the genus level (Segata et al.,, 2011). Tax4Fun was employed to predict the
functional profiles of microbial communities (ARhauer et al., 2015). Bacterial functional
data were mapped and annotated at different KEGG (Kyoto Encyclopedia of Genes

and Genomes) levels (Kanehisa et al., 2016).
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4.4 Results

4.4.1 Histopathology and identification of causative disease agents using PCR

Severe chronic granulomatous enteritis with intralesional, clusters of large
coccobacilli, along with severe depletion of lipids in liver and splenic red blood cells,
were consistently observed in all diseased fish (Table 1 & Figure 1A). Asymptomatic
fish generally presented with mild to moderate enteritis, and depletion of hepatic lipid
stores and splenic red blood cells (Table 1 & Figure 1A). Interstitial nephritis with
coccoid shaped bacteria were often observed in the kidney of diseased fish, but not in
asymptomatic fish (Figure 1A). Gills with diffuse epithelial lifting (oedema) and mild

branchitis, were observed in both asymptomatic and diseased fish.

111



Table 1. Summary of histopathology findings in asymptomatic and diseased Lates calcarifer.

Tissue Asymptomatic Diseased
AD7 AD9 AD22 DD7 DD9
Liver +(2), ++(1)  +++(1) -(3) +++(3)  +++(3)
(Lipid
depletion)
Spleen +(2); ++(1) (1) +(1); ++(1)  NE ++(1);
(RBC +++(2)
depletion)
Intestine +(1); ++(1)  ++(2); +++ +(2); ++(1)  +++(3) +++(3)
(Enteritis) (1)

* Note: '+’ mild; ‘++’ moderate; ‘+++ severe; ‘- fish with good lipid stores; ‘NE’ spleen not examined; ‘()’
Number of fish; RBC = “Red blood cell”.
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PCR was performed on kidney of all 15 fish and the three water samples. A total of 5
out of 6 diseased fish tested PCR positive for “big belly” novel Vibrio spp., while one
asymptomatic fish (AD9) also tested positive, although amplification of the target as
visualized on the gel was weak in this sample. Diseased fish were often concurrently
PCR positive for “big belly’ novel Vibrio spp., S. iniae and V. harveyi. All asymptomatic
and diseased fish tested PCR negative for SDDV. All water samples tested PCR

positive for “big belly’ novel Vibrio spp., S. iniae and V. harveyi. (Figure 1B, i-iv).
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Figure 1. A) Histopathology on asymptomatic and diseased L. calcarifer. Chronic granulomatous enteritis (E) were observed in both
asymptomatic (i) as well as diseased fish (ii). Asymptomatic fish had good lipid stores in liver (Lv) (i), as compared to darker staining liver (Lv)
due to lipid loss in diseased fish (ii). Diseased fish had more severe and extensive enteritis, often with intralesional, clusters of large coccobacilli
(ii-inset, arrows). Kidney in asymptomatic fish (iii). Kidney of diseased fish (iv) with interstitial nephritis and coccoid shaped bacteria (arrows). B)
PCR on fish and water samples collected on Days 7, 9 and 22 post-stocking, (i) Nearly all diseased fish (5/6) and all water samples tested PCR
positive for big belly (BB) disease novel Vibrio spp. (ii) Half of the diseased fish (3/6) and all water samples tested PCR positive for S. iniae (SI).
(iii) Some diseased fish (3/6) and all water samples tested positive for V. harveyi (VH). (iv) All fish and water samples tested negative for scale
drop disease virus (SDDV). +ve positive control; -ve negative control. The expected size of PCR product for each pathogen is indicated.

114



4.4.2 Reduced microbiota diversity in diseased L. calcarifer intestine

A total of 3,155,965 quality filtered reads from 9 asymptomatic, 6 diseased and
3 water samples (ranging from 81,679 to 284,944 reads per sample) were assigned
to 1,941 operational taxonomic units (OTU), at 97% sequence identity matched with
the Silva132 database. OTUs in water (ranged from 536 to 614) were more diverse
than those present in the gut of fish (ranged from 63 to 474), with more OTUs present
in asymptomatic fish (average: 223 + 143) than diseased fish samples (average: 87 +
40). In addition, the alpha diversity indices of Chao1 (Figure 2A) and Shannon (Figure
2B) indicated the higher richness and diversity of gut microbiota in asymptomatic
compared to diseased fish, with the lowest value in DD9 and the highest in AD9
samples. Significant difference of both indices were observed for DD7 vs AD9 (p <

0.05) and DD9 vs AD9 (p < 0.01).
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Figure 2. Summary of the alpha and beta diversities of asymptomatic and diseased L.
calcarifer gut microbiomes from 16S rRNA metasequencing. A) alpha diversity index of
Chao1. B) alpha diversity index of Shannon index. Statistically significant pairwise differences
among the groups is highlighted with asterisk (*, p < 0.05; **, p<0.01). C) Principal coordinates
analysis (PCoA) of bacterial community in fish and water. D) Beta diversity analysis of UPGMA
cluster tree of fish and water.
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4.4.3 Differences in bacterial composition among gut content of asymptomatic and

diseased fish, and water samples

To further compare the differences in the structure of the bacterial community
among the samples, a hierarchical clustering analysis of three-dimensional scatter plot
was generated using principal coordinate analysis (PCoA) based on the OTU
composition. The results showed the plots of all asymptomatic samples were
dispersed widely, while the diseased sample plots tend to be clustered in closer
proximity. The asymptomatic fish plots were distinctively separated from the diseased
fish in the first principal component (33% explained variance) (Figure 2C). The three
water samples clustered together, but distinctively separated from that of both
diseased and asymptomatic fish intestinal samples. The hierarchical cluster analysis

of all the fish and water samples aligned with the PCoA results (Figure 2D).

444 Diseased and asymptomatic L. calcarifer maintains different intestinal

microbiome profiles at the phylum level

A total 1,869 among all of the assigned OTUs were annotated with the rate of
96.29%. The taxonomic mapping of the fish intestinal microbiota identified 24
classifiable phyla. Half of these phyla were common between the asymptomatic and
diseased fish, but their abundance varied greatly among the five groups. The top ten
most abundant phyla are shown in Figure 3A. The three most dominant phyla were
Proteobacteria, Firmicutes and Fusobacteria in diseased (DD7, DD9) and
asymptomatic fish samples (AD7, AD22), contributing 95.7% to 99.6% of total bacterial
diversity in all the four fish groups (Figure 3A). AD9 was rich in Proteobacteria,

Bacteroidota, Actinobacteriota and Firmicutes, together reaching a relative abundance
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of 85.8%. In addition, a high abundance (10.6%) of an unidentified phylum
(k_Bacteria_Unclassified) was detected in AD9, which significantly differed from the
other fish samples. Proteobacteria was the most dominant phylum in all five fish
sample groups, with nearly 97.3% and 99.2% mean relative abundance in DD7 and
DD9, respectively, while a significant decrease was observed in asymptomatic fish
from 82.9% in AD7, 74.97% in AD9 and 38.09% in AD22. In contrast, the relative
abundance of Firmicutes, Fusobacteria Bacteroidota and Actinobacteriota was
generally high in asymptomatic fish. Firmicutes had increased abundance across all
asymptomatic fish sampled over time (1.5% in AD7; 3.3% in AD9), and accounted for
nearly half (47.8%) of the microbial community in AD22. The most predominant phyla
in water samples was also Proteobacteria (66.8% to 75.9%), followed by Bacteroidota
(13.2% to 30.1%), Fusobacteriota (1.3% to 8.7%) and Firmicutes (0.4% to 1.8%)

(Figure 3A).
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Figure 3. Comparison of the relative abundances of bacterial OTUs among asymptomatic and
diseased L. calcarifer, and water samples. A) Phyla. B) Genus.
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4.4.5 Intestinal microbiota at genus level correlates with disease-state in L. calcarifer

Differences in intestinal microbiome composition and relative abundance at a
genus level were observed between the asymptomatic and diseased fish groups
(Figure 3B). The top five highest abundant genus in DD7 were Vibrio (77.3%),
Burkholderia-Caballeronia-Paraburkholderia (BCP) (6.2%), Pseudomonas (4.9%),
Photobacterium (2.5%) and Cetobacterium (1.8%), while Vibrio (97.2%), BCP (0.8%),
Ralstonia (0.6%), Streptococcus (0.4%) and Comamonas (0.2%) were rich in DD9
(Figure 3B). The members of the genera that contributed significantly to the microbial
diversity of the three asymptomatic groups were BCP (24.7%), Ralstonia (13.9%),
Photobacterium (13.6%), Cetobacterium (11.2%) and Pseudomonas (9.9%) in AD7;
Ralstonia (29.1%), Brucella (10.7%), Pelomonas (9.3%), BCP (4.2%) and
Pseudomonas (3.6%) in AD9; Weissella (47.6%), Photobacterium (12.3%),
Cetobacterium (9.8%), Ralstonia (9.3%), Comamonas (2.9%) and Brucella (2.7%) in

AD22 (Figure 3B).

Vibrio was the most abundant genus and prevalent in diseased fish with a
relative abundance of 77.3% in DD7 and 97.2% in DD9, while it was rarely present in
the asymptomatic fish (0.6% in AD7, 2.4% in AD9, 0.3% in AD22) (Figure 3B & 4A).
S. iniae was detected at the species level with greater relative abundance in diseased
fish as compared to the asymptomatic fish groups (Figure 4A). In contrast, the relative
abundance of Ralstonia, Brucella, pelomonas and
allorhizobium_neorhizobium_pararhizobium_rhizobium (ANPR) were significantly
high in the asymptomatic fish compared to the diseased fish (p < 0.05) (Figure 4A &
4B). Notably, Weissella was unique in the asymptomatic group AD22 with a rather
high relative abundance (47.59%) (Figure 3B & Figure 4A). In addition, Lactobacillus

was also only presented in asymptomatic fish (Figure 4A).
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The analysis of the microbiome of water revealed that
Pseudoalteromonas (34.8 to 45.5%) was the most dominant genus across all of the
three sample collection time points, followed by Nautella (7.6 to 12.2%), Lishizhenia
(6.1 to 7.7%), Vibrio (3.7 to 8.5%), NS10_marine_group (0.06 to 14.5%),
Cetobacterium (1.0 to 8.6%) and Photobacterium (1.9 to 6.1%) (Figure 3B). Although
there is a strong difference in microbiota composition at the genus level between water
and fish, a decline in the relative abundance of Vibrio in water was observed overtime
(8.51% to 3.66%) with a drop in mortality rate (Figure 3B), which was similarly

observed in the gut over time.

121



150 * *% 1.6 1004 2.0
§ * kx| KK 8 2 g0+ é
5 i/ H $ 1.6
=100 T 1.0 3 g
= £ 60+ 2
2 2 2 & ol
o S © o 1
2z 2 9 404 2
= 50 = 0.6 s s
© = = © 0.5
2 K3 & 20 s
o- 0.0- T T T 0 T T T T 0.0 T T T
DD7 AD7 DD9 AD9 AD22 DD7 AD7 DD9 AD9 AD22 DD7 AD7 DD9 AD9 AD22 DD7 AD7 DD9 AD9 AD22
Vibro Streptococcus iniae Weissella Lactobacillus
*
40 * % %
* % 154 — 15+ 4 y
o o i
o 2 9, % 1 3
£ 30 2 g — & 2 3-
T S 10 T 10 S
3 = 3 5
o a e a
S 204 a © S 2
$ g . 2
£ Z 5 g 5 P
= 104 K] ® S 14
b3 « B [
0- 0 - 0-
DD7 AD7 DD9 AD9 AD22 DD7 AD7 DD9 AD9 AD22 DD7 AD7 DD9 AD9 AD22 DD7 AD7 DD9 AD9 AD22
Ralstonia Brucella Pelomonas ANPR
B B Asymptomatic [ Discased c Cladogram
3 B a: c_Actinobacteria
o] vibrio . Asymptomatic B b: p_Actinobacteriota
_Vibriohaceae B Discased y B c: c_Bacteroidia
o_ Viorjonales I d: p_Bacteroidota
©_Gamrhaproteobacteria I e: c_Clostridia
Proteoljacteria I f: p_Firmicutes
B lc_Clostrifiia « K8 f_Rhlzobi.aceae
lo_ g g jum_Rhizoblum I h: o_Rnhizobiales
B i: c_Alphaproteobacteria
lc__Actinobacteria A B j: f_Burkholderiaceae
c__Bacterpidia | 'S I_Comamonadaceae
P—_Yecterbldota B |: o_Burkholderiales
|p_Actinopacteriot: Em m:f_Vibrionaceae
[_telompnas B n: o_Vibrionales
lo_Brucella B o: c_Gammaproteobacteria

If_c

Il p: p_Proteobacteria
[f_Rhizobfaceae
lo__Rhizotjales

3

lp_Firmic{ites
lo_Ralstofia

I
lo__Burkhqideriales

i
-5.01 -3.97 -2.93 -1.89 -0.85 0.19 123 227 331 435 539
LDA SCORE (log 10)

Figure 4. A) Comparison of the most abundant observed bacteria genera in gut microbiota of
asymptomatic and diseased fish. Bars with “ * ” indicated significant difference between fish
sample groups. B) Histogram of Linear discriminant analysis (LDA) scores (log10) to identify
differentially abundant bacterial taxa between diseased and asymptomatic groups. C) Circular
Cladogram showed taxonomic distribution of bacterial abundance between asymptomatic and
diseased groups.
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4.4.6 LEfSe analyses

LEfSe analyses were performed to characterize the microbial communities
exhibiting significant differences in abundance between the asymptomatic and
diseased groups. A total of 21 bacterial taxa with significant differential relative
abundances were identified with LDA score >3.0. Sixteen of these bacterial taxa were
higher in the asymptomatic fish and five were higher in the diseased fish samples (p
< 0.05) (Figure 4B & 4C). In particular, the analysis revealed that the genus Vibrio,
family Vibrionaceae, class Gammaproteobacteria and phylum Proteobacteria were
more dominant in diseased fish; whereas in the asymptomatic fish, a higher
representation of the phyla Firmicutes, Bacteroidota and Actinobacteriota, the families
of Burkholderiaceae, Rhizobiaceae and Comamonadaceae, as well as genera of
Ralstonia, Brucella, Pelomonas and Allorhizobium-Neorhizobium-Pararhizobium-

Rhizobium (ANPR) were identified.

4.4.7 Immune-related pathways with significant differences between diseased and

asymptomatic L. calcarifer

The potential physiological associations of the gut microbiota in diseased and
asymptomatic groups were compared. A total of 72 functional pathways related to
human disease (KEGG level 1) and the immune system (KEGG level 2) were
identified. Of these, 18 pathways showed significant differences between the two
groups (Figure 5) including Vibrio cholerae infection, NOD-like receptor signalling
pathway, Pertussis, Salmonella infection, and Th17 cell differentiation. In addition, two
pathways of Biofilm formation - Vibrio cholerae (infection) and bacterial secretion

system were the most abundant (Figure 5).
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Figure 5. The KEGG Orthologies by Tax4Fun classification at level 3 of OTUs identified by 16S rRNA sequencing in the gut of diseased and
asymptomatic L. calcarifer.
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4.5 Discussion

This study is based on field samples (sourced from a local fish hatchery),
collected during disease outbreak soon after stocking in a commercial fish farm. Mild
to severe, chronic granulomatous enteritis was observed histopathologically in both
asymptomatic and diseased juvenile L. calcarifer. All diseased L. calcarifer in this
study tested PCR positive for the ‘big belly’ novel Vibrio spp., V. harveyi, S. iniae, or
concurrent infections. We also observed Streptococcus iniae unique presence and
high abundance of Vibrio (87.3%) in diseased L. calcarifer albeit with reduced diversity
of gut microbiome based on 16S rRNA sequencing. Vibrio and S. iniae are common
environmental bacteria and likely opportunistic infections in fish with significant gut
damage in advanced chronic bacterial enteritis. Farmed fish, especially newly stocked
fish can be more susceptible to disease due to many forms of stress such as
transportation (Barton, 2000; Manuel et al., 2014), handling (Wedemeyer, 1972;
Falahatkar et al., 2009; Aguirre-Guzman et al., 2016), stocking process and
environmental changes in their new habitat. Prolonged starvation or acute stress in
newly stocked fish can weaken the fish's immune system and alter the composition of
gut microbial community, making it more vulnerable to opportunistic pathogens and
decreasing its ability to maintain a healthy intestinal microbial community (Olsen et al.,
2005; Xia et al., 2014; Desai et al., 2016; Huang et al., 2020; Brocca et al., 2022). Our
study suggests that the stress factors may compromise the immunity and physiology
of L. calcarifer, trigger significant dysbiosis in gut microbiota by predisposing to
opportunistic pathogens such as Vibrio and S. iniae, and lead to enteritis in newly
stocked fish. Our results demonstrated the sensitivity of the newly stocked juvenile L.
calcarifer microbiome to stressors, with potential associated health impacts on the

host.
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The most dominant bacterial phylum in the gut microbiota of diseased L.
calcarifer was Proteobacteria (98.3%) in the present study, whereas its relative
abundance significantly decreased in asymptomatic fish, particularly by the end of the
disease outbreak on Day 22 post-stocking (38.1%). Similarly, diseased Asian seabass
experimentally and naturally infected with tenacibaculosis exhibited gut microbiota
dominated by Proteobacteria (83.1-87.0%) (Miyake et al., 2020). In addition,
domination by Proteobacteria has also been observed in diseased fish in other
species, such as grass carp (Tran et al., 2018) and groupers (Ma et al., 2019).
Increased prevalence of Proteobacteria has been proposed as a potential diagnostic
signature of dysbiosis, enteritis and risk of disease in mammals (Shin et al., 2015;

Litvak et al., 2017).

LEfSe analysis identified Firmicutes, Actinobacteriota and Bacteroidota as
dominant phyla in the intestinal microbiota of asymptomatic fish (this study). These
phyla of bacteria are potentially beneficial microbes that promote gut health. The
Firmicutes with the highest LDA score were present in significantly lower abundance
in diseased L. calcarifer (0.4%) than in asymptomatic fish (47.8%), especially at the
recovery phase on Day 22 post stocking. Firmicutes has been recorded previously as
primarily beneficial phylum comprising beneficial genera Bacillus, Lactobacillus,
Lactococcus, Enterococcus and Clostridium in healthy fish of several other species
(Yang et al., 2022). For example, Bacillus spp. are naturally occurring in the gut of
cultured fish like grass carp (Wu et al., 2012b) and tilapia (Sookchaiyaporn et al.,
2020), and thought to fight gut infections (Silva et al., 2020). In addition to Firmicutes,
phylum Actinobacteria can biosynthesize secondary metabolites such as antibiotics
used against invasive pathogens (Penn et al., 2009); Bacteroidota is a known core

taxon of the adult human microbiome, with roles in producing beneficial metabolites
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that enhance immunity (Falony et al., 2016). Overall, the shift in gut microbiota in
asymptomatic fish of this study to elevated abundance of Firmicutes, Bacteroidota and
Actinobacteriota suggests an important role of these bacteria in maintaining a healthy
microbiota community in the intestine of L. calcarifer. Furthermore, it appears that the
increase in Proteobacteria in intestines of diseased fish was at the expense of these
three beneficial phyla, especially Firmicutes, which may contribute to the gut dysbiosis

in L. calcarifer.

Vibrio was detected as the most dominant gut microbial genus in diseased fish
on Day 7 (77.3%) and Day 9 (97.2%) compared to asymptomatic fish (average 1.1%)
in this study. Vibrio spp. are opportunistic bacteria within the phylum Proteobacteria
(de Souza Valente & Wan, 2021), which can exist naturally as part of the microbiota
of marine fish without causing disease (Wu et al., 2012a; Li et al., 2017; Chin et al.,
2020b). However, they may turn pathogenic when fish immunity and physiology is
compromised due to husbandry stress (Thune et al., 1993; Creeper & Buller, 2006;
Krupesha Sharma et al., 2012). Especially when in high numbers, Vibrio spp. can
cause substantial damage to the intestinal lining of the fish gut by produce exotoxins
causing gastroenteritis and ultimately mortality (Lee et al., 2002; Liu et al., 2004;
Macpherson et al., 2012; Zhang et al., 2014). Vibrio spp. such as V. harveyi
(Ransangan et al., 2012; Dong et al., 2017b), “big belly” bacteria (a novel Vibrio
species) (Gibson-Kueh et al., 2021), V. alginolyticus (Krupesha Sharma et al., 2012)
and V. anguillarum (Rajesh Kumar et al., 2007; Kumaran et al., 2010) have been linked
to multiple disease outbreaks in L. calcarifer farms, resulting in severe economic
losses. In addition, Miyake et al. (2020) reported that experimentally infected and
naturally diseased L. calcarifer with tenacibaculosis had increased Vibrio levels (57.3

+ 22.7% and 31.4 = 28.7% respectively). In the present study, the microbiota
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composition in diseased fish showed Vibrio were the most prevalent genus (average
87.3%) which was in alignment with the PCR-based diagnosis where diseased fish
tested PCR positive for two Vibrio spp. of V. harveyi and “big belly” novel Vibrio spp.
Hence, we speculate that these two Vibrio spp. were potentially pathogenic species

responsible for the disease-state of juvenile L. calcarifer in this study.

S. iniae in the present study was observed as the predominant species within
the genus Streptococcus with an average relative abundance in the microbiome of
0.38% in diseased fish. The species was absent in asymptomatic fish. This finding
agreed with the PCR-based diagnosis where S. iniae was not detected in any
asymptomatic fish. Streptococcosis, caused by S. iniae, is one of the most important
bacterial diseases in L. calcarifer and causes enormous economic losses
(Kayansamruaj et al., 2017). S. iniae can persist in the intestine for extended periods
in L. calcarifer subjected to an oral challenge, and hence serve as an important

reservoir of infection (Bromage & Owens, 2002).

It is noteworthy that the genus Weissella was unique in the intestine of
asymptomatic L. calcarifer in significantly high abundance on Day 22 post-stocking
(47.59%) in our study. In addition, Lactobacillus was only detected in asymptomatic
fish (0.26%). Weissella and Lactobacillus are lactic acid bacteria within the phylum
Firmicutes, and reported as beneficial gut bacteria that colonize the intestinal regions
of fish to stimulate host immune response against disease, or inhibit pathogenic
bacterial species (He et al., 2017; Ringg et al., 2018). Several Weissella spp., such as
W. cibaria, W. confusa, W. paramesenteroides and W. hellenica, have been
suggested to act as probiotics due to their antimicrobial activity against fish pathogens
(Cai et al., 1998; Abriouel et al., 2015; Kahyani et al., 2021). In the present study, the

unique presence of Weissella and Lactobacillus in asymptomatic fish suggests its
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potential as a biomarker for monitoring health in L. calcarifer, and is worthy of future

study.

Similar water microbiome profiles in our study were observed across all three
sampling time points, with Pseudoalteromonas, Nautella, Lishizhenia, Vibrio,
NS10_marine_group and Cetobacterium etc. being core genera present in all water
samples. The most abundant genus was Pseudoalteromonas (34.8% to 45.5%), which
have been known to produce various antibacterial and antiviral compounds (Neu et
al., 2014). The composition and relative abundance of bacteria in water was observed
significantly different from the intestine in L. calcarifer (at genus level). In addition, the
beta diversity analysis as plotted on PCoA showed that the three water samples
clustered together, distinctively separated from both fish groups, especially the
diseased fish. These findings may suggest a weak correlation between intestinal
microbiota composition in L. calcarifer and the surrounding water microbiome.
However, there was a decline in the relative abundance of Vibrio spp. (8.51% to
3.66%) in water towards the end of the disease outbreak, which correlated with its
changing trend in the fish intestine. Future research should further explore the
interaction among various stressors (water column, handling, transportation efc.),
intestinal microbiome and L. calcarifer under disease infection by increasing the
number of samples for both fish and water to eliminate individual differences, adding

accuracy and reliability to the study.

4.6 Conclusion

This is the first field study that investigated the changes in the gut microbiome
in diseased and asymptomatic newly stocked juvenile L. calcarifer with chronic

enteritis and mixed bacterial infections. This work showed that the fish gut microbiome
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changes according to their health status (diseased and asymptomatic). Proteobacteria
at phylum level, Vibrio and S. iniae at genus and species level, respectively, were
observed increasing in abundance in diseased L. calcarifer. Understanding this
relationship between the host, gut microbiome and pathology would allow farmers of
L. calcarifer to better manage disease soon after stocking. Moreover, the unique
presence of beneficial bacteria such as Weissella and Lactobacillus within phylum
Firmicutes in asymptomatic fish, make them potential candidate biomarkers for
monitoring health status of L. calcarifer. In addition, the abundance and composition
of the microbiome in the water column were significantly different from the intestinal
microbiome of L. calcarifer, and the relationship is worthy of future study. These
findings provide a baseline study for understanding changes in intestinal microbiome
in newly stocked stressed fish with mixed bacterial infection, biomarker assisted health

monitoring, and future host-derived probiotics screening in L. calcarifer.
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Chapter 5: An Investigation into Disease Dynamics at a
Commercial Asian Seabass (Lates calcarifer) Farm by
Monitoring Pathogen Environmental DNA (eDNA) and Total

Bacterial Activity

Xian Zhe Chew, Jose Domingos, Maura Carrai, Xueyan Shen, Susan-Gibson Kueh

This chapter is intended for submission to Aquaculture.

5.1 Abstract

Scale drop disease virus (SDDV) and Vibrio harveyi are significant threats to
Lates calcarifer (Asian seabass) aquaculture in Southeast Asia, causing frequent
outbreaks that result in production losses exceeding 60-70%. This study examined the
relationship between environmental DNA (eDNA) of SDDV and V. harveyi using
quantitative PCR (qPCR) and digital PCR (dPCR), total bacterial activity, water quality
and fish mortality in a commercial L. calcarifer farm. Mortality spikes of 100-300
fish/day occurred in recirculating aquaculture systems (RAS) but not in flow-through
systems, highlighting differences in disease transmission dynamics in different
aquaculture systems. SDDV eDNA levels in RAS mirrors mortality patterns using
dPCR, suggesting active viral shedding by SDDV-infected fish. While SDDV eDNA
increased during mortality spikes using dPCR, SDDV was not detected during
heightened mortality spikes in RAS tanks using qPCR, which limits their use as early

indicators of disease outbreaks. qPCR showed apparent inflated V. harveyi eDNA
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levels compared to dPCR, possibly due to flaws in standard curve-based
quantification. Total bacterial activity showed a significant positive correlation with total
ammonia nitrogen levels and cumulative mortality (p<0.05), proving to be a reliable

early indicator of deteriorating water conditions and health of fish stock.

Keywords: Scale drop disease virus, Vibrio harveyi, Lates calcarifer, environmental

DNA, gPCR, dPCR, total bacterial activity

5.2 Introduction

In 2023, Singapore’s largest commercial Lates calcarifer (Asian seabass) farm
suspended operations due to widespread outbreaks of scale drop viral disease (SDD)
(Ang & Begum, 2023). Scale drop disease virus (SDDV) is a megalocytivirus within
the family Iridoviridae, and can cause production losses exceeding 60-70% and
severe economic losses in farmed L. calcarifer (de Groof et al., 2015; Charoenwai et
al.,, 2021; Domingos et al., 2021). There is currently limited understanding of
epidemiology as SDDV can affect both juvenile and adult L. calcarifer (Gibson-Kueh
et al., 2012; de Groof et al., 2015; Dong et al., 2017; Senapin et al., 2019; Domingos
et al., 2021). This hinders disease management efforts in endemic areas, where
outbreaks are observed in newly stocked fish 2-3 weeks after stocking into sea-cages.
Destruction of the spleen, leading to immunodepression, and skin loss, causing severe
osmoregulatory dysfunction, are observed in SDDV-infected fish during advanced
stages of the disease (Gibson-Kueh et al., 2012). Secondary bacterial infections and
dehydration in seawater due to skin loss exacerbate mortality in SDDV-infected fish

(Dong et al., 2017b; Domingos et al., 2021; Chew et al., 2024a). V. harveyi has been
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reported to cause clinical signs similar to SDDV in L. calcarifer, including extensive
necrosis and scale loss (Dong et al., 2017b). Vibrio species are ubiquitous in marine
environment and pose continual risks for disease outbreaks in aquaculture (Mougin et
al., 2021). High organic loads encourage the proliferation of Vibrio spp. under warm
conditions in intensive aquaculture (Yang et al., 2021; Stabili et al., 2022; Lo et al.,

2023; Triga et al., 2023).

Aquaculture farm management has traditionally relied on visual cues, such as
sudden mortality spikes or reduced feeding, often linked to deteriorating water
conditions or infectious disease (Fu et al., 2015). However, such reactive approaches
do not allow for timely and effective interventions. Advances in molecular techniques
now enable precise detection of organism-specific environmental DNA (eDNA) in
aquatic systems (Huver et al., 2015; Kawato et al., 2021). The ability of advanced
molecular detection methods to detect low viral loads is advantageous for detecting
waterborne fish viruses, such as Red Sea bream iridoviral disease, viral hemorrhagic
septicemia virus and SDDV, which are present at low concentrations in aquaculture
systems (Kawato et al., 2021; Kiat et al., 2022; Lee et al., 2024). Monitoring pathogen
eDNA can serve as an early warning system in aquaculture, and enhance our
understanding of the epidemiology of important diseases, thereby enabling better
management (Huver et al., 2015; Bastos Gomes et al., 2017a; Peters et al., 2018;
Shea et al., 2020). For instance, Red Sea bream iridovirus eDNA were detected five
days before the onset of a disease outbreak in farmed juvenile Red Sea bream
(Kawato et al., 2021). A positive correlation between eDNA levels of Chilodonella
hexasticha and mortality events in pond-based L. calcarifer farms further supports use
of eDNA monitoring as a disease predictive tool (Bastos Gomes et al., 2017a).

Previous eDNA research in aquaculture has focused on ectoparasites such as gill lice
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(Katz et al., 2023), gill louse (Johnson et al., 2024) and monogenean flatworms
(Trujillo-Gonzalez et al., 2020), as well as harmful dinoflagellate (Kon et al., 2017).
There is immense potential in the application of eDNA for monitoring other harmful

pathogens in aquaculture such as viruses and bacteria.

Monitoring Vibrio spp. and total bacterial abundance using total bacterial plate
counts has been used as an early indicator of deteriorating water quality to inform
management of aquaculture systems (Arulampalam et al., 1998; Moriarty, 1998;
Ganesh et al., 2010; Marwiyah et al., 2019; Mougin et al., 2021). Vibrio counts below
103 CFU/mL are considered acceptable (Ganesh et al., 2010), while levels exceeding
104 CFU/mL can cause mass mortality in farmed shrimp (Supono et al., 2019) and
disease in farmed fish (Moriarty, 1999; Ganesh et al., 2010; Martins et al., 2013; Kim
& Lee, 2017). An increase in specific pathogenic Vibrio species has been associated
with disease outbreaks, and monitoring these species has been suggested to provide
more useful information for management decisions in farms (Amaro et al., 1995; Sung
et al., 1999; Sung et al., 2001). eDNA monitoring offers a targeted approach by
detecting specific pathogenic bacterial strains, making it especially valuable for farms

dealing with recurring bacterial infections (Dully et al., 2021; Henard et al., 2024).

While recirculating aquaculture systems (RAS) can offer better control over the
management of fish stocks, limited water exchange can lead to accumulation of fish
waste, deterioration of water quality and buildup of potential pathogens compared to
flow-through systems (Martins et al., 2009; Rurangwa & Verdegem, 2015). When
elevated bacterial levels are detected, farmers can increase water exchange (Gichana
et al., 2018), reduce feed to lower organic loads that promote bacterial proliferation

(Rurangwa & Verdegem, 2015), install UV sterilizers (Sharrer et al., 2005; Semenov

134



& Semenova, 2023), add ozonation to disinfect water (Teitge et al., 2020), or introduce

probiotics to outcompete pathogenic microbes (Jamal et al., 2019).

This study investigated correlations between eDNA levels of SDDV and V.
harveyi, total bacterial activity, water quality parameters and farm management
practices, in relation to mortality events in selected RAS and flow-through systems for
up to 14 weeks after stocking. Understanding these relationships could provide
valuable insights into the drivers of disease outbreaks and enable the improvement of

management strategies to mitigate disease impacts in L. calcarifer aquaculture.
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5.3 Materials and Methods

5.3.1 Overview

This study is based on weekly water samples collected from the outflows of two
recirculation aquaculture system tanks (RAS T1 & T2) and two flow-through tanks (T3
& T4) over 6-7 weeks (T1, T3 & T4) and 14 weeks (T2) for molecular analysis. Fish
samples were also collected at specific time points for molecular analysis and
histopathology (Figure 1). All tanks were supplied with sand-filtered seawater. A
summary of the study tanks is provided in Table 1. Fish were not graded post-stocking.
The farm routinely used heat treatment to control viral diseases by raising the culture
water temperature to 39 °C for up to one hour to stimulate the innate immune response
(Michel., 2018). Feed was withheld and any moribund fish were culled during heat
treatment. The daily feed rate percentage was calculated based on the daily feed

consumption and the estimated tank biomass for that day.
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Table 1. Overview of study tanks.

e 1 g Final fish
Initial fish number/ Average A\éerfge
Tank Water number/ . - - . aily -
Tank . . stocking TAN NO, NO; daily . Salinity
System type D Volume | exchange | stocking density/ density/ (mgiL) | (mglL) | (mg/L) pH temperature dissolved (PPY)
(tons) rates Averag_je Average (°C) oxygen
bodyweight bodyweight (mg/L)
Ni 11,708 Nr 7594
T1 16 SD; 12.9 kg/ton Ssz/é?{“ 0-1 | 0-025 | 0-40 7';' 29.3-30.6 Na 27-32
Recirculating ABWi 4.89 ABW: 49.0g
Aquaculture 10% daily
Systems . 16,880 N 16,014*
T2 125 SD; 6.8 kglton, SDr33.4 0-1 02 | 5160 |88 | 202318 | 13116 | 2631
ABW. 50 4 kg/ton, 8.2
19049 ABW; 70.0g
Nf 13,514
Ni 14,989 pcs, 7.4-
T3 80 SDi 6.6 kg/ton SDr 10.2 0.25-1 | 0-0.25 0-10 7'8 28.9-29.9 Na 25-28
ABW; 35.0g kg/ton, )
Flow- o ABW: 60.0g
through 10?]é>ufer
systems N; 16.000 Nr 15,226
T4 80 SD 3.0 kg/ton, §Dr9.2 01 |0025| o |®%| 300315 | 7.0-158 | 27-29
ABW; 15.0 kgfton, 8
11559 ABW; 48.0g

Note: * Final stocking densities are estimated based on farm data. ** Additional 3500 juveniles on Day 24 and 400 juveniles on Day 58 were stocked into RAS
T2. Ni Initial fish number, Nt Final fish number, SDi Initial stocking density, SDr Final stocking density, ABW; Initial Average bodyweight, ABWs Final
bodyweight, TAN Total Ammonia Nitrogen
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5.3.2 Sample collection

Water samples were collected from each tank at least once per week
throughout the study period: T1 (n=8), T2 (n=14), T3 (n=7) and T4 (n=14). Samples
were collected before the morning feed from the outflow into 1 L sterile glass bottles,
kept chilled on ice, and then filtered through 0.2 ym sterile filter (Sterlitech™) in a
Class Il biological safety cabinet. The filter membranes were stored at -80 °C for
subsequent DNA extraction. The volume of water filtered (over a maximum of three
hours) varied depending on the amount of suspended solids, and was recorded to

calculate pathogen concentration for positive detections.

Tissues (brain, fins, gills, gut, heart, kidney, liver, muscle, spleen and stomach)
were sampled from clinically healthy (n=18) and sick (n=22) L. calcarifer that had been
freshly euthanized in prolonged immersion baths with Aqui-S (40 mg/L). Sick fish
displayed clinical symptoms such as disorientation, loose scales, ulcerations and
darkened coloration. Tissues from both clinically healthy and sick fish were fixed in
97% ethanol for molecular analysis and in 10% phosphate-buffered formalin for

histological processing.

5.3.3 Total bacterial activity

Total bacterial activity in the culture water was measured using a rapid portable
fluorometric detection device (Bactiquant, Mycometer A/S). Briefly, 50 mL of tank
water from the outflow were filtered through a 0.22 uym Millipore closed filter unit,
flushed with a fluorogenic enzyme substrate and incubated for 10 minutes. Total

bacterial activity was then determined based on fluorescence (FLU) expressed as

138



Bactiquant values (BQV) (Pedersen et al., 2017; Rojas-Tirado et al., 2017; Becke et

al., 2019).

5.3.4 DNA extraction and conventional PCR

DNA from water samples and fish tissue were extracted following the methods
outlined in Chew et al. (2023). For water samples, half of the filter membrane was
used for DNA extraction, while the other half was retained as a spare (Tsang et al.,
2021). Sterile one litre bottles containing nuclease-free water were transported to the
field and brought back to the laboratory as negative controls to check for contamination
(Bastos Gomes et al., 2017a). The concentration of extracted DNA from both fish
tissues and water samples was quantified using a ND1000 Spectrophotometer
(Thermofisher Scientific). DNA extracted from fish tissue yielded relatively higher DNA
concentrations of 183.3 + 102.5 ng/uL, while water samples had concentrations
ranging from 77.3 £ 36.7 ng/uL. A subsample of the extracted DNA was normalized to
approximately 20 ng/uL and stored at -20°C until downstream gPCR testing. Neat DNA
concentrations were used for dPCR testing. gPCR quantifies pathogen DNA in real-
time by measuring fluorescence levels against a standard curve, whereas dPCR
partitions the DNA into numerous wells and provides absolute quantification based on

the number of positive reactions detected.

The remaining DNA extracted from T4 fish was used to screen for “big belly” bacteria,
a prevalent pathogen affecting fish on this farm, using conventional PCR (cPCR)
methods (Segers & Grisez, 2005; Chew et al., 2023; Chew & Gibson-Kueh, 2023).
The primers and protocol for the cPCR assay followed those described in Chew et al.

(2024).
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5.3.5 Quantitative PCR (gPCR) using gBlocks® gene fragment

Synthetic gBlocks® gene fragments (Integrated DNA Technologies), based on
published primers for SDDV (Sukhontip et al., 2019) and V. harveyi (Pang et al., 2006),
were used as standards for quantitative qPCR assays (Chew et al., 2024a).
Lyophilized form of gBlocks gene fragments were suspended in 50 uyL TE buffer
(Invitrogen) to achieve a stock concentration of 10 ng/uL followed by ten-fold serial
dilutions (10'® — 10" copies/uyL) to create a 10-point standard curve. An 8-point
standard curve based on triplicates (108 - 10" copies/uL) was used. For each gPCR
run, the gBlock standard curve for SDDV was accepted if R? = 1 and efficiency > 96%,
while for V. harveyi, it was accepted if R2= 1 and efficiency > 90%. Copy numbers

below 1 were classified as negative or undetectable.

gPCR was conducted using KAPA SYBR FAST Mastermix (Kapa Biosystems
Inc.) in 20uL reactions per well. Nuclease-free water was used as negative controls in
wells without DNA templates. gqPCR for SDDV and V. harveyi was conducted using
StepOne thermocycler (Applied Biosystems) with initial stage of 95°C for 3 minutes,
cycling conditions of 64°C for 30 seconds (SDDV) / 59.5°C 30 seconds (V. harveyi) for
40 cycles, followed by a melt curve stage of 60°C for 15 seconds and 95°C for 15
seconds. gPCR amplification was conducted in 20 pL reaction volume, comprising of
2 uL of template DNA, 7.4 uL (SDDV) /7.2 uL (V. harveyi) nuclease free water, 10 uL
KAPA SYBR FAST Mastermix, 10 uM of each forward and reverse primer with volume
added 0.3 pL (SDDV) and 0.2 pL (V. harveyi), and lastly with the addition of 0.4 uL
ROX reference dye for V. harveyi reaction. Each qPCR assay was performed in

triplicates.

Environmental DNA concentrations in water samples were expressed as copies

per litre of tank water, corresponding to the unit of collection (1 L) during sampling.
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The total copy number in 1 L of collected water (x) was calculated using the formula
below, adapted with minor variations from Tsang et al. (2021). The volume of water
filtered (mL) varied, with a maximum of 1 L, as some filters clogged, restricting the

filtration of the entire water volume.

(qPCR (Coﬁies) x 40 pL elution buf fer x 2 halved membrane)

= 1000 (ml
x Volume of water filtered (ml) x (ml)

5.3.6 Digital PCR (dPCR) assay

The dPCR assay employed the same primer sets and gBlock standards as
described for the qPCR assays. Reactions were performed using 3X QIAcuity
EvaGreen Mastermix in a 96-well Nanoplate 8.5k format, following the manufacturer’'s
instructions for reaction volumes (QIAcuity® EG PCR Kit). Neat concentrations of DNA
extracts were used as templates, and the absolute copy number of SDDV and V.
harveyi (DNA copies/uL) were determined using both automated and manual

thresholding in the QlAcuity software.

Cycling conditions for both SDDV and V. harveyi were as follows: initial heat
activation at 95 °C for 2 mins, followed by 40 cycles of denaturation at 95 °C for 15
seconds, annealing at 63 °C for SDDV and 59.5 °C for V. harveyi for 15 seconds, and
extension at 72 °C for 15 seconds, with a final cooldown at 40 °C for 5 minutes. The
SDDV dPCR assay was run in triplicate wells, whereas the V. harveyi assay utilized
duplicate wells due to limited DNA template availability. Data analysis was conducted
using the QlAcuity software suite (Qiagen). Due to budget constraints, the analysis

was restricted to water samples from T1 (n=8) and T2 (n=9).
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5.3.7 Statistical analysis

Cumulative mortality before and after each water sampling point was calculated
using moving windows of 5, 10, 15, and 30 days. For each window, the total number
of fish mortalities within the specified period, spanning 5, 10, 15, or 30 days before
and after the sampling point, was summed and analyzed. Pearson’s correlation
coefficient test was used to assess relationships between cumulative mortality, and
various parameters, including pathogen loads (SDDV & V. harveyi eDNA), BQV,
temperature, TAN, nitrite, nitrate, pH, salinity, dissolved oxygen levels and feed
percentage rate. Data from all tanks were combined and analyzed collectively to
identify overall trends across the dataset. All statistical analyses were conducted using
IBM SPSS Statistics ver. 27. The Shapiro-Wilk normality test was conducted to
determine normality of data. Non-normally distributed data (Shapiro-Wilk, p<0.05)
were log-transformed (Ln) to meet the assumptions for Pearson’s correlation analysis.
Mortality counts from days when heat treatments were conducted were excluded from

the correlation analysis to prevent bias.
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5.4 Results

5.4.1 Trends in mortality, eDNA and pathogen loads in fish

Trends in total bacterial activity (BQV, 10%L), SDDV and V. harveyi eDNA (Ln
copies/L) in relation to fish mortality are presented in Figure 1. SDDV eDNA using
digital PCR (dPCR) was detectable only after Day 8 in RAS T1 and after Day 17 in
RAS T2. Mortality spikes were observed in RAS T1 on 13, 15 and 21 days after
stocking, and peaked on Day 24 (mortality rate 3.2%, daily mortalities 320 pcs). The
detection of SDDV eDNA using dPCR in RAS T1 mirrored mortality spikes on Day 13
and 23, whereas qPCR detected a spike in SDDV eDNA only around the peak
mortality on Days 23-24 (Figure 1). In RAS T1, SDDV genomic DNA (gDNA) was
detected in low copy numbers in the kidneys of one sick L. calcarifer sampled on Day
17 (39.1 copies/pL, n=3) and two sick L. calcarifer sampled on Day 37 (6.9 & 1.2
copies/pL, n=6) using qPCR, possibly as these fish were sampled outside peak
mortality periods (Figure 1 & 2). All fish sampled on Day 17 (n=3) tested positive for
V. harveyi using qPCR, while none of the fish sampled on Day 37 (n=6) tested positive

(Figure 2).

In RAS T2, mortality spikes were observed within the first 7 days post-stocking,
on Day 45, and peaked on Day 64 (mortality rate 1.5%, daily mortalities 275), followed
by another mortality spike on Day 77 (Figure 1). Despite there being a constant
detection of SDDV and V. harveyi eDNA using dPCR in RAS T2, SDDV gDNA but not
V. harveyi was detected in kidney of all sick fish sampled on Day 65 (n=3), and neither
in the healthy fish sampled on Day 7 (n=3), 17 (n=3) and 28 (n=3) using qPCR (Figure
2). The spike in SDDV eDNA detected via gPCR on Day 99 in RAS T2 was not

associated with any mortality spikes (Figure 1).
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Chronic, low-level mortality (0.5% daily mortality, <66 fish/day) was observed
in flow-through tanks T3 and T4 throughout the study period (Figure 1). No SDDV
eDNA was detected in outflow water samples collected from T3 and T4 using qPCR.
SDDV and V. harveyi gDNA were absent in sick fish sampled from T3 on Day 42 (n=5),
and from T4 on Days 29 (n=2) and 34 (n=3). Light leech infestations were observed in
sick fish from T3 on Day 42 (n=5). Two of five sick fish sampled from T4 on Day 29

tested positive for “big belly” bacteria disease by cPCR.

RAS T1 and T2, and flow-through systems T3 and T4 were given a series of
heat treatments and oral antibiotics therapies (up to 10 days), or antibiotic immersion
baths when feeding rate was depressed (Figure 1). Heat and oral antibiotic treatments
appeared to be associated with decreasing mortality spikes on Days 13, 15, 21, 24
and 33 in RAS T1 and Days 5, 45, and 64 in T2, and may be responsible for keeping

mortality rates below 50-60 fish per day in flow-through T3 and T4 (Figure 1).
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Figure 1. Daily fish mortality, feed rates and time points of heat treatment, formalin baths, oral
and antibiotic baths in RAS (T1 & T2) and flow-through systems (T3 & T4). Total bacterial
activity (BQV), scale drop disease virus (SDDV) and V. harveyi eDNA (Ln copies/L) using
gPCR and dPCR, and specific time points of sick and clinically healthy fish sampling are
indicated.
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Mean DNA [Ln

copies/plL]
4 T1 .
L]
3.5
SDDV V. harveyi
3 Day Status DNA [copies/uL) DNA [copies/uL)
8 Healthy 0.0 0.0
2.5 Healthy 0.0 0.0
Healthy 0.0 0.0
2 17 sick 0.0 43
sick 39.1 23
1.5 sick 0.0 43.1
37 sick 6.9 0.0
1 sick 12 0.0
Sick 0.0 0.0
sick 0.0 0.0
0.5 Sick 0.0 0.0
sick 0.0 0.0
0
Healthy Sick
2 T2
1.8
1.6 SDDV V. harveyi
1.4 Day Status DNA (copies/pL) DNA (copiesfuL)
. 7 Healthy 0.0 0.0
1.2 Healthy 00 0.0
Healthy 0.0 0.0
1 17 Healthy 0.0 0.0
Healthy 0.0 0.0
0.8
Healthy 0.0 0.0
0.6 28 Healthy 0.0 0.0
Healthy 00 0.0
0.4 Healthy 0.0 0.0
65 Sick 6.0 0.0
0.2 sick 4.0 0.0
Sick 43 0.0
0

Healthy Sick

- SDDV - V. harveyi

Figure 2. Scale drop disease virus (SDDV) and V. harveyi genomic DNA load (copies/uL)
detected in kidney of clinically healthy and sick L. calcarifer sampled from RAS tanks T1 and
T2 using qPCR. Box plots shows mean values of DNA copies/uL detected. SDDV and V.
harveyi eDNA was not detected in kidney tissues of clinically healthy and sick fish from flow-
through tanks T3 (n=5) and T4 (n=5).
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5.4.2 Water quality, total bacterial activity, SDDV and V. harveyi eDNA in RAS vs flow-

through tanks

Total bacterial activity (BQV) in RAS T1 and T2 showed a gradual increase,
with peaks coinciding with mortality spikes on Day 23 in RAS T1 and Day 45 in RAS
T2. BQV peak values were below 4.5 x 10%/L in RAS T1 but much higher in RAS T2
at 18.2 x 10%L on Day 45 (Figure 1). In contrast, BQV remained low in flow-through
tanks T3 and T4, with unexplained peaks approaching 24.0 x 10%/L on Day 35 in T3
and 17.5 x 10%/L on Day 43 in T4. Pearson’s correlation analysis of BQV levels across
all tanks revealed a positive correlation with total ammonia nitrogen (TAN) and
cumulative mortalities at 10-, 15-, 20- and 30-days post-sampling (p<0.05) (Table 2,
Figure 3). No significant correlations were found with dissolved oxygen levels,
temperature, nitrite, nitrate, pH and salinity. dPCR analysis detected quantifiable
SDDV eDNA in the majority of water samples (n=14/17), whereas fewer positives were
identified using qPCR (Figure 4). V. harveyi eDNA levels in water samples using
gPCR, ranged from 7.8 to 11.6 Ln copies/L in T3 (n=7) and 6.7 to 12.9 Ln copies/L in

T4 (n=14) throughout the study period (Figure 1).

In RAS T1, V. harveyi eDNA levels detected using qPCR were below 1 Ln
copies/L on Days 1 and 8, exceeding 8.4 Ln copies/L on Day 13, and reaching 10.3
Ln copies/L in tandem with peak mortality on Day 24. In RAS T2, V. harveyi eDNA
using qPCR varied between 5.5 to 11.0 Ln copies/L (Figure 1). dPCR was able to
detect much lower copy numbers of SDDV eDNA that were undetectable by qPCR, at
13.2 copies/L on Day 38 in RAS T2 (Figure 4). On Day 13 in RAS T1, dPCR detected
518.9 copies/L of SDDV eDNA, which was not picked up by qPCR (Figure 4). Similarly,
on Day 23 in RAS T1, dPCR showed 3058.8 copies/L, compared to qPCR readings of

179.8 copies/L of SDDV eDNA (Figure 4). Low copy numbers of V. harveyi eDNA were
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similarly detected by dPCR but not by gPCR (Figure 4). At higher copy numbers, and
in some low copy number cases, gPCR yielded much higher readings than dPCR, up

to 50x higher on Day 44 in RAS T2 (Figure 4).
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Table 2. Pearson’s correlation analysis between total ammonia nitrogen, total bacterial activity
measured using Bactiquant, scale drop disease virus or V. harveyi eDNA levels, and

Cumulative mortality

Cumulative mortality$ (Ln)

Days after sampling

Days before

Ln Copies/L

sampling
Pearson’s
Correlation TAN (ppm) 10 15 20 30 15 20
Analysis
BVQ 0.618** 0.461* 0.629* 0.634**  0.653* NC NC
Ln BQV/L (n=25) (n=22)  (n=20) (n=18) (n=14)
SDDVc!PCR Ln NC NC NC NC NC NC NC
Copies/L
V. harveyi gPCR -0.355*  -0.440%*
NC NC NC NC NC (n=32) (n=28)

Note: § This is the log-transformed cumulative mortality consisting of the total number of dead fish at
10, 15, 20, and 30 days before or after water sampling for analysis.
* denotes statistical significant correlation at p < 0.05 and ** at p < 0.01 . NC denotes no significant
correlation. TAN Total ammonia nitrogen , BVQ Total bacterial activity , SDDV scale drop disease virus
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Figure 3. Positive correlation between total bacterial activity (Ln BQV / L) and cumulative fish
mortality (Ln) at 10 days (p<0.05) and 15 days (p<0.01) after water sampling for analysis.

150



qPCR dPCR qPCR dPCR

eDNA eDNA eDNA eDNA
(copies/L) (copies/L) (copies/L) (copies/L)
SDDV gPCR SDDV dPCR
T1-SDDV T2-SDDV D
180 4000 Day SDDVqP_CR sbov dP_CR 1.0 350 a eDNA (copies/L) eDNA (copies/L)
160 2500 eDNA (copies/L) eDNA (copies/L) 0.9 2 200 17 0.0 0.0
140 1 0.0 0.0 0.8 ’ 28 0.0 208.0
3000 \
120 8 0.0 0.0 0.7 S 250 38 0.0 13.2
o 2500 13 00 5188 0.6 | ; \‘ 200 a4 0.0 166.8
80 2000 « 17 0.0 189.5 0.5 A N \ 150 « 63 0.0 319.4
60 1500 20 0.0 120.0 0.4 o ' | 65 0.0 57.6
0 1000 23 179.8 3058.8 o) \ 100 72 0.0 26.4
0.2 \ \ s
2 500 29 0.0 152.0 o / V) ~. 7T w0 79 0.0 70.8
37 0.0 48.0 - / v - 93 0.0 49.7
0 0 0.0 L 0
17 28 38 44 63 65 72 79 93
T1=V. harveyi T2-V. harveyi Day V. harveyi qPCR V. harveyi dPCR
30000 ) 6000 60000 ) 4000 eDNA (copies/L) eDNA (copies/L)
Da V. harveyi qPCR V. harveyi dPCR 2500 17 3223.3 403.6
25000 5000 v eDNA (copies/L) eDNA (copies/L) 50000 2000 28 57369.9 2904.0
20000 1000 1 0.0 211.2 40000 38 3197.7 50.4
8 0.0 274.8 2500 44 10955.2 222.0
15000 3000 ‘ 13 4389.2 587.6 30000 2000 63 9975.4 515.1
20 12296.7 936.0 1500 « 65 6775.8 142.8
10000 2000 23 29460.2 4643.3 20000 1000 72 3551.5 289.2
5000 1000 29 0.0 714.0 10000 w00 79 4208.9 78.0
37 0.0 184.8 93 5756.2 121.7
0 0 0 0
17 28 38 44 63 65 72 79 93
Days post-stocking Days post-stocking
qPCR  mmmee- dPCR

Figure 4. Scale drop disease virus (SDDV) and V. harveyi eDNA levels in water samples collected from RAS T1 and T2 using quantitative PCR
(gPCR) versus digital PCR (dPCR). The arrows indicate the graphical representation of the tabulated SDDV and V. harveyi eDNA levels.
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5.5 Discussion

This study investigated the association between pathogen environmental DNA
(eDNA) levels, water quality and daily mortality in a commercial Lates calcarifer farm.
Mortality spikes exceeding 100-300 fish per day were observed in RAS T1 and T2,
while a consistent daily mortality of 50-60 fish per day was observed in flow-through
systems T3 and T4, and as background mortality in RAS T1 and T2. The average
bodyweight of fish at stocking were 4.8 g (T1), 50.4 g (T2), 35.0 g (T3) and 15.0 g (T4).
Juvenile L. calcarifer weighing less than 30-50 g are highly cannibalistic and require
grading once a week to bi-weekly (Qin et al., 2004; Khan et al., 2021). As fish were
not graded during the study period, tank aggression likely contributed to the low-grade

daily mortality observed.

Total bacterial activity or BQV values showed a gradual increase leading up to
mortality spikes on Day 24 in RAS T1 and Day 45 in RAS T2. However, these
correlations between bacterial activity spikes and mortality were isolated events
observed only in the RAS systems (T1 and T2), with no clear correlation observed
across all systems, particularly in the flow-through systems (T3 and T4). Stocking
density, fish biomass, feed rates, and fish waste output directly impact total bacterial
activity in aquaculture systems (Blancheton et al., 2013). Although the stocking density
in T1 to T4 were relatively low (3.0-12.9 kg/metric ton), the observed mortality spikes
in RAS T1 and T2 may have been triggered by water quality deterioration caused by
increased fish waste output from rising biomass and feed consumption 6—7 weeks (T1)
and 14 weeks (T2) post-stocking. RAS depends on biofiltration to recycle water, and
thus are more prone to water quality issues arising from increasing fish biomass
compared to flow-through systems (Colson et al.,, 2015). Mortality spikes were

observed in RAS T1 and T2, and the stocking density in RAS T1 (12.9 kg/ metric ton)
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was much higher than RAS T2 (6.8 kg/ metric ton), flow-through systems T3 (6.6 kg/

metric ton) and T4 (3.0 kg/ metric ton).

gPCR analysis of V. harveyi eDNA levels varied from 5.5t0 12.9 Ln copies/L in
RAS T2, and flow-through T3 and T4 throughout the study periods, showing no clear
association with mortality patterns. However, in RAS T1, V. harveyi eDNA levels
increased from <1 Ln copies/L to 8.4 Ln copies/L on Day 13, coinciding with peak
mortality on Day 24 using gPCR. Spikes in V. harveyi eDNA levels may be related to
higher stocking density of 12.9 kg fish/ton in a small 16-ton RAS T1, as compared to
the much lower stocking density in 125-ton RAS T2 with 6.8 kg fish/ton or flow-through

80-ton T3 with 6.6 kg fish/ton and 80-ton T4 with 3.0 kg fish/ton.

Mortality spikes exceeding 100-300 fish per day were observed in RAS tanks
but not in flow-through systems (Figure 1). Limited water exchange in RAS increases
the likelihood of detecting pathogen eDNA, such as SDDV, which is naturally present
at low levels in the environment (Ficetola et al., 2008; Bastos Gomes et al., 2017a).
The residual presence of SDDV in RAS systems poses a significant risk of horizontal
transmission within farmed L. calcarifer population sharing the same water (Ben-Asher
etal., 2019). This risk arises from the accumulation of viruses, mucus, blood and tissue
shed by dead or SDDV-infected fish (Nurliyana et al., 2020; Charoenwai et al., 2021;
Kiat et al., 2022). Circulating water in RAS and surviving fish can act as pathogen
reservoirs, leading to future outbreaks and the potential infection of newly introduced
naive fish through horizontal transmission (Shea et al., 2020; Awate et al., 2023; Kim
et al.,, 2023). Flow-through systems demonstrated advantages in pathogen
management due to the continuous exchange of contaminated water with clean, sand-
filtered seawater, which prevents pathogen accumulation, promotes a more hygienic
environment, and reduces the risk of disease transmission (Munday et al., 1992; Ellis

153



et al., 2002; Robertsen, 2011). This continuous water exchange likely contributed to
the absence of detectable SDDV eDNA and fewer BQV spikes observed in flow-
through systems T3 and T4, compared to higher BQV readings in RAS systems
(Figure 1). Rapid removal of dead or moribund fish is therefore crucial to reducing
pathogen loads and minimizing the risk of subsequent outbreaks (Jaramillo et al.,

2017).

Pearson’s correlation analysis of BQV levels from all tanks revealed a positive
correlation with total ammonia nitrogen (TAN) and with cumulative mortalities at 10-,
15-, 20- and 30-days post sampling points (p<0.05). BQV levels were observed to
gradually increase several days prior to mortality peaks in RAS tanks T1 and T2
(Figure 1). Increased bacterial activity is positively correlated with elevated levels of
total suspended solids and nitrogenous waste in RAS, serving as a general indicator
of deteriorating water conditions (Rojas-Tirado et al., 2017; Becke et al., 2019).
Nitrogenous fish waste reflects the active fish biomass in aquaculture systems and is
influenced by feed rates (Islam, 2005). Dead or dying fish contribute to nitrogenous
waste, leading to shifts in microbiome and increase in potential pathogens such as V.
harveyi in the culture environment (Zhou et al., 2021). Our earlier study identified a
decreasing relative abundance of Vibrio spp. during fish recovery from disease
outbreaks, suggesting that monitoring changes in bacterial communities rather than
focusing solely on specific pathogens could be more useful for disease management

(Chew et al., 2023).

The Bactiquant tool used in this study provided results on total bacterial activity
(BQV) within an hour, making it a valuable decision-making tool for implementing
timely husbandry changes such as adjusting feed rates due to decreased appetite or
increasing water exchange to reduce accumulated organic wastes in the system
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(Rurangwa & Verdegem, 2015; Gichana et al., 2018). Poor water quality and elevated
bacterial loads can overwhelm fish immune defences, increasing susceptibility to

diseases (Ackerman & lwama, 2001; Bilodeau et al., 2005; Segner et al., 2012).

The detection of SDDV eDNA using dPCR in RAS T1 closely aligned with
mortality spikes on Days 13 and 23, whereas qPCR detected a spike only during peak
mortality on Day 23. Additionally, dPCR detected SDDV eDNA well before it was
detectable in fish tissue samples. Low copy numbers of SDDV genomic DNA (gDNA)
were identified in the kidneys of one sick L. calcarifer sampled on Day 17 and two sick
fish sampled on Day 37 using qPCR, possibly because these fish were sampled
outside peak mortality periods (Figure 1). In RAS T2, SDDV gDNA was detected in
the kidneys of all sick fish sampled on Day 65 (n=3) but was absent in healthy fish
sampled on Days 7 (n=3), 17 (n=3), and 28 (n=3) using qPCR despite the constant
detection of SDDV eDNA in RAS T2 using dPCR, qPCR identified a spike in SDDV
eDNA only on Day 99, which was unrelated to any mortality events. These findings
suggest that while detectable levels of SDDV eDNA are associated with active viral
shedding by dead and dying fish, they may not serve as reliable early indicator of

SDDV infections in fish populations (Kang et al., 2024).

SDDV outbreaks were initially reported in 100-300 g juvenile L. calcarifer more
than 3-4 months after stocking into sea-cages (Gibson-Kueh, 2012). The hallmark
signs of SDD are disruption of blood supply from obstructive endarteritis due to
prolonged exposure to SDDV antigens causing splenic infarcts and
immunosuppression, and skin infarcts resulting in scale loss, dehydration and mortality
(Gibson-Kueh et al., 2012). Unlike the initial reports of clinical SDD occurring 3-4
months after stocking, later studies reported mortality associated with SDDV within
several weeks of stocking into sea-cages in endemic aquaculture sites (Gibson-Kueh,
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2012; Domingos et al., 2021). It remains unclear whether the juvenile L. calcarifer in
this study were infected with SDDV at the hatchery-nursery source, as no pre-
screening was conducted prior to stocking, or if they contracted the virus post-stocking
in a site with known SDDV occurrence. However, the detection of SDDV eDNA using
dPCR only after Day 8 in RAS T1 and after Day 17 in RAS T2 suggests viral infection

post-stocking in an endemic aquaculture site.

dPCR demonstrated enhanced sensitivity in detecting low copy numbers of
SDDV and V. harveyi eDNA not detectable by gPCR, down to 13.2 copies/L of SDDV
eDNA on Day 38 in RAS T2 (Figure 4). gPCR has limited reliability in detecting eDNA
levels below 2 copies/L for ectoparasites (Trujillo-Gonzalez et al., 2020). In this study,
gPCR produced substantially higher readings than dPCR at both high and some low
eDNA copy numbers, with discrepancies of up to 50-fold observed on Day 44 in RAS
T2 (Figure 4). Unlike gPCR, dPCR eliminates the need for standard curves, such as
the custom-designed gBlocks® gene fragments used in this study, and the subsequent
conversion of gPCR CT values into target concentrations (Netzer et al., 2021; Sumon
et al., 2024). This feature minimizes the risk of inflated values, as observed in the
quantification of V. harveyi eDNA levels using gPCR in this study (Quan et al., 2018).
The enhanced sensitivity and accuracy of dPCR make it a valuable molecular tool for
the absolute quantification of parasites (Tsang et al., 2021; Marshall et al., 2022),

bacteria (Netzer et al., 2021) and viruses (Kiat et al., 2022) in aquaculture.

SDDV gDNA was detected using gqPCR in low copy numbers in sick L. calcarifer
but was not found in a small sample size of clinically healthy fish (Figure 1 & 2). A
highly significant correlation was observed between viral load in tissues and the
amount of Red Sea bream iridovirus (RSIV) shed into surrounding seawater by
infected rock bream (Oplegnathus fasciatus) in a challenge study (Kim et al., 2023).
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Viral shedding of viral haemorrhagic necrosis virus (VHSV) was detected 25 hours
post-challenge (likely from ‘dumping’ of injected virus) in rainbow trout (Oncorhynchus
mykiss), peaking on day 5 post-challenge before the onset of clinical signs or mortality
(Joiner et al., 2023). Similarly, shedding of haemorrhagic septicaemia virus from
infected olive flounder (Paralichthys olivaceus) was only detectable when spleen

tissues contained more than 10€ viral copies per milligram (Kang et al., 2024).

Early detection of elevated virus eDNA levels could alert farmers to implement
biosecurity measures to limit disease spread, manage husbandry stress, and reduce
mortality (Kiat et al., 2022; Joiner et al., 2023; Liu et al., 2023). PCR testing of fin clips
could provide an effective method for early detection of subclinical SDDV infections in
L. calcarifer by testing larger numbers of fish (Charoenwai et al., 2021). Unlike other
systemic iridoviruses of fish, where large numbers of virions are often found in
hypertrophied cells adjacent to blood vessels or free within vascular lumens, L.
calcarifer tissues infected with SDDV exhibit a paucity of viral particles. This suggests
that detection of SDDV eDNA would require appreciable viral shedding of SDDV from
a much higher prevalence of SDDV-infected fish in the population compared to other

systemic iridoviruses (Gibson - Kueh et al., 2012).

V. harveyi eDNA levels using gPCR showed an increase in RAS T1 preceding
mortality events and during mortality events in RAS T2 (Figure 1). While it has been
suggested that determining threshold levels for specific pathogenic Vibrio species
could provide valuable insights for disease management, V. harveyi eDNA levels in
flow-through tanks were consistently high ranging from 6.7 to 12.9 Ln copies/L
throughout the study period (Figure 1) (Purgar et al., 2023). The consistently high
levels of V. harveyi eDNA in both RAS and flow-through systems are in line with the

natural common occurrence of this Vibrio species in the marine environment (Vezzulli
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et al., 2013). In prawn farming, Vibrio spp. abundance is regularly monitored using
labour-intensive colony counts on thiosulfate citrate bile salts sucrose (TCBS) agar
plates (Nakayama et al., 2005). Quantifying Vibrio species abundance on farms is a
common strategy to manage water quality, as high Vibrio counts are associated with
mass mortalities in aquaculture stock (Ganesh et al., 2010; Supono et al., 2019;
Asmarany et al.,, 2022). V. harveyi is a well-documented opportunistic bacterial
pathogen responsible for serious vibriosis outbreak in many farmed fish species, such
as cobia (Ben-Asher et al., 2019), pompano (Tu et al., 2017), snakehead (Verma et

al., 2021), grouper (Lai et al., 2023) and flounder (Li et al., 2011).

Heat and oral antibiotic treatments appeared to be associated with decreased
mortality spikes in RAS T1 and T2, and may have helped maintain mortality rates
below 50-60 fish per day in flow-through systems T3 and T4 (Figure 1). However,
elevated mortality was observed during heat treatments on days 63 to 65 in T1,
possibly due to underlying disease, thermal stress or a drop in dissolved oxygen with
high temperatures. Elevated water temperatures can intensify vibriosis outbreaks,
often linked to summer mortality events (Wei et al., 2019; Triga et al., 2023). While
heat treatment is thought to stimulate the production of beneficial heat shock proteins
that aid fish recovery, its effects on bacteria communities in both the fish and the
surrounding culture environment remains poorly understood (Michel., 2018;

Bevelhimer & Bennett, 2000; Boltana et al., 2013; Gibson - Kueh et al., 2023). Further

studies are needed to investigate the effects of heat treatment on pathogen shedding
and environmental bacteria communities using eDNA monitoring under controlled

experimental conditions.
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5.6 Conclusion

This study underscores the usefulness of monitoring bacterial loads and eDNA
of aquaculture pathogens, with significant implications for identifying early indicators
of disease in L. calcarifer farms. RAS may exacerbate pathogen accumulation and
increase the likelihood of mortality spikes compared to though-flow aquaculture
systems. Total bacterial activity (BQV) and total ammonia nitrogen (TAN) are positively
correlated with cumulative fish mortality, highlighting their utility as health indicators of
water quality and farm hygiene. While eDNA levels of SDDV and V. harveyi were
observed to peak in association with mortality spikes, their value as early disease
indicators appear limited due to their delayed increase relative to mortality onset.
dPCR demonstrated enhanced sensitivity for detecting low pathogen eDNA loads.
Conversely, gqPCR may lack the sensitivity required to detect naturally low levels of
SDDV eDNA and could overestimate the eDNA loads of V. harveyi due to standard

curve-based quantification.

159



Chapter 6: Final Discussion and Conclusion

Disease outbreaks and substantial production losses exceeding 60-70%
continue to pose significant challenges to the growth of Lates calcarifer aquaculture.
Improved curation of farm production data and the increased use of fish health
monitoring to inform management decisions are essential to optimize production and
reduce economic losses (Islam et al., 2024). Singapore remains heavily reliant on the
importation of juvenile marine food fish species, including L. calcarifer, from
neighbouring countries for grow-out due to limited land and sea space for local
hatchery production (Shen et al., 2021; Begum, 2022). The uncertain health status of
imported juvenile fish and the lack of routine health monitoring before and after
stocking in grow-out farms significantly increases the risk of production losses (Ang &
Begum, 2023). Fish farms in Singapore currently rely on daily observations of feed
rates, gross signs of disease, mortality rates, regular bodyweight checks, and
ectoparasite examinations to guide management decisions (Brugere et al., 2017).
However, subclinical infections in farmed fish often go undetected under these
methods, leading to delayed management responses and significant production
losses during disease outbreaks (Kent et al., 2012; Brugere et al., 2017). Reactive
treatment measures, typically implemented after visible signs of disease, have shown
limited effectiveness in preventing large production losses exceeding 50-70% (Gabriel

& Akinrotimi, 2011).

Routine fish health assessments and pathogen monitoring in aquaculture
systems can serve as a warning system for early interventions in L. calcarifer farms

(Bastos Gomes et al., 2017a; Fazio, 2019). This thesis investigated disease events
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over two years in a commercial L. calcarifer farm in Singapore and established the use
of fish health biomarkers and environmental DNA (eDNA) monitoring of key pathogens
as tools to guide management decisions and enable early interventions. Blood
reference intervals (Rls) were established to facilitate health assessments for L.
calcarifer (Chapter 2, Chew & Gibson-Kueh, 2023), and a better understanding of the
impacts of suboptimal transport conditions and subclinical disease on post-stocking
survival (Chapter 3, Chew et al., 2024a). Additionally, the thesis examined dynamic
shifts in the gut microbiome of diseased and recovered fish (Chapter 4, Chew et al.,
2023) and mapped pathogen eDNA levels and total bacterial activity for up to 14 weeks
post-stocking in growout fish (Chapter 5), to give better insights into how monitoring

can help optimise production in L. calcarifer aquaculture.

6.1 Haematology in Fish Health Assessments in Commercial Aquaculture

Chapter 2 presents the first study to establish blood RIs for farmed L. calcarifer
using conventional haematology or blood cell counts, and portable handheld devices
for measuring total plasma protein, haemoglobin concentration and blood glucose that
can be practically applied in commercial fish farms (Chew & Gibson-Kueh, 2023).
These newly established blood RlIs for farmed juvenile L. calcarifer provide a valuable
baseline for fish health assessments, contribute to the growing body of haematological
knowledge on important farmed fish species, and are comparable to those established
for salmonids (Rozas-Serri et al., 2022), catfish (Manna et al., 2021) and tilapia (Mauel
et al., 2007). Physiological changes measured by blood biochemistry or haematology
will often precede clinical signs such as a decrease in feed rates, inappetence, loss of
schooling behaviour or mortality. Physiological changes, though not more specific than

behavioural changes, often occur earlier and reflect disruptions in specific organ or
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system functions, whereas behavioural changes typically indicate more widespread
dysfunction involving multiple systems. Overt clinical signs will be exhibited when the
extent of tissue or physiological disruption exceeds the fish’s capacity to compensate.
Establishing reference ranges or intervals in clinically healthy fish is therefore essential

for interpreting such early physiological changes — this is presented in Chapter 2.

Blood RIs are particularly useful for the early detection of diseases that can
remain subclinical and undetected for extended periods (several weeks), such as “big
belly” disease and scale drop disease virus (SDDV) infections in L. calcarifer. These
diseases compete for energy derived from feed intake, thereby impacting growth
performance and immune function (Domingos et al., 2021; Gibson-Kueh et al., 2021).
Based on the blood RIs established in this study, 25% of clinically healthy L. calcarifer
(n = 18/72) with blood parameters outside the 90% percentile Rls exhibited
histopathological evidence of severe, chronic granulomatous enteritis. Additionally,
13% (n=9/72) had severely depleted lipid stores in liver. In contrast, 100% of fish with
blood values within the 90% percentile Rls (n=42/156) showed no histopathological
evidence of subclinical disease. Point biserial correlation analysis (n=72) revealed that
elevated total white blood cell, heterophil and monocyte counts, and reduced
haematocrit levels were significantly associated with “big belly” disease (p<0.05).
Furthermore, decreased blood glucose and total plasma protein levels were
significantly associated with depleted lipid stores in liver due to malnutrition associated

with chronic enteritis or “big belly” disease (p<0.05) (Chew & Gibson-Kueh, 2023).

Blood RIs may be useful in detecting signs of poor health secondary to
immunodepression and increased disease risks, which can result from poor husbandry
practices or concurrent infections with other pathogens (Wedemeyer & Wood, 1974;
Groff & Lapatra, 2000; Conte, 2004). Blood RIs can vary, depending on fish species,
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husbandry practices and size / age (Fazio, 2019). The blood RIs established in this
study are specifically tailored for farmed juvenile L. calcarifer reared under the unique
husbandry conditions in one commercial fish farm (Chew & Gibson-Kueh, 2023).
Future research and industry players should consider developing farm-specific blood
baseline Rls, for juvenile to adult harvest-sized fish and high-value broodstock, to

enable non-lethal health assessments (Marancik et al., 2014; Collet et al., 2015).

6.2 Transport and Health Status of Fish Impacts Post-stocking Survival

Chapter 3 highlighted the use of blood values as biomarkers to better
understand the impact of transport conditions and assess the health status of newly
stocked juvenile L. calcarifer, in relation to disease risks during the period soon after
stocking (Chew et al., 2024a). The study found that L. calcarifer developed severe
hypoglycaemia following prolonged transportation (>10 hours), during which fish were
not fed for 24-48 hours due to feed withdrawal in preparation for transport. All three
fish batches stocked on different occasions succumbed to acute streptococcosis within
24 hours (Chew et al., 2024a). While low blood glucose does not point to specific
causes, it indicates a derangement of glucose metabolism which can stem from long
periods of starvation during transport or chronic diseases that expends carbohydrate

stores in liver (Chew et al., 2024a).

Glucose is an essential energy source for all cells, including immune cells, to
produce ATP for cellular metabolism (Calder et al., 2007; Maclver et al., 2008).
Consequently, blood glucose serves as a useful biomarker of energy availability for
immune function and susceptibility to pathogen invasion, while also informing

management decisions aimed at reducing husbandry-related stress (Gaber et al.,
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2013; Javed & Usmani, 2015; Chen & Luo, 2023). Other haematological parameters,
such as total protein, haematocrit, total RBC, total and differential WBC counts, can
similarly indicate compromised nutritional or immune status, which may predispose
fish to clinical disease as discussed in Chapter 3. While these physiological
abnormalities may not reveal specific causes, they signal suboptimal health and the
need for further investigation, such as reviewing farm history or conducting targeted

diagnostics like PCR or histopathology to identify the underlying aetiology.

L. calcarifer exposed to elevated levels of free ammonia nitrogen (FAN)

exceeding toxic thresholds (= 0.1 ppm) for extended periods during transport suffered

significant damage to gastrointestinal tract (GIT) mucosal epithelium (Dehler et al.,
2017; Chew et al., 2024a). This damage to the GIT creates an entry point for common
waterborne bacteria, such as Streptococcus and Vibrio species, which have been
implicated in disease outbreaks in this study and others (Perera et al., 1997; Bromage
& Owens, 2002; Benli et al., 2008; Esam et al., 2022; Chew et al., 2024a). Excessively
high stocking densities (300 to 400 kg/m?3) during transport in this study exceeded the
recommended threshold of 81 kg/m? for juvenile marine fish (Luz & Favero, 2024).
Mid-transport water changes or the use of additives such as essential oils, sedatives,
or salts could potentially reduce stress and delay deterioration of transport water
quality, but such practices were not widely implemented (Aydin & Barbas, 2020;

Barbas et al., 2020; da Silva et al., 2020; Boaventura et al., 2022).

The study also revealed significant variability in the quality of juvenile L.
calcarifer from three different hatchery sources, highlighting the importance of
sourcing juveniles from hatcheries with known good health status (Avault Jr, 1996;
Bondad-Reantaso & Arthur, 2008; Chew et al., 2024a). Implementing pre-stocking

health screenings is an effective strategy for detecting chronic diseases or subclinical
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infections in newly stocked fish (Chew et al., 2024a). Maintaining farm hygiene,
including routine prophylactic cleaning, is critical for effective ectoparasite control in
closed containment systems (Cruz-Lacierda et al., 2000). Relocating L. calcarifer
farms to open waters in southern Singapore could reduce exposure to Streptococcus
iniae, a bacterial pathogen commonly associated with land surface runoffs (Bromage
et al., 1999; Bromage & Owens, 2009; Awate et al., 2023). Effective control of this
disease is essential on the farm due to its zoonotic potential and the threat it poses to

the biosafety of farm personnel (Agnew & Barnes, 2007).

6.3 Gut Health, Microbiome, and Pathobiome VS the Single Pathogen

The findings in Chapter 4 (Chew et al., 2023) suggest that dysbiosis is a
precursor for chronic gut disease in farmed L. calcarifer. Diseased L. calcarifer
suffering from severe chronic enteritis due to “big belly” bacterial infection exhibited
reduced bacterial richness and diversity, with an overwhelming dominance of
Proteobacteria at the phylum level (up to 98.3%) and Vibrio at the genus level (77.3%
t0 97.2%) (Chew et al., 2023). Extensive research has demonstrated that an increased
prevalence of Proteobacteria in the gut is a hallmark of dysbiosis and an elevated risk
of disease in animals (Shin et al., 2015; Litvak et al., 2017). We acknowledge that, at
the time of this thesis’s publication, some bacterial phylum and genus names
presented earlier in Chapter 4 have been revised in the scientific literature. For
instance, the phylum Proteobacteria has been reclassified as Pseudomonadota
(Chobert et al., 2025). At the genus level, Lactobacillus has been split into several
distinct genera, including Lacticaseibacillus, Levilactobacillus, and Limosilactobacillus,
among others (Zheng et al., 2020). Nevertheless, our findings align with previous

studies, which confirmed that diseased grass carp (Ctenopharyngodon idellus) and
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hybrid grouper suffering from enteritis similarly exhibited a dominance of
Proteobacteria and an increased Vibrio population in their gut (Tran et al., 2018; Ma
et al.,, 2019). Chapter 4 established baseline information on the gut microbiome of
farmed L. calcarifer and built upon earlier studies that similarly explored the
microbiome of this species in aquaculture (Zheng et al., 2019; Miyake et al., 2020).
Given its impact on L. calcarifer production, further investigation into the underlying
causes and mechanisms of this gut-associated bacterial disease to understand its
pathogenesis is essential for the development of effective prevention and

management strategies.

An increase in the abundance of known beneficial bacteria, such as Firmicutes,
Weissella and Lactobacillus, and a decrease in Proteobacteria and Vibrio, were
observed in recovered L. calcarifer following the disease outbreak (Chew et al., 2023).
The recovery of these beneficial gut bacteria may have contributed to the overall
health of the fish, playing an important role as beneficial microbes and suppressing
disease (He et al., 2017; Ringg et al., 2018). Monitoring these beneficial bacteria could
serve as a biomarker for future health assessments of farmed L. calcarifer or other fish
species (Llewellyn et al., 2014; Legrand et al., 2020b). The enrichment of probiotic
strains, such as Weissella spp., in the fish gut have shown to enhance the health and
immunity of farmed crucian carp against bacterial infection (Zhu et al., 2022). The
administration of prebiotics as functional dietary supplements in fish feed, such as
inulin and mannan-oligosaccharides, can promote the growth of beneficial gut
bacteria, including Bifidobacterium and Lactobacillus species, while reducing harmful
bacteria such as Vibrio spp. (Hoseinifar et al., 2015). This research underscores the
importance of maintaining a stable and balanced gut microbiome for fish health on

farms, suggesting that further research is needed to explore strategies to promote the
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growth of beneficial bacteria to enhance disease resilience in farmed fish (Xia et al.,

2020; Tachibana et al., 2021; Foysal & Gupta, 2022).

However, the specific bacterial species directly associated with chronic gut
diseases in L. calcarifer remain unclear, as the data presented are limited to the
identification of gut bacteria only at the phylum and genus levels (Chew et al., 2023).
Future studies should focus on identifying and monitoring the Vibrio species
responsible for "big belly" disease within the gut of L. calcarifer. This research would

expand on the work of Gibson - Kueh et al. (2021), particularly in addressing the

aetiology of gut-associated diseases like “big belly” disease, which remains poorly
understood. Identifying the specific Vibrio species involved could facilitate the
development of targeted treatment strategies to mitigate the impact of gut-associated
diseases in farmed fish. Investigating the factors that precede gut dysbiosis in farmed
L. calcarifer is crucial for enabling better management of gut health (Xavier et al.,

2024).

6.4 Disease Dynamics in Commercial Fish Farms — eDNA and Total Bacterial
Activity

Chapter 5 presents the association between pathogen environmental DNA
(eDNA) levels, total bacterial activity, water quality parameters and mortality in a
commercial L. calcarifer farm. Disease patterns differed between aquaculture
systems, with mortality spikes exceeding 100-300 fish per day in recirculating
aquaculture system (RAS) tanks compared to background daily mortalities of 50-60
fish in flow-through systems. RAS may promote pathogen build-up and increase

horizontal disease transmission risk compared to flow-through systems where water
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is constantly exchanged (Ben-Asher et al., 2019). The stocking of juvenile L. calcarifer
less than 30-50 g, in RAS and flow-through tanks without grading may explain the low-
grade daily mortality, reiterating the importance of grading to reduce tank aggression

(Qin et al., 2004; Khan et al., 2021).

Total bacterial activity (BQV) was often observed to increase several days prior
to mortality spikes in RAS tanks (Chapter 5). Pearson’s correlation analysis of BQV
levels across all tanks revealed a positive correlation with cumulative mortalities at 10-
, 15-, 20- and 30-days post-sampling (p<0.05). In conjunction with daily mortality and
feed rates records, these farm data serve as useful indicators of disease prevalence
and general health in farmed fish, aiding in informed management decisions such as
adjusting feed rates, water exchange, or sampling water and fish for further analysis
(Rurangwa & Verdegem, 2015; Gichana et al., 2018). BQV was found to be positively
correlated with total ammonia nitrogen (TAN), which may be influenced by increased
mortality due to disease, reduced feed rates, increased uneaten feed, or elevated
feeding and fish wastes (P<0.05) (Rojas-Tirado et al., 2017; Becke et al., 2019). BQV,
TAN, feed rates and mortality records are invaluable tools for fish health management

decision.

SDDV and V. harveyi eDNA were analysed in outflow water samples using
gPCR and dPCR in this study, as there is growing interest in using eDNA monitoring
as early warning tools to manage disease in commercial aquaculture. SDDV eDNA
may not be a good early indicator of SDDV infections, as SDDV eDNA levels
measured using dPCR in RAS tanks mirrored mortality spikes, indicating detection
from active shedding by dead and dying fish. dPCR was able to pick up much lower
copy numbers SDDV and V. harveyi eDNA that were undetected by gPCR, making
dPCR a more reliable tool for eDNA monitoring. However, at higher and some low V.
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harveyi eDNA copy numbers, qPCR gave much higher readings (up to 50x) than

dPCR, due to issues with estimation of pathogen loads using standard curves.

6.5 Conclusion

This PhD established biomarkers that can be used to assess fish health, detect
subclinical disease, monitor gut health, and better understand disease dynamics in
commercial aquaculture. Baseline blood reference values enabled the detection of
subclinical disease in fish with values outside the 90% percentile range, informing
disease management decisions and allowing for early intervention. Dysbiosis in
diseased fish and the microbiome of clinically healthy fish post-outbreak points the
way toward future strategies to optimize gut health in farmed L. calcarifer. SDDV eDNA
levels mirrored mortality spikes in RAS, suggesting detection from actively shedding
virus in dead and dying fish. dPCR was able to detect low copy numbers of pathogen
eDNA compared to qPCR, and may prove useful for monitoring other pathogens, such
as Cryptocaryon irritans or gill flukes, to optimise ectoparasite control. This study
highlights the increased risks of pathogen invasion through gut damage caused by
exposure to high ammonia levels during prolonged transport. The lack of grading in
juvenile L. calcarifer may cause low-grade mortality from tank aggression. Total
bacterial activity (BQV) was positively correlated to total ammonia nitrogen (TAN) and
cumulative mortality, offering insights into feed rates and general fish health,
highlighting the value of monitoring water quality. Farms must transition from reactive
disease management to active monitoring of biomarkers that reflect the health status

of their fish, informing and optimizing their husbandry practices.
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