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Thesis Abstract  

New Zealand’s Chinook salmon (Oncorhynchus tshawytscha) farming started in 1976 

and has developed to become the number one farmed finfish in the country. New Zealand is the 

leading global producer and supplier of farmed O. tshawytscha. New Zealand’s O. tshawytscha 

production remains free from diseases that have devastated global salmon farming (Diggles, 

2016). However, the recent emergence of New Zealand rickettsia-like organism (NZ-RLO) 

(Brosnahan et al., 2017), continued industry growth, and climate change, necessitates the 

development of health assessment tools. The aim of this thesis was to develop immunological and 

metabolomic tools for farmed O. tshawytscha health assessment. 

Farmed O. tshawytscha peripheral blood was characterised for cellular composition and 

a micro-volume blood technique was developed for isolation of fish peripheral blood 

mononuclear cells (PBMCs) using Lymphoprep. Differential cell counts identified five cell types 

including erythrocytes, lymphocytes, thrombocytes, monocytes and unquantifiable neutrophils, 

important in future health assessments. Isolated PBMCs enable field on-farm sampling for 

longitudinal studies and allow in vitro immunological assessments. Findings provided the 

possibility to make fish health assessments in the field without fish euthanisation.  

The developed micro-volume blood technique was used to isolate O. tshawytscha 

PBMCs. These PBMCs were used to model the functional and targeted immune cytokine 

responses to Gram-negative bacterial lipopolysaccharide (LPS) from Escherichia coli in vitro. 

Bacterial LPS stimulated biphasic reactive oxygen species (ROS) production enhanced by 

interferon (ifn) inducible cytokines, and phagocytosis. LPS also upregulated pro-inflammatory 

interferon gamma (ifnγ), tumour necrosis factor alpha (tnf-α), and anti-inflammatory interleukin-

10 (il-10) 24 h post-stimulus. This provided the first report of LPS induced immunomodulation 

in O. tshawytscha in vitro. The results have high application potential in modelling response 

mechanisms to emerging NZ-RLO pathogenesis.  

The response mechanisms of O. tshawytscha to polyinosinic: polycytidylic acid [poly 

(I:C)] were investigated 24 h post-in vivo stimulation. The most striking results were observed at 

the metabolomic level. Poly (I:C) upregulated metabolites involved in branched‐chain amino acid 

(BCAA)/glutathione and transsulphuration pathways and phospholipid metabolism, while those 

involved in energy metabolism were downregulated. At the molecular level, poly (I:C) enhanced 

antiviral ifnγ in head kidney (HK) and Mx1 protein in head kidney (HK), spleen (SP) and red 

blood cells (RBCs). Findings provide insights into poly (I:C) induced immune‐related biomarkers 

at metabolic and molecular levels important in future investigations.  

The effects of poly (I:C) in vivo on O. tshawytscha haematology, innate immunity, serum 

and liver metabolite profiles, HK, and SP cytokine transcript expression, over a 5-day period post-

injection were studied. Important responses included enhanced neutrophil counts and PBMC ROS 

production. Metabolically, poly (I:C) upregulated liver and serum metabolites involved in BCAA 
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at day one and returned to normal by day five, while metabolites involved in glycolysis were 

persistently depleted. Metabolic results suggest that poly (I:C) induced response mechanisms 

similar to those observed in viral-infected fish, where the host metabolome is hijacked to favour 

viral replication. At the molecular level, poly (I:C) promoted antiviral ifnγ and Mx1, and anti-

inflammatory  il-10 in fish lymphoid organs, depict O. tshawytscha immune defence against 

infection. Results may act as a primer for developing amelioration strategies against viral 

infections in aquaculture. 

Finally, O. tshawytscha were subjected to a three-month thermal stress challenge (17°C 

vs 19°C-20°C) to identify blood biomarkers of thermal tolerance and growth performance (weight 

loss vs weight gain). Independent of growth performance, thermal stress induced leucocyte 

apoptosis, minor immune responses, and disturbed plasma osmoregulation via reduced Na+/K+-

ATPase activity. Irrespective of culture temperature, fish that lost weight were characterised by 

several biomarker alterations in cellular haematology and plasma clinical chemistries suggestive 

of suppressed feed intake. Findings provide insights into physiological and growth effects of 

thermal stress on O. tshawytscha, useful in selective breeding strategies.       

Overall, depending on resource availability, this thesis has demonstrated the usage of 

classical haematology, novel flow cytometry, molecular and metabolomic tools in farmed O. 

tshawytscha health assessment. The thesis thus recommends an integrated approach of classical 

assays with the more recent flow cytometry and metabolomics approaches to promote holistic 

farmed teleost health assessments.  
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1 Chapter 1: Introduction and Thesis Structure 

The researcher preparing to withdraw blood samples from New Zealand farmed Chinook salmon 

(Oncorhynchus tshawytscha), the model species used in this thesis.  
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1.1 Introduction  

1.2 Aquaculture and salmonid farming   

Aquaculture is the controlled production of aquatic plants and animals, and it is one of the 

fastest growing food production sectors worldwide (FAO, 2014). Global aquaculture production 

has grown at an average annual rate of 5.3% in the last 17 years, employed over 20 million people 

in 2018, and drove per capita consumption to a record of 20.3 kg in 2016. Having supplied 46% 

of fish worldwide in 2018, aquaculture will probably become the primary source of fish by 2050 

(FAO, 2018c, 2020b). In 2018, farmed aquatic animal production stood at 82 million tons, of 

which finfish contributed 66%, molluscs 22%, crustaceans 11%, and 1% composed of minor 

species. The FAO 2018 figures estimated 622 aquatic species to be farmed in inland, coastal, and 

marine aquaculture systems worldwide (FAO, 2020b).  

Atlantic salmon (Salmo salar) and rainbow trout (Onchorhycus mykiss) are the most 

farmed salmonids. Of the 54 million tons of finfish produced in 2018, S. salar and O. mykiss 

contributed a combined 6.1% by volume (FAO, 2020b). Despite the small contribution by 

volume, salmonids are the second most valuable species after shrimp (Asche et al., 2018). But 

because of geographical, physicochemical, and biological differences, commercial farming only 

takes place in Norway, Chile, Scotland, Canada, Faroe Islands, Ireland, Iceland, USA, South 

Island of New Zealand, and Tasmania. Given its favourable farming traits, S. salar, is one of the 

most profitable, innovated, and successful salmonid species with Norway, Chile, Scotland, 

Canada, Faroe Island, and Ireland leading production (Bachmann-Vargas et al., 2021; Iversen et 

al., 2020; MOWI, 2020). The major O. mykiss producers are Norway, Chile, Scotland, and Faroe 

Islands (MOWI, 2020; Scotland, 2019). New Zealand leads in global Chinook salmon 

(Oncorhynchus tshawytscha) production, with the USA’s Alaska, Canada, and Chile as its 

challengers (FAO, 2010; MOWI, 2020). Due to the growing demand, limited sea space, diseases, 

environmental issues and stringent regulatory requirements, commercial investments in land-

based S. salar and O. mykiss farming are increasing in the USA, Norway, Denmark, Canada, 

Iceland, Switzerland, Poland, Japan, China, UAE, South Korea, and South Africa (Bjorndal & 

Tusvik, 2019; Gibson, 2021; Owen, 2019; The Fish Site, 2021). New Zealand supplies almost 

90% of farmed O. tshawytscha , while Chile produces 95% of coho salmon (Oncorhynchus 

kisutch) (Bachmann-Vargas et al., 2021; Casanovas et al., 2021). 

As the aquaculture industry strives to expand to fill the gap in capture fishery, many 

challenges are plaguing the industry. These include climate change driven marine heatwaves, 

rising seawater temperatures, stressful extreme weather conditions, ocean events and pathogens 

(Cheung & Frölicher, 2020; Hvas et al., 2020; Wade et al., 2019). For example, in Chile, the 

infectious salmon anaemia virus (ISAV) decimated the industry over a decade ago and the algal 

bloom kills in 2016 reduced production (Bachmann-Vargas et al., 2021; MOWI, 2020). In 

Europe, the Norwegian S. salar industry registered 16%, 19% and 14% mortalities in 2015, 2016 
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and 2017 respectively due to sea lice and stressful weather events (Moe et al., 2017; Norwegian 

Veterinary Institute, 2019). Due to increased sea lice challenges in Norway, production costs have 

increased while successful ISAV management in Chile has improved production efficiency, 

thanks to better biosecurity and ecosystem approach (Bachmann-Vargas et al., 2021; Iversen et 

al., 2019). In New Zealand, rickettsia‐like organism (NZ‐RLO2) and increased water temperature 

caused summer mortalities in 2015 in the Marlborough sounds (Brosnahan et al., 2017; Brosnahan 

et al., 2019c). This situation has been exacerbated by climate change influenced rise in sea surface 

temperatures (SSTs) (Salinger et al., 2020; Salinger et al., 2019). These challenges necessitate the 

development of industry health assessment tools.     

1.3 The New Zealand aquaculture industry 

New Zealand’s commercial aquaculture began over 60 years ago with intertidal 

production of endemic rock oysters (Saccostrea commercialis) which was later replaced by the 

fast growing exotic pacific oysters (Crassostrea gigas) in the 1970s in the Northland (FAO, 

2007). Commercial farming of New Zealand’s key aquaculture product, the Greenshell™ mussel 

(Perna canaliculus), began in the 1960s after the collapse of dredge fisheries in the Hauraki Gulf 

in the Northland and the South Island Marlborough Sounds (Dawber, 2004). Despite the lack of 

endemic salmonids in New Zealand, O. tshawytscha populations were established in the South 

Island and commercial farming began in the 1970s (Unwin et al., 1989). Because of its wild 

success, O. tshawytscha is the only commercially farmed finfish and the second most important 

aquaculture product in New Zealand. Although O. tshawytscha is produced on a small scale, it is 

highly valued and thus the biggest challenger to S. salar production (MOWI, 2020). This is due 

to O. tshawytscha’s characteristic large fillets of premium texture, taste and nutritional value 

(Stenton-Dozey et al., 2020). 

Although still small, the New Zealand aquaculture sector provides rural employment, 

business opportunities, and export revenues. For example, aquaculture employed 3000 people in 

2018 (Stenton-Dozey et al., 2020). Due to the economic importance of aquaculture, the 

government’s target is to reach NZ$ 3 billion by 2035 in annual sales (MPI, 2019). Thus, given 

the economic importance of O. tshawytscha, it was chosen for the development of health 

assessment tools to safeguard against future pathogens. 

1.3.1 The genesis of O. tshawytscha production in New Zealand 

Early attempts to transplant several salmonids before the 1930s were futile in Brazil, 

Mexico, Hawaii and Nicaragua (McDowall, 1988). For instance, establishment failed for pink 

salmon (Oncorhynchus gorbuscha) and O. kisutch in North America (Lear, 1980), O.gorbuscha 

in Russia (Bakshtansky, 1980) and Norway (Berg, 1977), and various Oncorhynchus strains in 

Chile (Zamorano, 1991). The New Zealand O. tshawytscha is one of the very few successful 

commercial introductions (Childerhose & Trim, 1979).  
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The New Zealand contingent of exotic salmonids includes O. tshawytscha, Brown trout 

(Salmo trutta) and O. mykiss, along with the less common S. salar, Brook trout (Salvelinus 

fontinalis), Lake trout (Salvelinus namaycush) and sockeye salmon (Oncorhynchus nerka) 

(McDowall, 1990). European settlers introduced salmonids to New Zealand between the late 1800 

and early 1900 (McDowall, 1994). There are two established trout species (S. trutta and O. 

mykiss) in the country’s freshwater systems. Introduced from Tasmania as ova from 1867-1875 

in the South Island and 1870 in the North Island, S. trutta is distributed in New Zealand’s sweet 

waters and south of the Coromandel Peninsula (Townsend, 1996). Imported from California in 

the 1880s, O. mykiss was established, and it is present on the North and the South Islands (Scott 

et al., 1978; Scott & Poynter, 1991). Both S. trutta and O. mykiss are not farmed and are banned 

for commercial sales across New Zealand. Their stocks are enhanced by private hatcheries and 

acclimatisation societies (Brosnahan, 2020).  

Of the less common char species, S. fontinalis ova arrived in the 1880s from the Atlantic 

Coast of North America while S. namaycush arrived once, from Canada 115 years ago 

(McDowall, 1990). The two species have a small wild population, with S. fontinalis established 

in the North and South Islands, while S. namaycush only occurs in the South Island (McDowall, 

1994). Both  char species are not farmed or recreationally exploited in New Zealand (Brosnahan, 

2020).  

Besides trout and char, one member of the genus Salmo (S. salar) and two of the genus 

Oncorhynchus (O. nerka and O. tshawytscha) were introduced between the 1800s and 1900s. 

Introductions for S. salar were made between 1864 and 1911 from Britain, Germany and Canada, 

with small populations in the South Island’s upper Waiau river, and are maintained through stock 

enhancements (McDowall, 1994). The consignment for S. nerka ova were donated by Canadians 

in 1902 (Brosnahan, 2020; Scott, 1984). However, O. nerka and S. salar failed to establish large 

wild populations (McDowall, 1990).  

New Zealand O. tshawytscha was introduced from California and adapted to local waters 

in the South Island (McDowall, 1990). Initial introductions took place in the 1870s (McDowall, 

1994) with the first ova consignment from the United States Fishery Commission, arriving at the 

Hawkes Bay Acclimatisation Society, in 1875 (Thomson, 1922). Supplied by the Baird Hatchery 

in California, more ova arrived in 1876, 1877 and 1878. However, the 1870s introductions failed 

to establish river spawning stocks due to small batch releases in several unsuitable rivers, and  L. 

F. Ayson pushed for more importations in the early 1900s (McDowall, 1994). The New Zealand

government received five consignments (Thomson, 1922). These included 500,000 in 1901;

300,000 in 1904; 300,000 in 1905; 500,000 in 1906 and 1907 (New Zealand Marine Department,

1885-1927). The consignment in 1901 contained fall-run smolts from Battle Creek, while

deliveries from 1904 to 1907 came from various hatcheries along the Sacramento River basin. It

was probably the 1904 to 1907 delivery that established the current stock of New Zealand O.
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tshawytscha (McDowall, 1994). By the 1950s, wild O. tshawytscha populations had established 

in rivers along the east coast of South Island (McDowall, 1990). 

Actual O. tshawytscha farming began with government interests in hatchery based re-

stocking of wild stocks and commercial sea ranching in the mid-1970s. The Silverstream hatchery 

was built on the Kaiapoi River by the Council of South Island Acclimatisation Societies 

(McDowall, 1991) and was handed over to the Ministry of Agriculture and Fisheries (Hardy, 

1989). Subsequent plans for commercial sea ranching in the Waitaki River, at the Coleridge 

Power Station, and on the Waikoropupu springs, and several other sites failed for economic and 

technical reasons (Anon, 1976; McDowall, 1991; Todd, 1987). 

Failed commercial ranching, stimulated research into optimising the size and number of 

O. tshawytscha returns to freshwaters. Between the late 1970s to early 1980s, the Glenariffe 

salmon research station successfully optimised smolt sizes and period of release (Unwin et al., 

1989). Demand for O. tshawytscha ova grew quickly to satisfy commercial sea ranching, 

freshwater pond production and later, sea cage farming (McDowall, 1991). Thus, Glenariffe 

developed all female O. tshawytscha stocks (Hopkins & Todd, 1991), and the government called 

for commercial production which positioned Glenariffe as a major supplier of ova (McDowall, 

1991). Farmed in the South Island, O. tshawytscha is a New Zealand niche premium supply to 

the world. Recent New Zealand O. tshawytscha production estimates are illustrated (Figure 1.1). 

The New Zealand O. tshawytscha farming generated over 16,000 tons in 2018 worth over NZ$ 

350 million (FAO, 2020a), and continued growth is anticipated.  

 

Figure 1.1. New Zealand chinook salmon (Oncorhynchus tshawytscha) production and value 
estimates 1984 to 2018 (FAO, 2020a). 

New Zealand O. tshawytscha seed is produced in freshwater hatcheries and transferred 

as smolts (at about 200 days old) to freshwater or sea pens for rearing to a market size of 2 to 5 

kg at 3-years of age (Brosnahan, 2020). Seawater production occurs in the Marlborough Sounds, 

Stewart Island and Akaroa Harbour, while freshwater farms in ponds, raceways and hydro-power 
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canals take place in Canterbury (NZ Salmon Farmers Association INC, n.d.-b) (Figure 1.2). Farms 

in the Marlborough Sounds produce 56% of salmon (NZ Salmon Farmers Association INC, n.d.-

b), and are operated by the New Zealand King Salmon (NZKS) company at Otanerau Bay, 

Ngamahau, Clay point, Te Pangu Bay, Ruakaka Bay, Kopāua and Waitata (NZKS., 2021).  

The other 29% of salmon production comes from two Sanford farms at Big Glory Bay in 

Stewart Island (NZ Salmon Farmers Association INC, n.d.-b). Fifteen percent is combined 

production from Canterbury and includes Akaroa Sea farm; freshwater Mt Cook Alpine Salmon 

in Tekapo and High Country Salmon in Twizel (NZ Salmon Farmers Association INC, n.d.-b). 

Other minor freshwater operations are pond-based and include South Westland Salmon farm, 

West Coast, Paringa and Ladybird Salmon farm at Omarama, Otago region (Figure 1.2).   

Figure 1.2. Major New Zealand chinook salmon (Oncorhynchus tshawytscha) production sites 
in the South Island, New Zealand (NZKS, 2021; NZ Salmon Farmers Association INC, n.d.-b).  

1.4 Rationale and significance of the study 

Farmed O. tshawytscha is New Zealand’s flagship finfish species, making the country a 

leading global supplier. Due to New Zealand’s geographical location and excellent biosecurity 

protocols, its O. tshawytscha industry is one of the most sustainable (Unwin et al., 1989). The 

New Zealand’s O. tshawytscha aquaculture has had minor disease outbreaks, compared to major 
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bacterial, parasitic, and viral pathogens that have distorted production elsewhere (Anderson, 

1996; Diggles, 2016). These include ISAV, viral haemorrhagic septicaemia virus (VHS), 

infectious haematopoietic necrosis virus (IPNV), salmonid alphavirus and Renibacterium 

salmoninarum, Pilchard orthomyxovirus (POMV) and Tasmanian salmonid reovirus (TSRV) 

(Diggles, 2016). Diseases caused by viruses, bacteria, and parasites have led to significant 

aquaculture losses (Fazio, 2019). For instance, under intensive aquaculture, viruses are inevitable 

since they coexist with fish at high densities (107 mL-1 of seawater), replicate fast and persist in 

the aquatic environment (Oidtmann et al., 2018; Semple et al., 2018). However, intensification 

and husbandry stresses provide the opportunity for outbreak of viral diseases (Kibenge, 2019). 

For example, piscine orthoreovirus (PRV) infected S. salar juveniles were destroyed in 2018 in 

the USA (Kibenge, 2019), ISAV first caused losses in Norway in 1984 and continued to ravage 

salmon farming in Canada and Scotland in 1997, USA in 2000 (Xiao et al., 2018), and in Chile 

between 2007 and 2009 (Bachmann-Vargas et al., 2021). In the past, pathogenic bacteria of 

Yersinia ruckeri, Flavobacterium psychrophilum, Nocardia species, Vibrio ordalii and the 

parasitic Myxobolus cerebralis caused elevated O. tshawytscha mortalities. However, disease 

incidences associated with these pathogens remain uncommon in New Zealand and none is listed 

by the World Organisation for Animal Health (OIE) (Brosnahan, 2020). Thus, the major threat to 

New Zealand’s O. tshawytscha is disease emergence. 

However, higher summer mortalities have occurred at sea-based farms in the Marlborough 

Sounds since 2012 with a peak in 2015 (Brosnahan et al., 2019a; Norman et al., 2013). Three 

strains of rickettsia‐like organism (NZ‐RLO: NZ‐RLO1, NZ‐RLO2, and NZ‐RLO3) and 

Tenacibaculum maritimum were detected in farmed fish (Brosnahan et al., 2019b; Brosnahan et 

al., 2017; Brosnahan et al., 2019a). Later investigations confirmed NZ‐RLO2 as the pathogen 

associated with O. tshawytscha summer mortalities (Brosnahan et al., 2019c). Furthermore, O. 

tshawytscha farmers in New Zealand registered up to 20% industry losses during the summer 

months in 2017, 2018 and 2019 following elevated sea surface temperatures (SSTs) in the range 

of 2-5°C above the species thermal limits (NZKS., 2019; Salinger et al., 2020; Salinger et al., 

2019). Continued industry growth, amidst climate change influenced rising seawater temperatures 

and ocean acidification, make fish immunology understanding an indispensable asset to allow 

routine health assessment (Uribe et al., 2011). 

Despite the economic importance of O. tshawytscha to New Zealanders, we found limited 

literature on haematology, immunology, and metabolomics. This knowledge gap presents an 

immense challenge to O. tshawytscha health management, overall industry performance and 

sustainability. We designed this thesis to feed into two Ministry of Business, Innovation and 

Employment (MBIE) funded programmes aimed at improving O. tshawytscha production 

efficiency and profitability and develop health diagnostic tools. The thesis contributed to these 

projects by developing immunological and metabolomics tools for the health assessment of 

farmed O. tshawytscha. The study was designed with the aim to: 
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i. Review the use of metabolomics approaches in farmed salmonid research.

ii. Review the methods used to isolate salmonid leucocytes, and their application in fish

immunological assessments.

iii. Characterise O. tshawytscha blood and validate a flow cytometry cell count and

viability assay kit.

iv. Profile in vitro immune response of O. tshawytscha peripheral blood mononuclear cells

(PBMCs) stimulated by bacterial lipopolysaccharides (LPS).

v. Determine the immune and metabolic responses of O. tshawytscha smolts to a short-term

polyinosinic: polycytidylic acid [poly (I:C)] challenge.

vi. Assess the immune and metabolic responses of O. tshawytscha smolts to prolonged poly

(I: C) exposure.

vii. Uncouple the haemato-biochemical biomarkers associated with thermal stress and growth

performance in O. tshawytscha.

1.5 Thesis structure 

The thesis comprised two literature review sections (Chapters 2 and 3), five experimental 

sections (Chapters 4, 5, 6, 7 and 8), a thesis discussion and a conclusion section (Chapter 9). 

Chapter 2 summarised research findings and identified gaps from studies that applied 

metabolomics in salmonid aquaculture research while Chapter 3 established the immunological 

techniques applied in salmonids. Chapters 2 and 3 can be read as standalone units that were 

formatted for specific journals. The experimental aspects of the thesis were developed through a 

series of discussions by the Auckland University of Technology (AUT) Aquaculture 

Biotechnology Research Group (ABRG) in Auckland, our collaborators at the Nelson 

Marlborough Institute of Technology (NMIT) and the Cawthron Institute Aquaculture Park 

(CAP) in Nelson. Findings from these studies generated information that formed part of a bigger 

MBIE funded program aimed at improving farmed O. tshawytscha production and aquatic health. 

Sections of this thesis in Chapters 4, 5, 6, 7 and 8 were published in specific peer reviewed 

journals. Experimental work and sample collection under these chapters were conducted at the 

CAP and NMIT aquaculture facilities (Glenduan, Nelson, New Zealand) where the study fish 

were availed, and subsequent sample analysis was conducted at AUT. In the following sections, 

we highlighted actual work done under each of the experimental chapters.    

Chapter 1: General introduction 

This chapter aimed to introduce the thesis subject by highlighting the global aquaculture 

production scenario, and the contribution of salmonids to fish farming. The chapter then mapped 

out the New Zealand aquaculture industry, the history of salmonids in New Zealand, O. 

tshawytscha aquaculture and economic importance. It states the rationale, aims for the thesis and 

its structure. 

Chapter 2: Literature review 1 
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This review chapter has been submitted for publication in Reviews in Aquaculture. It 

analysed the use of metabolomics in farmed salmonid research, and highlighted popular analytical 

platforms, studied salmon species and sample types. The review also outlined the latest research 

themes and summarised response mechanisms. The review identified research gaps under each 

research theme, provided future research perspectives and recommended actions for improving 

teleost metabolomics research. 

Chapter 3: Literature review 2 

This review chapter was published in Fish & Shellfish Immunology. It reviewed the 

methods used to isolate salmonid leucocytes, and their use to unravel fish immunocompetence 

following exposure to physical, chemical, and biological manipulations. The chapter surveyed for 

developed fish immune cell lines and their potential uses in salmonid immunology. The review 

provided a shopping list of immunological techniques that researchers of other fish species can 

consult. 

Chapter 4: Characterisation of Chinook salmon (Oncorhynchus tshawytscha) blood and 

validation of flow cytometry cell count and viability assay kit. 

This chapter was published in Fish & Shellfish Immunology. This chapter characterised 

the cellular composition of O. tshawytscha peripheral blood, and developed a micro-volume 

method to isolate fish PBMCs. The study used light microscopy and flow cytometry to 

characterise isolated PBMCs, and applied isolated cells to validate the Muse® cell count and 

viability assay kit.  

Chapter 5: In vitro immune response of Chinook salmon (Oncorhynchus tshawytscha) peripheral 

blood mononuclear cells stimulated by bacterial lipopolysaccharides. 

This chapter was published in Fish & Shellfish Immunology. The objective of this chapter 

was to characterise the cellular functional and molecular immunomodulatory responses of farmed 

O. tshawytscha PBMCs in vitro using LPS from Escherichia coli (E. coli) serotypes O111: B4

and O55: B5 plus a phorbol ester PMA. Findings from this study contributed towards the

understanding of immunocompetence in O. tshawytscha stocks under bacterial infections.

Chapter 6: Metabolic and immune responses of Chinook salmon (Oncorhynchus tshawytscha)

smolts to a short-term Poly (I:C) challenge.

This chapter was published in the Journal of Fish Biology. The objective was to illustrate 

the mechanisms by which O. tshawytscha responds to in vivo poly (I: C) 24 h post-exposure. A 

multidisciplinary approach was used to measure fish responses, including classical haematology, 

PBMC latex bead phagocytosis, the Muse® flow cytometry to assess PBMC viability, reactive 

oxygen species (ROS) and nitric oxide (NO) production; liver and serum gas chromatography 

mass spectrometry (GC-MS) metabolomics; and targeted immune cytokine expression in fish red 

blood cells (RBCs), spleen (SP) and head kidney (HK). These results provided insights into short‐

term effects of poly (I:C) at haematological, innate immunity and metabolic levels.   
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Chapter 7: Polyinosinic: polycytidylic acid (poly I:C) in vivo enhances Chinook salmon 

(Oncorhynchus tshawytscha) immunity and alters the fish metabolome. 

This chapter was published in the Journal of Aquaculture International. The goal of this 

chapter was to characterise response mechanisms of O. tshawytscha to prolonged in vivo poly 

(I:C) exposure via integrated assessment of effects on haematological parameter, PBMC 

functional parameters, serum and liver metabolic profiles, and targeted cytokine expression in 

HK and SP. Findings provided potential for design of amelioration strategies against future viral 

pathogens via metabolome reprogramming. 

Chapter 8: Uncoupling interdependence of thermal stress and growth performance on Chinook 

salmon, Oncorhynchus tshawytscha blood biochemistry and immune capacity.  

This chapter has been formatted for submission to the Journal Metabolites. The purpose 

was to study the effects of thermal stress and growth performance on O. tshawytscha cellular 

haematology and serum biochemistry. A multidisciplinary strategy was adopted to assess fish 

responses, including haematology, PBMC viability, ROS production and caspase activities, and 

serum biochemistry. Results from this study informed a selective breeding program for enhanced 

thermal tolerance.   

Chapter 9: Thesis summary and conclusion 

This section is a summary  of the experimental findings in this study. It also provides 

information on limitations encountered and outlines recommendations for future research.   
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2 Chapter 2. Literature Review 1: Metabolomics in Salmonid Aquaculture 

Research: Applications and Future Perspectives. 

Graphical representation of the metabolomics applications in salmonid aquaculture research.  

This chapter has been submitted for publication as:  

Lulijwa, R., Alfaro, A.C., &Young, T. (Undated). Metabolomics in salmonid aquaculture 

research: application and future perspectives. Submitted to Reviews in Aquaculture.  
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2.1  Prelude to literature review 1 

Compared to traditional terrestrial animal production, aquaculture is a recently developed 

technology. Aquaculture has rapidly grown to complement capture fishery and guarantee the 

supply of food fish. For salmonids, the rapid growth has come with challenges with the potential 

to derail progress. Traditional assessments such as biometrics, feed digestibility, biochemical 

assays and omics including genomics, transcriptomics, and proteomics, have been successfully 

applied in several fields of aquaculture. However, many of the traditional approaches are 

insufficient since they do not depict the downstream metabolic effects. Metabolomics offers the 

opportunity to characterise physiological changes in lower molecular weight compounds in 

farmed salmonids exposed to exogenous and endogenous challenges. Previous reviews on 

aquaculture metabolomics synthesised data on developmental physiology, nutrition, health risks 

and disease, ecotoxicology (pollution), hatchery production, and postharvest quality management, 

authentication, and strategies for use in aquatic sciences. This review summarised findings and 

identified gaps from studies that applied metabolomics to solve farmed salmonids challenges. The 

review highlighted commonly used analytical platforms, studied species, and used samples. The 

chapter identified the latest research themes and points out the mechanistic findings. Based on 

identified research gaps, insights for future metabolomics studies were provided.        
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2.2 Introduction   

Salmonids are the third-largest group of farmed finfish species after cyprinids and tilapines 

(FAO, 2019). Salmon farming contributes to the growing aquaculture sector (FAO, 2014). Major 

farmed salmonids include Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus 

mykiss), and contributed 6.1% of the 54 million tons in 2018 (FAO, 2018c, 2020b). As 

aquaculture continues to expand, various challenges have emerged. These include but are not 

limited to broad categories under ecotoxicology (Chen et al., 2020), thermal tolerance (Cheung 

& Frölicher, 2020; Wade et al., 2019), nutrition (Roques et al., 2018c), postharvest quality (Ma 

et al., 2020), health and disease (Brosnahan et al., 2019b; Brosnahan et al., 2017; Brosnahan et 

al., 2019a) and  husbandry practices (Raposo de Magalhães et al., 2020b). 

Novel omics-based approaches can contribute to improving various aspects of the 

aquaculture value chain. They provide holistic characterisation and quantification of bio-

molecules that reflect organismal responses to intrinsic and extrinsic factors (Coughlin, 2014). Of 

these, genomics (the study of genomes) (Snyder & Gerstein, 2003) has been used in genetic 

improvement (Jun et al., 2020), nutrition (Skugor et al., 2011), health, and pathogen 

characterisation (Tekedar et al., 2020), including vaccination and therapeutic development 

(Munang’andu et al., 2018). Other sub-disciplines include transcriptomics (the profiling of gene 

expression in a cell, organ, or organisms) (Whitfield et al., 2004), and proteomics (the study of 

changes in protein expression, dynamics, and post-translational alterations) (Graves & Haystead, 

2002; Whitfield et al., 2004). The use of transcriptomics and proteomics in aquaculture research 

is gaining traction (Raposo de Magalhães et al., 2020a). Metabolomics involves the 

characterisation of changes in metabolites, the end products of gene expression. Metabolomics is 

increasingly being applied in aquaculture research (Alfaro & Young, 2018; Roques et al., 2018c; 

Samuelsson & Larsson, 2008).  

Unlike the species differences observed at genomic, transcriptomic, and proteomic levels 

due to unique sequences of DNA, metabolite structure and function are conserved across taxa 

with their roles in specific metabolic processes being shared (Peng et al., 2015b). Metabolomics 

gives a physiological snapshot and allows mapping the differences among cells, tissues, organs, 

or organisms due to an underlying trait or condition or following exposure to a stimulus. These 

differences represent metabolic signatures which can elucidate functional relationships between 

genetic variations and biochemical phenotypes, understand the role/s of key biochemical 

pathways, and identify metabolite biomarkers for a range of purposes (Alfaro & Young, 2018). 

Increasingly being applied in aquaculture, metabolomics provides opportunities to assess several 

factors or key issues along the salmon value chain. We anticipate that metabolomics will 

contribute to the future improvement of farmed fish performance and productivity.  

Past reviews in farmed finfish metabolomics synthesised broad contributions to 

developmental physiology, nutrition, health and immunology, ecotoxicology, hatchery 
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production, and postharvest quality management (Alfaro & Young, 2018; Roques et al., 2018c; 

Samuelsson & Larsson, 2008). Further reviews outlined applications in seafood traceability and 

authentication (Ghidini et al., 2019a), and provided an important overview of the various 

methodologies and processes involved in aquatic metabolomics (Young & Alfaro, 2018). This 

review took a specific focus and assessed the growing body of literature on metabolomics research 

in farmed salmonids. We have provided a database of key articles, mapped out popular analytical 

platforms, highlighted the most studied species and sample types, identified key research themes, 

and have outlined some mechanistic findings that metabolomics has unraveled. We also identified 

research gaps and provided insights into future applications of metabolomics in salmonid 

aquaculture research.  

To fulfill the aim for this review, peer reviewed literature published between 2003 and 

2020 was sought for using Google Scholar, Scopus, and Web of Science databases. We retrieved 

articles based on their relevance to the search strings including keyword search (salmon* OR 

‘genus names’) AND (metabolom* OR metabonom*). We included a range of salmonid genus 

names for extension. In addition, articles were checked for relevance and grouped into general 

categories for discussion, comprising research foci on ecotoxicology, thermal tolerance, nutrition, 

postharvest quality, health risks and disease, and husbandry practices.    

2.3 Metabolomics analytical platforms 

Metabolomics uses a variety of analytical platforms comprising mass spectrometry (MS), 

nuclear magnetic resonance (NMR), and vibrational-based techniques via Raman and infrared 

spectroscopy. While detailed descriptions of these platforms are outside the scope for this review, 

we briefly summarised their capabilities and limitations. We encourage interested readers to find 

detailed information elsewhere (Villas-Boas et al., 2007; Young & Alfaro, 2018). 

NMR is an efficient and popular platform for structural assessment and absolute 

quantification of metabolites. Although NMR is highly reproducible, requires minimal sample 

preparation, and is quick to perform (5-10 min per sample), it typically detects in the micromolar 

(µM) to millimolar (mM) concentration range and is traditionally less sensitive than MS-based 

platforms (Goldansaz et al., 2017). However, innovative advances in NMR technology are 

improving sensitivity and selectivity (Giraudeau, 2020). In this review, NMR was the most used 

analytical platform in salmon aquaculture scanning across research themes (Figure 2.1 and Table 

2.1). Although NMR dominated studies, the use of MS-based approaches is becoming more 

popular (Table 2.1).  

MS-based platforms characterise the molecular weights of metabolites and can quantify 

their concentrations in the nanomolar (nM) to picomolar (pM) range. This allows the detection of 

additional metabolites compared to NMR (Goldansaz et al., 2017). MS platforms are coupled to 

a sample pre-separation device prior to being introduced into the mass spectrometer. Common 

MS platforms include liquid chromatography-MS (LC-MS), gas chromatography-MS (GC-MS) 
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and capillary electrophoresis-MS (CE-MS). These tools may be applied as stand-alone or in 

tandem to detect a wider range of metabolites (Lei et al., 2011).     

LC-MS is used to separate and analyse heat-labile and non-volatile metabolites, and is 

more sensitive than GC-MS (Goldansaz et al., 2017), particularly when used in tandem with MS. 

A major limitation of LC-MS is low spectral reproducibility which complicates the matching of 

metabolites within existing spectral libraries (Young & Alfaro, 2018). Note that ultra-

performance liquid chromatography-MS (UPLC-MS), and high-performance liquid 

chromatography-MS (HPLC-MS) are LC-MS (Goldansaz et al., 2017). LC-MS was the second 

most used analytical platform for salmonid research (Figure 2.1). The platform was popularly 

applied in ecotoxicological studies, although nutritional investigators also used it (Table 2.1). For 

a practical example, see how LC-MS was employed to profile the effects of contaminants in 

salmon (Meador et al., 2020).      

GC-MS was the third most used analytical platform in salmon metabolomics (Figure 2.1) 

across industry research themes (Table 2.1). GC-MS analysis separates heat stable and volatile 

metabolites. GC-MS is reproducible, robust, sensitive, and achieves excellent metabolite 

separation. However, GC-MS is unsuitable for heat-labile or high molecular weight metabolites, 

and is destructive. Sample extracts destined for GC-MS analysis may also require derivatisation 

(Young & Alfaro, 2018). For an example, see how Young et al. (2019), used GC-MS to 

demonstrate metabolic effects of acute handling practices and anaesthesia in salmon.    

CE-MS sensitivity is comparable to GC-MS and LC-MS, does not require sample pre-

treatment, can use small samples, and can detect certain metabolites that are challenging for other 

MS platforms. However, CE suffers from poor reproducibility and lack of separation for nonpolar 

metabolites (Goldansaz et al., 2017). This could potentially explain its limited use in salmon 

metabolomics (Table 2.1). Nevertheless, CE-MS may complement other MS-based tools.  

Some infrequently used modifications exist to NMR and MS-based platforms. Interested 

readers are encouraged to consult the indicated sources below. However, these modifications offer 

flexibility to aquaculture metabolomics. For instance, high-resolution magic angle spinning (1H 

HR-MAS-NMR) can directly be used on intact tissue and microprobes have been developed for 

microgram samples (Goodacre et al., 2004; Jarak et al., 2018; Lucas-Torres et al., 2018). 

Multidimensional 2D NMR such as total correlated spectroscopy (1D 1H, 2D 1H-1H TOCSY-

NMR), heteronuclear single quantum coherence spectroscopy (1H-13C-HSQC-NMR) (Shumilina 

et al., 2015), one-dimensional 1H and two-dimensional 1H-1H J-resolved nuclear magnetic 

resonance spectroscopy (1H 1HJRES-NMR) (Lin et al., 2009) are used to reduce peak overlap and 

provide extra structural information (Marchand et al., 2017). Nevertheless, they suffer from low 

speed, and most modifications being used to fast track industry adoption are still at infancy stage, 

limiting use in large scale studies (Giraudeau, 2020).  
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Variations to MS-based platforms include comprehensive two-dimensional gas 

chromatography mass spectrometry (GCxGC-MS) which utilises two sequential pre-separation 

columns to enhance metabolite separation. This can reduce co-elution of metabolites in complex 

biological samples, increase sensitivity, and substantially expand the range of detectable 

metabolites (Cipriano et al., 2015; Stilo et al., 2021). Direct analysis in real time-high resolution 

mass spectrometry (DART-HR-MS) is convenient, sensitive, reproducible, requires minimal 

sample preparation and is ideal for product authentication (Fiorino et al., 2019; Fiorino et al., 

2018). Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) is 

quantitative and offers wide metabolite coverage and high sensitivity (Gaoping et al., 2020; 

Softeland et al., 2014). A fast (15 s per sample) and sensitive direct flow injection-MS (DFI-MS) 

method which does not require pre-separation can process many samples and detect thousands of 

features (Sarvin et al., 2020). This has wide use potential across the salmon value chain. 

Infrared (IR) and Raman spectroscopy are vibrational-based platforms that do not allow 

metabolite identification but give information on broader metabolite functional groups. This 

complicates the interpretation of spectra derived from complex metabolite mixtures and provides 

lower resolution data. However, spectroscopy is fast (10-60 s per sample), cheap, nondestructive, 

and reproducible. These techniques offer wide predictive applications in aquaculture across 

research themes identified in this review. Technical details about these platforms are available 

elsewhere (Morais et al., 2020; Young & Alfaro, 2018). For industry application, see how IR was 

used to authenticate fish and predict nutritional value (Gonçalves et al., 2020), and Raman to 

select O. mykiss with high polyunsaturated fatty acid (PUFA) deposition (Prado et al., 2020).   

Future salmonid studies are likely to benefit from employing analytical platforms with 

higher sensitivities to increase the coverage of metabolite detection. It is however important to 

point out that no single platform can detect all metabolites and the use of multiple tools will be 

required to comprehensively map out the salmon metabolome. This review demonstrated that the 

majority (68%) of studies used single platforms, 16 (32%) used two platforms, and none used 

more than two platforms (Table 2.1). For example, two papers used LC-MS and GC-MS in 

combination to detect the highest number of metabolites (n=496) in S. salar and characterised the 

physiological effects of toxin exposures (Olsvik et al., 2017b; Olsvik & Søfteland, 2018). 

Assimilation of multiplatform-based metabolomics in aquaculture would be desirable, as in 

medicine and animal sciences (Foroutan et al., 2020; Suhre et al., 2010).                   
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Figure 2.1 Common metabolomics analytical platforms used in salmon research. NMR: nuclear 
magnetic resonance; LC-MS: liquid chromatography mass spectrometry; GC-MS: gas 
chromatography mass spectrometry; CE-MS: capillary electrophoresis mass spectrometry; LC-
UV: liquid chromatography ultraviolet; and FT-ICR-MS: fourier-transform ion cyclotron 
resonance mass spectrometry. Data comes from 50 reviewed salmonid metabolomics studies from 
2003 to October 2020. Percentage values exceed 100 because papers used multiple methods. 

2.4 Salmonid species and sample types 

The most investigated salmonid is S. salar, followed by O. mykiss, Chinook salmon 

(Oncorhynchus tshawytscha), and Arctic char (Salvelinus alpinus). Coho salmon (Oncorhynchus 

kisutch) is the least studied (Figure 2.2a). Interest in research activities reflects the dominance of 

S. salar and O. mykiss in aquaculture production.

Studies used eleven different sample types (Figure 2.2b). Across fish species, muscle, 

liver, and plasma were the most used samples. Muscle samples were the most used in S. salar 

while plasma dominated O. mykiss studies (Figure 2.2b and Table 2.1). Fillets are the primary 

food product from farmed salmon for human consumption, and this explains the prime interest in 

this tissue for research in S. salar. Indeed, muscle metabolite profiling was common in diet-based 

studies to inform fish nutritional content and postharvest quality assessment. Muscle lipid profiles 

reflect aquafeed composition, making it popular in nutritional studies (Kwasek et al., 2020). 

Muscle and liver can provide a snapshot of metabolic processes induced by nutritional 

manipulations, hence their popular use (Figure 2.2b and Table 2.1) (Roques et al., 2018c). Fish 

skeletal muscle comprises the deep white mass and the thin red component (Rabah, 2005). White 

muscle is rich in glycogen and is anaerobic, while the red oxidative muscle along the lateral line 

region, is rich in blood capillaries, myoglobin, mitochondria, glycogen and lipids (George & Don, 

1978; Kiessling et al., 2006). In farmed salmon, white muscle is pink because of the high level of 

pigmented carotenoids provided in the feed. Red muscle forms a thin superficial lateral layer 
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underneath the skin. Because of differences in composition, white and red muscle possess 

different metabolic profiles. Thus, the entire skeletal muscle is suitable for quality assessments, 

while the white muscle is used in nutrition and metabolism (Roques et al., 2018c).  

Fish liver provides global morphological, molecular and functional sexual differences, 

making this organ important in reproductive biology (Qiao et al., 2016). While liver samples can 

provide important metabolic information, consistency must be established regarding the exact 

lobe and location due to variation in metabolites from different sections (Abro et al., 2014; Cheng 

et al., 2016b). However, several studies employed isolated liver hepatocytes, which may solve 

issues associated with sample heterogeneity (Figure 2.2b and Table 2.1). Blood plasma or serum 

was the third most used sample type since they can depict systemic metabolic processes (Roques 

et al., 2018c) making this biofluid and liver important in stress studies, while kidney was used for 

immune assessment (Liu et al., 2016). While no study used lymphoid isolated leucocytes or 

peripheral blood mononuclear cells (PBMC), (likely due to biomass limitations), single-cell or 

microfluidic NMR devices suggest future use (Finch et al., 2016; Giraudeau, 2020; Lucas-Torres 

et al., 2018).   

Figure 2.2 The most studied salmonid species by metabolomics (a), and the most used tissues 
and organs to study salmonid metabolomics (b). Coho salmon (Oncorhynchus kisutch), chinook 
salmon (Oncorhynchus tshawytscha), Atlantic salmon (Salmo salar), rainbow trout 
(Oncorhynchus mykiss) and Arctic char (Salvelinus alpinus). Data come from 50 reviewed 
salmonid metabolomics studies from 2003 to October 2020. Percentage values exceed 100 
because papers used multiple sample types in Figure (b). 

Kidney, skin, intestine and semen were the least analysed sample types found in this 

review (Figure 2.2b and Table 2.1). For instance, fish intestinal sections were used once in a 

nutritional study (Coccia et al., 2019), and the same applied to semen to assess quality (Dietrich 

et al., 2019), skin in dye detection (Dubreil et al., 2019) while the brain, eyed egg or embryos 

were applied in toxicity assessment (Magnuson et al., 2020b). This review did not record the use 

of gills and non-invasive skin mucus as previously demonstrated in other teleosts (Ekman et al., 

2015; Sun et al., 2020). Studies on PBMCs and fecal matter are also missing in salmon 

metabolomics (Hano et al., 2021; Liu et al., 2014). However, growing interest in the gut 

microbiome and its influence on fish health and physiology (Steiner et al., 2020) makes stool 
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metabolomics interesting in farmed teleosts (Hano et al., 2021). The development of 

metabolomics methods along these lines will enable the use of nonlethal sampling.      

2.5 Chemometric methods 

Data resulting from metabolomics analysis present as large spectra with complex 

information. Since primary metabolomics data handling methods vary and depend on the type of 

data and the analytical platform, it is difficult to give general advice (Young & Alfaro, 2018). 

Processing of raw data (chromatograms and spectra) typically involves data conversion, noise 

filtering, retention time correction, peak detection, chromatogram alignment, and metabolite 

identification using customised in-house libraries, freely available repositories, or proprietary 

software. Prior to statistical analysis, data are often taken through a series of integrity checks and 

normalization processes to minimize technical errors and detection of false significances 

(Cambiaghi et al., 2016; Young & Alfaro, 2018). Indeed, recent developments in data processing, 

open-source metabolite libraries, and bioinformatics strategies have enabled broad feature 

identifications and have enhanced secondary data analysis to inform metabolic perturbations 

(Chong et al., 2018).  

Data analysis is achieved via univariate and multivariate approaches. This review 

analysed papers for the most used chemometric methods (Figure 2.3). Several studies combined 

methods (Table 2.1) in agreement with Sugimoto et al. (2012) who noted complementary use of 

univariate and multivariate approaches. Univariate methods assess single metabolites at a time, 

and often incorporate corrections for multiple hypothesis testing. Popular univariate tests included 

parametric t-tests and analysis of variance (ANOVA) or their non-parametric equivalents (Young 

& Alfaro, 2018). Standard t-tests and ANOVA were the most applied univariate approaches 

(Figure 2.3). For instance, Shumilina et al. (2020) used one-way ANOVA to discern between 

frozen and fresh salmon fillets, and Jasour et al. (2017) employed the independent t-test to 

determine inclusion levels of feather meal in O. mykiss diets. In addition, two-way ANOVA was 

used to reveal how dietary vitamin A interacts with hydrocarbon in contaminated feed to reduce 

toxicity (Berntssen et al., 2016).  

Multivariate approaches analyse all metabolites at the same time. They are used for data 

reduction and often utilized to understand global between-sample similarity/dissimilarity. They 

also aid the search for metabolic changes to explain an underlying phenotype or a response to a 

treatment (Young & Alfaro, 2018). Unsupervised multivariate methods require no knowledge of 

sample class. They include principal component analysis (PCA), hierarchical cluster analysis 

(HCA), and K-means clustering (KMC) (Andreopoulos et al., 2009; Ghidini et al., 2019a; Young 

& Alfaro, 2018). This review identified PCA (n =30) as the most used statistical method in 

salmonid metabolomics research (Figure 2.3). For instance, PCA was used by Magnuson et al. 

(2020a) to demonstrate the toxic effects of pesticide exposure in O. tshawytscha prior to 

subsequent pathway analysis. In agreement, PCA (Figure 2.3) was popularly used to identify 
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sample outliers and groupings prior to supervised modelling, just as previous reviews noted 

(Ghidini et al., 2019a; Young & Alfaro, 2018). Cluster-based HCA and KMC are excellent 

grouping tools for samples with similar metabolite profiles using dendrograms and cluster means. 

For details on these methods, we refer readers elsewhere (Sugimoto et al., 2012; Young & Alfaro, 

2018).  

Supervised multivariate methods use sample group information to solve classification 

problems. Common supervised techniques are the family of partial least squares (PLS) regression 

models, used to analyse the interrelationship between the independent (X) groups and the 

measured or response (Y) variables to achieve maximum separation. These methods include 

partial least squares discriminant analysis (PLS-DA), orthogonal partial least square-discriminant 

analysis (OPLS-DA), sparse partial least squares discriminant analysis (sPLS-DA) (Meador et al., 

2020), and orthogonal signal corrected-PLS-DA (OSC-PLS-DA) (Roques et al., 2020a). They are 

used to enhance group separation by rotating principal components to identify metabolites that 

contribute most to groups (Sugimoto et al., 2012). See specific details about these methods in 

recent reviews (Ghidini et al., 2019a; Young & Alfaro, 2018).  

Figure 2.3 The most used chemometric techniques in salmonid metabolomics data analysis and 
presentation. FC: fold change, t-tests: includes student, pair and independent sample tests, 
Welch’s: Welch's two-sample t-tests, ANOVA: analysis of variance, SAM: significant analysis 
of microarrays/and metabolites, PCA: principal component analysis, sPLS-DA: sparse partial 
least squares discriminant analysis, PLS-DA: partial least squares discriminant analysis, OPLS-
DA: orthogonal projections to latent structures discriminant analysis, OSC-PLS-DA: orthogonal 
signal corrected PLS-DA, k-NN: k-nearest neighbors, HCA: hierarchical cluster analysis and 
KMC: K-means clustering. Data come from 50 reviewed salmonid metabolomics studies from 
2003 to October 2020. Percentage values exceed 100 because papers used multiple techniques. 

Supervised PLS-DA and OPLS-DA were used in ten and nine studies in this review 

(Figure 2.3). For recent PLS modelling examples in salmon metabolomics, see how PLS-DA  and 
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sPLS-DA were used to segregate fish exposed to anaesthetics and contaminants (Meador et al., 

2020; Rahimi et al., 2020). In addition, OSC-PLS-DA and OPLS-DA models were used to 

classify fish by diet and to identify responsible metabolites in nutritional studies (Roques et al., 

2020a; Wagner et al., 2019). The vulnerability of PLS-DA to high orthogonal variation 

(uncorrelatedness) is eased by OPLS-DA modelling, which enhances separation by distinguishing 

between predictive and orthogonal variation (Ghidini, et al., 2019a). This may explain the 

increasing use of OPLS-DA modelling. Both techniques can be used for sample classification 

and/or to highlight potential metabolite biomarkers, but care must be taken to validate the PLS 

models since they are prone to overfitting and false discoveries.  

There are other data analysis methods that did not feature in this review, but might be 

useful for specific cases in salmon metabolomics research. For example, unsupervised 

multivariate analysis of variance (MANOVA) is used to segregate main effects and interactions 

when several continuous dependent variables are investigated (Deborde et al., 2021). 

Complemented with PCA, variance-based linear or quadratic discriminant analysis (LDA, QDA) 

methods can be applied in several areas such as product authentication (Zeng et al., 2021). In 

addition, data classification and regression-based methods such as K-nearest neighbors (k-NN), 

random forests (RF), and support vector machines (SVM) can be used to impute missing data and 

predict specific traits (Cipriano et al., 2015; Rajab, 2020; Rangel-Huerta et al., 2020; Raposo de 

Magalhães et al., 2020). Artificial neural networks (ANN) is useful in classification, parameter 

separation and quality control (Sugimoto et al., 2012). Finally, pattern recognition by soft 

independent modelling of class analogy (SIMCA) can be used to determine product origin for 

authentication (Adenan et al., 2020). We direct interested readers to review details on these 

chemometric methods elsewhere (Boccard et al., 2010; Ghidini et al., 2019a; Sugimoto et al., 

2012; Young & Alfaro, 2018). 
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Table 2.1 Metabolomics applications in salmonid aquaculture research 

Species  Treatments Sample type  Sample size 
(n/treatment) 

Analytical platform Extraction  Metabolites  Statistics  Reference  

O. kisutch Effect of growth hormone 
over expression in transgenic 
fish 

Liver and muscle 3-4 CE-MS Polar/nonpolar  361 Excel Statistics. One-way ANOVA.  (Nakano et al., 2019)  

O. tshawytscha Effect of short-term poly 
(I:C) in vivo 

Serum  5 GC-MS Polar 141 MetaboAnalyst 4.0. SAM, HCA, and FC. (Lulijwa et al., 2020a)  

 Monitoring poly (I:C) effects 
in vivo 

Serum and liver 3 GC-MS Polar 298 MetaboAnalyst 4.0. One-way ANOVA, PCA, HCA 
and KEGG pathway analysis. 

(Lulijwa et al., 2020b) 

 Effect of 16 contaminants of 
emerging concern 

Liver  7 LC-MS Polar  1688 ions MetaboAnalyst 4.0 FC, HCA, and sPLS-DA (Meador et al., 2020) 

 Bifenthrin toxicity Brain  15 LC-MS Polar  80 SPSS 24: PCA, HCA and pathway analysis (Magnuson et al., 2020a) 
 Effect of acute handling, 

anesthesia and euthanasia 
Plasma 5 GC-MS Polar 105 MetaboAnalyst 4.0. PLS-DA (Young et al., 2019) 

 Crude oil toxicity  Muscle 8 1H-NMR Polar  12 PLS-Toolbox 3.5. PCA and one-way ANOVA. (Van Scoy et al., 2010) 
 Crude oil toxicity  Liver and muscle 6 1H-NMR and 1HJRES 

NMR  
Polar 44 Matlab and SAS 9.0. PCA and two-way ANOVA. (Lin et al., 2009) 

 Pesticide toxicity Eyed eggs and 
alevins 

6 1H-NMR and LC-UV Polar 20 Number Cruncher Statistical System 2001. PCA and 
one-way ANOVA. 

(Viant et al., 2006) 

S. salar Effect of peracetic acid  Plasma 10 LC-MS Polar 39 MS-Omics ApS. PCA followed by FC and t-test  (Lazado et al., 2020) 
 Muscle spiked with dioxon 

and furans 
Muscle  GCxGC-MS Polar  11 LECO software ChromaTOF BT v5.40.12.0. Data 

were processed for basic peak finding, spectral 
deconvolution and peak area integration. 

(Stultz et al., 2020) 

 Distinguish fresh and thawed 
fish 

Loin fillet  3 1H-NMR Polar 3 SPSS 25. PCA one-way ANOVA. (Shumilina et al., 2020) 

 Spoilage of packed fish Fillet 2kg 1H-NMR Polar  33 Matlab. Normalization. (Jääskeläinen et al., 2019) 
 In vitro effects of p,p’-DDE 

on hepatocytes  
Hepatocytes  5 LC-MS/MS and GC-

MS 
Polar/nonpolar  496 GraphPad Prism 6.0. Welch's two-sample t-tests and 

KEGG pathway analysis. 
(Olsvik & Søfteland, 2018) 

 In vitro toxicity of 
pirimiphos-methyl 

Hepatocytes 6 LC-MS and GC-MS Polar/nonpolar 379 Program R. Two-way ANOVA and Welch's two-
sample t-tests, HCA and KEGG pathway analysis. 

(Olsvik et al., 2017a) 

 In vitro toxicity of bisphenol 
A and genistein 

Hepatocytes  5 LC-MS and GC-MS Polar/nonpolar 496 Program R. Two-way ANOVA and Welch's two-
sample t-tests and KEGG pathway analysis. 

(Olsvik et al., 2017b) 

 Effect of dietary vitamin A Liver and muscle 6 LC-MS/MS and GC-
MS 

Polar/nonpolar 329 Qlucore omics explorer 2.3. Two-way ANOVA. (Berntssen et al., 2016) 

 Effect of dietary omega-3 
and vitamin E  

Hepatocytes 6 1H-NMR and FT-ICR-
MS 

Polar/nonpolar 13  GraphPad Prism 6.0. PCA, PLS-DA and Kruskal–
Wallis. 

(Softeland et al., 2016) 

 Response to Aeromonas 
salmonicida infection 

Kidney 8 1H-NMR Polar  18 SIMCA-P. 11.0. PCA, OPLS-DA. (Liu et al., 2016) 

 Effects of months-long 
inappetence during spawning 

Serum  20 GCxGC-MS Polar 57 MetaboAnalyst 2. k-NN, PCA, PLS-DA, t-test and 
KEGG pathway enrichment analysis. 

(Cipriano et al., 2015) 

 Monitor post-mortem 
changes 

Fillet 2 1H -TOCSY-NMR, 1H-
1H-TOCSY-NMR and  
1H-13C HSQC-NMR 

Polar 49 MestReC 4.9.8.0. Spectral processing. (Shumilina et al., 2015) 

 Effects of vitamin E on 
chlorpyrifos toxicity 

Hepatocytes  6 LC-MS/MS and GC-
MS 

Polar/nonpolar 329 Program R. Two-way ANOVA, HCA, and Welch's 
two-sample t-tests. 

(Olsvik et al., 2015) 

 Dietary sesamin  Liver and white 
muscle 

6 1H-NMR Polar/nonpolar 48+ SIMCA-P + 12.0.1. PCA, PLS-DA and one-way 
ANOVA. 

(Wagner et al., 2014) 

 Toxicological effect of 
contaminants                             

Hepatocytes - 1H-NMR and FT-ICR-
MS 

Polar/nonpolar 149+ ions Prometab 3.3. PCA, PLS-DA. (Softeland et al., 2014) 

 Argenine over 
supplementation  

Plasma, liver 12 LC-MS Polar 10+ R. 3.02. t-test and PCA. (Andersen et al., 2015) 
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Argenine supplementation  Hepatocytes  6 1H-NMR Polar/nonpolar  17 Statistica11.0. PCA, OPLS-DA and two-way 
ANOVA. 

(Andersen et al., 2014) 

Effects of elevated 
temperature 

Plasma  12 1H-NMR Polar/nonpolar 45 SAS 9.2. PCA, OPLS-DA. (Kullgren et al., 2013) 

Effect of short-term feeding  Liver and muscle 6 1H-NMR and 1H HR-
MAS-NMR 

Polar/nonpolar 61+ Matlab. PCA visualisation. (Bankefors et al., 2011) 

Long-term handling stress Plasma  118 1H-NMR Polar/nonpolar 9 Matlab. PCA and PLS-DA. (Karakach et al., 2009) 
Quality assessment Muscle - 1H-NMR Polar/nonpolar 76+ No statistical analysis. (Gribbestad et al., 2005) 
Response to A. salmonicida 
infection 

Plasma  9 1H-NMR Polar 22 SIMCA‐P 10.0. PCA visualisation. (Solanky et al., 2005) 

O. mykiss Bifenthrin toxicity Brain  3,4 and 5 LC-MS Polar  181 SPSS 24. PCA and KEGG pathway. (Magnuson et al., 2020b) 
Effect of anesthesia  Plasma 10 1H-NMR Polar  37 SPSS 19.0. PLS-DA, independent sample t-test and 

KEGG pathway. 
(Rahimi et al., 2020) 

Detection of victoria pure 
blue  

Muscle and skin 6 LC-MS Polar/nonpolar 15 t-test (Dubreil et al., 2020) 

Effect of protein-rich yeast 
fraction 

Plasma, liver, and 
muscle 

9 1H-NMR Polar  35+ BioStatFlow tool based on R 2.9. PCA, KMC, 
Kruskal–Wallis. 

(Roques et al., 2020b) 

Effect of black soldier fly 
protein extracts 

Plasma, liver, and 
muscle 

9 1H-NMR Polar  84 BioStatFlow tool based on R 2.9. NIPALS, OSC-
PLS-DA, Kruskal–Wallis and one-way ANOVA 
and HCA. 

(Roques et al., 2020a) 

Effect of dietary glycerol  Liver and muscle 12 1H-NMR Polar/nonpolar  36 MetaboAnalyst 4.0. PCA, PLS-DA. (Palma et al., 2019) 

Uptake of bioactive extract Intestinal sections 3 1H-NMR Polar/nonpolar 17 Statistica 7.0. OPLS-DA analysed. (Coccia et al., 2019) 
Effect of diazinon Serum/plasma and 

liver  
60 1H-NMR Polar 45 SPSS 19.0. PCA, PLS-DA, two-way ANOVA. (Hajirezaee et al., 2019) 

Characterisation of seminal 
plasma 

Seminal plasma  7 LC-MS Polar 48 Mass Profiler Professional 12.6.1 and SIMCA-P+ 
13.0.3. PCA and Welch's 

(Dietrich et al., 2019) 

Effect of feathermeal as a 
protein alternative  

Liver and plasma 21 1H-NMR Polar/nonpolar 43 SIMCA‐P 14.0. PCA, one-way ANOVA, two-way 
ANOVA, and independent sample t-test. 

(Jasour et al., 2017) 

Effect of starvation  Serum, liver and 
muscle  

6 GCxGC-MS Polar/nonpolar 143 MSort. Paired t-test. (Baumgarner & Cooper, 2012) 

Effect of different sewage 
effluents  

Plasma  25 1H-NMR Polar/nonpolar 39 SIMCA-P.11.0 PCA, OPLS-DA. (Samuelsson et al., 2011) 

Effect of food deprivation  Plasma, liver and 
muscle 

15 1H-NMR Polar/nonpolar 31 SIMCA-P.11.0 PCA, OPLS-DA. (Kullgren et al., 2010) 

Temperature stress Developing eggs  4 1H-NMR Polar  11+ Number Cruncher Statistical System 2001. PCA, 
one-way ANOVA. 

(Turner et al., 2007) 

Effect of synthetic estrogen 
ethinylestradiol (EE2) 

Plasma 21 1H-NMR Polar/nonpolar 23+ SIMCA-P.10.5. PCA, PLS-DA. (Samuelsson et al., 2006) 

Effect of chronic exposure to 
elevated temperature (15°C 
vs 20°C) 

Muscle, liver 3 1H-NMR Polar 16 PLS−Toolbox. 3.0. PCA and one-way ANOVA. (Viant et al., 2003) 

S.alpinus Effect of fishmeal (FM) 
replacement  

Liver and muscle 9 1H-NMR Polar/nonpolar 118+ SIMCA‐P 13.0. PCA, OPLS-DA and Kruskal–
Wallis test. 

(Wagner et al., 2019) 

Evaluation of fish feed raw 
materials 

Liver and white 
muscle 

10 1H-NMR Polar/nonpolar  94 SIMCA‐P 13.0. PCA and OPLS-DA. (Cheng et al., 2016a) 

Effect of zygomycetes and 
FM diets 

Liver  12 1H-NMR Polar/nonpolar 15 SIMCA-P+ 12.0.1. PCA and OPLS-DA. (Abro et al., 2014) 

CE-MS: capillary electrophoresis mass spectrometry, GC-MS: gas chromatography mass spectrometry, LC-MS: liquid chromatography mass spectrometry, 1H-NMR: proton nuclear magnetic resonance, 1HJRES 
NMR: two-dimensional J-resolved nuclear magnetic resonance spectroscopy, HPLC-UV: high-performance liquid chromatography-ultraviolet, GCxGC-MS: comprehensive two-dimensional gas chromatography 
mass spectrometry, LC-MS-MS: liquid chromatography tandem mass spectrometry, FT-ICR-MS: fourier-transform ion cyclotron resonance mass spectrometry, 1H-TOCSY-NMR: total correlation spectroscopy 
NMR, 1H-13C HSQC NMR: heteronuclear single quantum coherence spectroscopy, and 1H HR-MAS-NMR: 1H high-resolution magic angle spinning NMR. Poly (I:C): polyinosinic: polycytidylic acid, p, p’-
DDE: dichlorodiphenyldichloroethylene, FM: fishmeal, ANOVA: analysis of variance, SAM: significant analysis of microarray/and metabolites, FC: fold change, KEGG: Kyoto encyclopaedia of genomes and 
genes, PCA: principal component analysis, sPLS-DA: sparse partial least squares discriminant analysis, PLS-DA: partial least squares discriminant analysis, k-NN: k-nearest neighbors, OPLS-DA: orthogonal 
projections to latent structures discriminant analysis, OSC-PLS-DA: orthogonal signal corrected PLS-DA, NIPALS: nonlinear iterative partial least squares, kg: kilogram HCA: hierarchical cluster analysis and 
KMC: K-means clustering. Data comes from 50 reviewed salmonid metabolomics studies from 2003 to October 2020.  
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2.6 Research themes in salmon metabolomics 

Six research themes emerged from this review. Research primarily concentrated on 

ecotoxicology (n=15) and nutrition (n=14) (Figure 2.4). The rapid rise in nutrition-based 

metabolomics is likely due to recent interest in the search for sustainable aquafeed ingredients 

(Roques et al., 2018c). Other research themes including husbandry practices, postharvest quality, 

health risks and disease, and thermal tolerance are emerging. This could be because of rising 

concerns for animal welfare, farmed fish nutritional value, and climate change. There is limited 

integration of metabolomics in salmon breeding programmes (Gribbestad et al., 2005; Nakano et 

al., 2019). The use of metabolomics in breeding programmes will contribute to the accurate 

prediction of important production and health traits (Goldansaz et al., 2017).  

Figure 2.4 Evolution in metabolomics research themes in farmed salmonid aquaculture research. 
Data comes from 50 reviewed salmonid metabolomics studies from 2003 to October 2020. 

In the subsequent sections, we summarise under each research theme, the use of 

metabolomics to unravel salmonid physiological response mechanisms. A synthesis section will 

provide key gaps under each theme and point out future research opportunities.  

2.6.1 Ecotoxicology 

Ecotoxicology is the study of the harmful effects of synthetic chemicals, their by-

products, and breakdown substances on organisms at population, community and ecosystem 

levels (Zaidi & Imam, 2008). The application of metabolomics approaches in ecotoxicology is 

called environmental metabolomics (Samuelsson et al., 2006). The approach has been used to 

investigate effects of solvents and endocrine-disrupting chemicals in salmonids. Metabolomics 

can enhance visualisation of dose-responses, enable characterisation of mechanisms for unknown 

contaminants, allow biomarker identification and can detect specific changes in metabolomes. 
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Since the initial use of metabolomics in salmon research in the early 2000s (Samuelsson et al., 

2006; Viant et al., 2006), over a dozen studies have been accomplished (Table 2.1).  

Under this theme, metabolomics has been used to assess efficacy of sewage treatment 

systems (Samuelsson et al., 2011), and study toxicity of emerging contaminants (Meador et al., 

2020), heavy oil spills (Lin et al., 2009; Van Scoy et al., 2010), synthetic hormones (Samuelsson 

et al., 2006; Samuelsson & Larsson, 2008) and pesticides (Magnuson et al., 2020b; Magnuson et 

al., 2020a; Olsvik et al., 2017a; Olsvik et al., 2017b; Olsvik & Søfteland, 2018; Softeland et al., 

2014; Viant et al., 2006). Metabolomics has also been used to develop toxicity control strategies 

using bioactives (Hajirezaee et al., 2019; Lin et al., 2009; Olsvik et al., 2015; Van Scoy et al., 

2010). We list in the following sections, mechanistic insights of toxicity and give some industry-

specific metabolomics applications.      

Samuelsson et al. (2011), used 1H-NMR to determine the effects of different sewage 

effluents on the O. mykiss plasma metabolome, against targeted biological and chemical assays. 

Results revealed that sewage effluents treated by combined sand filter and high ozonation or 

moving bed biofilm reactor upregulated levels of high-density lipoproteins (HDL) and low-

density lipoproteins (LDL), phosphatidylcholine, cholesterol, glucose, glutamine, and alanine. 

Plasma levels for very-low-density lipoprotein (VLDL) and glycerol lipids were downregulated. 

Findings suggested that advanced sewage treatment technologies disturbed fish energy, amino 

acid (AA), lipid metabolism, and induced stress hence a precaution for their use. Meanwhile, 

activated carbon did not cause modifications in the fish metabolome (Samuelsson et al., 2011). 

This study demonstrated the robustness of metabolomics against traditional assays in 

physiological assessments. A recent LC-MS investigation of juvenile O. tshawytscha exposed to 

varying concentrations of contaminants of emerging concern found in effluents revealed 

disruption to various metabolic processes in the liver. Medium and high doses affected metabolic 

pathways involved in the biosynthesis and metabolism of AA, lipids, purines, pyrimidines, and 

sugars. Results suggested adverse health implications with potential population-wide effects 

(Meador et al., 2020), further demonstrating the use in ecotoxicology monitoring.    

Polycyclic aromatic hydrocarbons (PAHs) are abundant in environmental waters and are 

detected in fish and benthic invertebrates (Honda & Suzuki, 2020; Snyder et al., 2015). Being 

lipophilic, PAHs bio-accumulate in the fish liver (Honda & Suzuki, 2020). PAHs are immuno- 

and cardio-toxic, and fish exposure disrupts the endocrine system, disturbs liver lipid and bone 

metabolism, and causes embryo abnormalities (Honda & Suzuki, 2020; Snyder et al., 2015; 

Softeland et al., 2014). Some PAHs are genotoxic and induce cancerous mutations (Honda & 

Suzuki, 2020). In two studies, 1H-NMR profiling was used to examine the toxic effects of crude 

oil and dispersed oil exposure in liver and muscle of O. tshawytscha pre-smolts and smolts (Lin 

et al., 2009; Van Scoy et al., 2010). Tissue metabolite analysis revealed enhanced stress via 

disturbance to citric acid cycle intermediates (succinate, glutamate,) AA metabolism (histidine, 

glutamine, glycine, proline, and methionine), energy metabolism (valine, leucine, isoleucine, 
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lactate, and ATP), kidney function (creatinine), and phospholipid metabolism 

(glycerophosphorylcholine). Authors resolved that identified metabolites served as toxic or stress 

biomarkers of crude oil exposure and informed response strategies to environmental oil spills (Lin 

et al., 2009; Van Scoy et al., 2010).  

Endocrine disrupting chemicals (EDCs) include synthetic hormones, pesticides, 

plasticisers, dioxins, and fungicides (Samuelsson & Larsson, 2008). Samuelsson et al. (2006) 

assessed the physiological effects of environmental estrogen ethinylestradiol (EE) via 1H-NMR 

analysis of O. mykiss plasma. High dose EE enhanced levels of plasma vitellogenin and 

phospholipids, while alanine and cholesterol were downregulated compared to non-exposed 

control fish. Results suggested that EE induced perturbations to reproductive, phospholipid, and 

energy-related metabolic processes, and thus the need for safe use and disposal (Samuelsson et 

al., 2006).   

Agricultural pesticides are used to protect crops from disease, pests, rodents, and to 

ensure high crop quality and yield (Wang et al., 2020). Due to increased pesticide production and 

use in industrial farming, there is a growing threat to aquatic health (Chen et al., 2020). Pesticides 

are often based on organophosphate, pyrethroid, carbamate, and organochlorine chemistries (Yao 

et al., 2020). For review, see detailed descriptions of organophosphate and pyrethroid (Yao et al., 

2020), carbamate (Oliveira et al., 2020), and organochlorine (Martyniuk et al., 2020; Pattnaik, 

2020). Overall, high-dose organophosphate pesticides lead to neurological, respiratory, and 

cardiac disorders (Yao et al., 2020). Carbamates bio accumulate in tissues and disrupt the 

endocrine system (Oliveira et al., 2020). Organochlorines are lipophilic, toxic, carcinogenic, and 

can impair fish reproduction (Kumari, 2020; Martyniuk et al., 2020; Pattnaik, 2020). 

Organochlorine pesticides are banned in many countries (Samuelsson & Larsson, 2008) and are 

being replaced with biodegradable and less toxic pesticides. Some current use pesticides include 

mevinphos, ethoprop, dichlorvos, prometryn, terbutryn, and triadimefon, and are classified as 

emerging pollutants (Chen et al., 2020). Physiological exposure assessments of aquatic organisms 

are therefore important to determine for these compounds (Stultz et al., 2020).  

The first study of metabolic effects of pesticides used LC-MS and 1H-NMR  to analyse 

toxicities of dinoseb, diazinon and esfenvalerate on O. tshawytscha eyed eggs and alevins (Viant 

et al., 2006). Dinoseb and esfenvalerate down-regulated adenosine triphosphate (ATP) and 

phosphocreatine (PCr), which suggested PCr utilisation to regenerate ATP lost in energy 

metabolism due to sub lethal stress. Diazinon was toxic to eyed eggs and alevins. Diazinon also 

disturbed several processes involved in eyed egg ATP production, the citric acid cycle and 

succinic acid production. Diazinon also induced anaerobic metabolism, lactic acid production, 

protein catabolism, and ammonia release. Thus, the pesticides induced major metabolic 

disturbances to early life stages in O. tshawytscha (Viant et al., 2006). This study demonstrated 

that metabolomics may therefore be used to guide the choice of agricultural and urban pesticides, 

due to high sensitivity when compared to traditional toxicity assays. Similarly, Softeland et al. 
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(2014) used 1H-NMR and FT-ICR to investigate singular and mixed toxicities of endosulfan, 

phenanthrene and benzo (a) pyrene, organophosphate chlorpyrifos on S. salar hepatocytes in 

vitro. While NMR metabolomics data did not reveal changes caused by pesticides, FT-ICR data 

revealed toxicant specific effects as chlorpyrifos downregulated unsaturated fatty acid synthesis. 

Endosulfan and benzo (a) pyrene disturbed steroid hormone synthesis and vitamin D3 metabolism 

respectively (Softeland et al., 2014).    

To showcase the application of metabolomics in solving toxicity problems in salmonid 

aquaculture, we highlighted a study by Olsvik and Søfteland (2018). Authors aimed to identify 

biomarkers of exposure to environmental levels of a legacy pesticide found in S. salar aquafeed. 

Researchers employed combined GC-MS and LC-MS to produce the metabolite profile of S. salar 

hepatocytes following 48 h exposure to 100 μM of the organochlorine pesticide 

dichlorodiphenyltrichloroethane (DDT) derivative, dichlorodiphenyldichloroethylene (p,p′‐

DDE). Hepatocyte global metabolome assessment revealed that p, p′‐DDE elevated energy 

molecules involved in bile acid metabolism and branched chain amino acids (BCAA) and 

phospholipid metabolites of diacylglyceral and sphingolipids. Results suggested that p,p′‐DDE 

disturbed energy homeostasis, phospholipid metabolism, and antioxidant capacity. The authors 

pointed out that p,p′‐DDE disturbed methionine metabolism and endocrine functioning (Olsvik 

& Søfteland, 2018). In other toxicity studies of lipid-soluble pesticides found in salmon feed, 

similar findings were reported. For instance, Olsvik et al. (2017b), profiled S. salar hepatocytes 

responses to bisphenol A (BPA) and plant-derived genistein. Genistein and BPA perturbed 

glutamate metabolism, energy balance, and production. While BPA affected methionine 

metabolism, genistein disturbed biosynthesis of nucleotides uridine and pyrimidine, important in 

liver detoxification (Olsvik et al., 2017b). Similarly, the organophosphate pesticide pirimiphos-

methyl perturbed vitamins, phospholipid, energy and tryptophan metabolism and downregulated 

glutathione metabolism in S. salar hepatocytes (Olsvik et al., 2017a). These papers revealed the 

application of metabolomics to unravel previously unknown adverse effects of pesticides in 

salmon feed. 

Recently, the toxicity of the pyrethroid insecticide bifenthrin was investigated in the brain 

of O. tshawytscha by Magnuson et al. (2020a) using LC-MS. Sub-lethal bifenthrin exposure 

downregulated brain levels of inosine, hypoxanthine, and guanosine. A similar study on brains of 

O. mykiss found that bifenthrin decreases levels for acetyl-l-carnitine, docosahexaenoic acid

(DHA), and betaine (Magnuson et al., 2020b). Observed metabolic changes suggested that

bifenthrin induced neurotoxicity via disturbance to brain regulatory processes involved in neuro

functioning, apoptosis, necrosis, and oxidative stress (Magnuson et al., 2020b; Magnuson et al.,

2020a). Both findings demonstrate that metabolomics may be used to unravel brain-specific

biomarkers of pyrethroid insecticide exposure to salmonids or vertebrates in receiving aquatic

ecosystems.
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Metabolomics has also been used to design toxicity amelioration strategies. For instance, 
1H-NMR revealed that crude oil treatment with dispersant reduced toxicity in O. tshawytscha (Lin 

et al., 2009; Van Scoy et al., 2010). In addition, GC-MS and LC-MS approaches demonstrated 

that supplementary vitamin E eased chlorpyrifos toxicity in S. salar via blockade of long chain 

fatty acids (LC-FA), dipeptides and AA elevation, and enhanced carbohydrate use (Olsvik et al., 

2015). Relatedly, 1H-NMR showed that supplementary omega-3 eicosapentaenoic acid (EPA) or 

vitamin E lowered the toxicity of mixed PAHs (benzo (a) pyrene and phenanthrene) and pesticides 

(chlorpyrifos and endosulfan) by antagonising effects on phospholipid membrane function and 

vitamin D metabolism (Softeland et al., 2016). Finally, 1H-NMR revealed that Ginkgo biloba 

herbal extract mid-range dose of 2 g kg-1 significantly reduced diazonin toxicity by upregulating 

metabolic processes involved in AA, energy, and osmotic regulation (Hajirezaee et al., 2019).  

Overall, findings demonstrated that metabolomics strategies can allow the discovery of 

pollutant-specific exposure biomarkers associated with disturbances to energy, protein, 

phospholipid, redox, and vitamin metabolism, and pathways relevant to reproductive and 

neuronal functioning. Studies also showed that metabolomics may aid the design of amelioration 

strategies against aquatic pollutants.   

2.6.2 Thermal tolerance 

Fish have narrow thermal tolerance ranges, and deviations from the optimum temperature 

can have profound physiological effects (Ibarz et al., 2010). Low temperatures can induce changes 

in cellular structure, function, metabolism, protein folding, assembly, activity, and stability (Pan 

et al., 2008; Simon et al., 1995). Elevated temperatures can also depress metabolism (Aurélio et 

al., 2013), alter oxidative regulation, and affect immunity (Madeira et al., 2013; Vinagre et al., 

2012). Therefore, fish mortalities occur due to cold snap and heat wave events (Younes et al., 

2020). Despite its relevance in aquaculture, metabolomics studies on this theme are the least 

among salmonids. With global ocean temperatures expected to rise 1–4°C by the end of the 

century (Alfonso et al., 2020), the number of thermal-related experiments is likely to grow, driven 

by the need to develop resilient breeds for aquaculture, and better manage fisheries. For instance, 

recent incidences of marine heatwaves have resulted in salmon mortalities during summer months 

in New Zealand (Broekhuizen et al., 2021; Salinger et al., 2020; Salinger et al., 2019). In the 

sections below, we highlight the contribution of metabolomics towards the understanding of the 

physiological effects of thermal stress.    

The effects of chronic elevated temperatures on O. mykiss were investigated through 1H-

NMR profiling (Viant et al., 2003). Metabolomics showed that a higher temperature (20°C vs. 

15°C) induced thermal stress and downregulated levels of PCr and ATP in muscle, and glycogen 

levels in the liver. This result demonstrated the increased energy cost associated with maintenance 

at higher temperatures, with requirements for production of heat shock proteins (hsp) to regulate 

chronic heat stress (Viant et al., 2003). In a comparable study, Kullgren et al. (2013) assessed 

metabolic effects of elevated temperature in S. salar. 1H-NMR plasma metabolomics revealed 
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that S. salar kept at elevated temperature (12 Vs 18°C) for three-months had lower levels of 

glutamine, tyrosine, and phenylalanine involved in energy metabolism. Higher temperatures also 

induced a shift in lipid metabolism. These findings suggested protein catabolism in S. salar 

exposed to elevated temperatures (Kullgren et al., 2013), to regulate thermal stress via enhanced 

hsp production. 1H-NMR-metabolomics was used to understand response mechanisms to thermal 

stress using O. mykiss eggs incubated at 8°C or 18°C. Egg metabolomics established high 

variations in batches from different females but exhibited downregulation of tyrosine and 

phenylalanine, glycine, betaine, and choline levels at elevated temperatures. The same 

metabolites were elevated in eggs incubated at 8°C. Findings depicted catabolic AA and lipid 

metabolism and disturbance to oxidative regulation at elevated temperature (Turner et al., 2007).  

These investigations highlight metabolomics application towards our understanding of 

physiological effects induced by thermal stress on energy, protein, non-essential AA, and lipid 

metabolism, oxidative stress, and thermal regulation in salmonids. This will enhance our 

knowledge of individual or population differences in physiological and fitness responses to 

climate change-associated effects on farmed salmonids (Alfonso et al., 2020).  

2.6.3 Nutrition  

Traditional biometric, proximate composition and digestibility techniques for conducting 

fish nutritional studies are insufficient to understand feed effects on fish metabolism (Roques et 

al., 2018c). Metabolomics has been used to characterise fish feed (Roques et al., 2018b) and is 

positioned to reveal the physiological effects of dietary manipulations (Roques et al., 2018c). In 

salmonids, several investigations have emerged with a specific focus on dietary supplements and 

the search for sustainable aquafeed ingredients. We present these contributions in the subsequent 

sections.     

2.6.3.1 Effects of dietary or functional feed supplements  

As global captured fisheries continue to decline, aquaculture has increased in importance 

(FAO, 2020b). Farmed fish in comparison with wild counterparts may vary in nutritional quality 

and health state, depending on diets (Li et al., 2020; Tewary & Patra, 2008). Besides satisfying 

nutrition, farmers administer functional feeds to improve feed digestibility and absorption, 

support fast growth, stimulate the gut and general fish health (Encarnação, 2016; Martinez-Rubio 

et al., 2013). 

A paper by Coccia et al. (2019) used 1H-NMR to assess the efficacy of hydroxytyrosol in 

an ex vivo O. mykiss intestinal model explant. Tissue 1H-NMR profiles revealed that 

hydroxytyrosol enhanced essential amino acid (EAA) and essential fatty acid (EFA) profiles in 

the pyloric caeca and mid intestinal sections. Findings indicated that hydroxytyrosol prevented 

AA degradation and activated lipolysis. The study also suggested a model system for conducting 

preliminary studies for dietary supplements prior to actual large-scale works (Coccia et al., 2019). 

Through NMR metabolomics, the effect of dietary glycerol on O. mykiss and European 

seabass (Dicentrarchus labrax) muscle and liver were studied (Palma et al., 2019). Liver and 
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muscle metabolic profiles showed that supplementary glycerol did not affect O. mykiss energy 

metabolism and choline involved in phospholipid metabolism, when compared to D. labrax. 

Results suggested species-specific response mechanisms to glycerol supplementation (Palma et 

al., 2019). 

Wagner et al. (2014), investigated the physiological effects of supplementary sesamin 

using 1H-NMR on S. salar liver and white muscle metabolomes. Liver and muscle data showed 

that high sesamin increased S. salar glucose, glycerine, leucine, valine, creatine, carnitine, and 

muscle creatine, PCr, lactate, and nucleotide levels. Results suggested elevated energy 

metabolism commensurate with the low growth rates and final body weights in tested fish. 

Elevated liver levels for BCAA and glucose in fish fed high dietary sesamin proposed disturbance 

to the citric acid cycle, which yielded less energy to support fish growth and metabolism. 

Phenotypic variables also exhibited reduced growth and condition factor at high inclusion levels. 

Under the observed physiological state, elevated creatine helped to transport energy to cells while 

increased levels of muscle metabolites suggested energy stress (Wagner et al., 2014). Findings 

reveal the complementary power of metabolomics to biometrics in developing novel aquafeed.   

Proteins included in diets provide AAs to support growth, reproduction, maintenance,   

and to fuel normal metabolism, in carnivorous species (Ballantyne, 2001; Morin et al., 2020; 

Wilson, 2003). Using 1H-NMR, Andersen et al. (2014), investigated the effects of long-term 

arginine supplementation on S. salar energy metabolism in vivo and in vitro via polyamine 

activation. In both cases, results showed that high arginine enhanced fish energy metabolism, 

revealed by decreased glucose, lactate, and fumarate; and increased lysine levels and survival in 

S. salar hepatocytes, independent of polyamine activation (Andersen et al., 2014). A follow-up 

plasma and liver LC-MS study demonstrated that supplementary arginine downregulated plasma 

valine due to use in energy metabolism. Downregulated plasma vitamin D3 suggested use in 

activated nitric oxide production or insulin production. Elevated liver biliverdin indicated 

oxidative stress as revealed by increased oxidised glutathione and prostaglandin F2 alpha methyl 

ether. Results suggested the link between dietary arginine, vitamin D and haemoglobin 

degradation to biliverdin to abate oxidative damage (Andersen et al., 2015).    

Metabolomics has gained use in the search for alternatives to plant-based aquafeed 

ingredients. With FM-based protein sources being a major issue in aquaculture, a recent study by 

Roques et al. (2020a) highlights how metabolomics can be used to contribute to solving this 

challenge. Investigators  used 1H-NMR to assess the effect of increasing insect protein 

hydrolysates in a plant-based diet on O. mykiss feed utilisation using muscle, liver and plasma 

samples. Results revealed a dose-dependent increase in plasma, muscle, and liver metabolites 

involved in protein biosynthesis and energy metabolism. In agreement, there were observable 

differences in body weight, feed intake and utilisation with increasing inclusion levels of insect 

protein hydrolyte. Researchers concluded that insect protein hydrolysate can replace plant-based 
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protein sources in fish diets due to superiority in free dietary AAs and peptides required in protein 

biosynthesis and energy metabolism (Roques et al., 2020a).  

In a similar contribution, Roques et al. (2020b) studied the metabolic effects of increased 

supplementary protein-rich baker's yeast (Saccharomyces cerevisiae) fractions (5, 10 and 15%) 

in a plant-based diet via the liver, muscle, and plasma 1H-NMR analysis. Results showed 

increased muscle aspartate and glucose, while asparagine decreased in fish supplemented with 

10% yeast protein. Both metabolites are precursors of oxaloacetate, used in the citric acid cycle 

where glucose is a major energy molecule. Thus, 10% yeast enhanced muscle energy production. 

Investigators achieved maximal glutamate in the liver at 5% yeast inclusion. Glutamate being a 

precursor for α-ketoglutarate used in the citric acid cycle, suggested optimal liver energy 

metabolism at lower yeast inclusion levels. Increased liver betaine with yeast supplementation 

suggested restoration of osmotic balance. Reduced plasma and muscle histidine with increased 

yeast inclusion proposed that a plant-based diet disturbed histidine metabolism, which is required 

to regulate buffering in plant-based diets. They concluded that, yeast provides EAA required in 

protein biosynthesis and energy metabolism, which corresponded with substantial increases in 

body weight and feed utilisation at higher yeast inclusion compared to controls (Roques et al., 

2020b).  

In summary, these studies demonstrate the potential of discovery-based metabolomics 

towards elucidating the beneficial effects of dietary supplements and plant-based protein 

alternatives (e.g., on energy production and protein biosynthesis to support somatic growth and 

fish health). Observed metabolic effects corresponded with phenotypic changes. These 

approaches establish the potential of metabolomics as a complementary tool to optimise 

aquaculture nutrition to boost production and health parameters.        

2.6.3.2 Effects of fishmeal (FM) and fish oil (FO) replacement  

The continued decline in global capture fishery, the high cost, and limited availability of 

FM and FO are likely to affect aquaculture production (Malcorps et al., 2019; Shepherd & 

Jackson, 2013). Over the past twenty years, research into alternative plant-based ingredients has 

reduced over-reliance on seafood ingredients. Plant-based protein sources alone have 

antinutritional factors and cannot be standalone substitutes for carnivorous fish (Roques et al., 

2018c). This has driven the need to search for nutritional, low-cost and sustainable ingredients 

for complete or partial FM and FO replacement (Camargo et al., 2020). Metabolomics can reveal 

physiological influences of new and novel fish feed ingredients aimed at substituting FO and FM 

(Roques et al., 2018c).     

Abro et al. (2014) used 1H-NMR spectroscopy to explore the effect of complete FM 

replacement with zygomycetes (Rhizopus oryzae) biomass or commercial diet of unknown 

composition in S. alpinus liver. There were no differences in metabolic profiles between fish fed 

FM, and zygomycetes biomass. Fish fed FM and zygomycetes biomass had elevated asparagine, 

creatine, SN-glycero-3-phosphocholine, and formate than those fed on the commercial diet. There 
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was increased acetate and choline in fish fed FM than zygomycetes, and lysine, beta-alanine, 

glucose, and inosine in the zygomycetes than the commercial diet group. Results showed that FM 

and zygomycets have sufficient free AAs, such as choline to support protein biosynthesis and 

creatinine to enhance muscle ATP energy supply. Beta-alanine regulates oxidative stress and its 

metabolic involvement in the malonate semialdehyde pathway explains a higher abundance of 

acetate in zygomycetes fed fish. Metabolomics proved that zygomycetes biomass provided 

comparable physiological responses with FM in S. alpinus liver, while the commercial diet was 

inferior (Abro et al., 2014). Muscle NMR showed that 20% R. oryzae zit 102 FM replacement 

diet upregulated lactate and downregulated creatine and anserine in S. salar (Bankefors et al., 

2011). 

Researchers have also investigated partial FM replacement metabolic effects with several 

protein sources. In a model O. mykiss, liver 1H-NMR metabolomics showed that FM replacement 

with higher inclusion levels of feather meal elevated glucogenic BCAA, tyrosine, methionine, 

arginine, and phenylalanine, oxidative products, and induced AA racemisation. Metabolomics 

established that elevated feather meal inclusion disturbed fish energy metabolism and ATP 

production via the citric acid cycle, while lower inclusion levels may be acceptable (Jasour et al., 

2017). Likewise, the physiological effects of 40% FM replacement with either mussel meal, 

zygomycetes fungi, extracted baker’s yeast, or non-extracted baker’s yeast on liver and muscle 

lipid and metabolite profiles were studied using 1H-NMR (Wagner et al., 2019). Results showed 

that non-extracted baker’s yeast elevated muscle and liver betaine involved in energy metabolism 

and promoted N, N-dimethylglycine, and methionine metabolism. Zygomycetes enhanced liver 

levels of phosphocholine and phosphatidylcholine involved in phospholipid metabolism. 

Extracted baker’s yeast elevated muscle levels of proline involved in oxidative regulation, while 

increase in BCAA suggested high protein energy catabolism. In muscle of fish fed mussel meal, 

higher 3-aminoisobutyric acid is important in BCAA metabolism, while elevated malonic acid is 

involved in pyrimidine and FA metabolism. Pyrimidine is a substrate for 3-aminoisobutyrate. The 

results demonstrated ingredient specific metabolic effects in liver and muscle with the least effect 

observed with mussel meal, a suitable ingredient to replace FM in S. alpinus (Wagner et al., 2019). 

 Physiological effects of combined FO and FM (Cheng et al., 2016a) or singular FO 

(Ruyter et al., 2019) replacement in salmon diets have also been investigated. The use of 

decontaminated Baltic sea-sourced alternative FO and FM were explored in S. alpinus liver and 

muscle using 1H-NMR (Cheng et al., 2016a). Findings showed that, liver levels for BCAA, 

alanine, beta‐alanine, glucose, glycine, methionine, phenylalanine, and tyrosine were elevated in 

fish fed contaminated FM and FO. These data suggested the presence of contaminants in Baltic 

sea-sourced raw ingredients as evidenced by disturbance to protein and energy intermediates of 

the citric acid cycle. Elevated liver choline indicate disturbance to phospholipid metabolism and 

possible oxidative damage. They observed further evidence for disturbance to energy metabolism 

as decreased and increased glucose and pyruvate in the muscle of fish that received contaminated 
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FO and FM. Decontaminated Baltic Sea-sourced alternative FO and FM reduce disturbances in 

normal energy homeostasis and hepatic toxicity. Findings showed the novelty of metabolomics 

approaches in the search for alternative fish feed ingredients (Cheng et al., 2016a). 

Ruyter et al. (2019), investigated the potential use of engineered omega-3 Canola oil, rich 

in DHA and alpha linoleic acid (ALA) as a FO replacement in diets for S.salar fingerlings. Muscle 

GC-MS fatty acid analysis and liver lipidomics established that omega-3 rich Canola oil (DHA-

CA) fed fish exhibited similar muscle EPA+DHA content as those that received FO. 

Metabolomics guided researchers to the conclusion that DHA-CA can replace FO in juvenile S. 

salar diets as a source for DHA. In the liver, the DHA-CA diet enhanced levels for omega-3 ALA 

and a higher DHA: EPA ratio. Results demonstrated the potential use of metabolomics strategies 

in the innovative global search for FO alternatives (Ruyter et al., 2019).  

To summarise, metabolomics can provide valuable information on physiological effects 

following complete or partial FM replacement with novel nutritional protein ingredients. Effects 

of replacing FO with different FA sources in salmon feed further demonstrate the potential 

metabolomics may hold in the search for sustainable alternatives to FM and FO ingredients. 

2.6.4 Postharvest quality 

Quality assurance is an important aspect in aquaculture and is likely to gain attention 

because of the long-held belief that wild fish is of superior quality to farmed counterparts (Ma et 

al., 2020). Aquaculture farms must guarantee quality along various points of the value chain. 

Metabolomics strategies can be employed for postharvest quality management of fish 

(Samuelsson & Larsson, 2008; Shumilina et al., 2018; Shumilina et al., 2016). 

Studies on fish quality build on fundamental targeted metabolomics profiling performed 

using GC-MS, LC-MS, HR-MAS-NMR, and DART-HR-MS for hypothesis testing purposes. The 

techniques have been used in salmonids to: quantity muscle total lipids, omega-3, DHA, and EPA 

content (Aursand et al., 2008; Aursand et al., 1993; Cai et al., 2014; Nestor et al., 2010), 

authenticate farmed fish and assign origin (Aursand et al., 2009; Axelson et al., 2009; Fiorino et 

al., 2019; Ghidini et al., 2019b; Ghidini et al., 2019a; Totland et al., 2017), identify freshness and 

quality indicators of K-value and trimethylamine nitrogen (TMA-N) (Heude et al., 2015), lipid 

species during chilled storage (Fiorino et al., 2018), and detect dye residues (Dubreil et al., 2019). 

Practical applications of metabolomics strategies to authenticate, monitor, and regulate the quality 

of farmed salmonids follow below.   

In their study, Gribbestad et al. (2005) developed an 1H-NMR protocol for the 

classification and authentication of S. salar. The platform enabled identification of individual 

AAs, hypoxanthine, FAs, anserine, and lactate, indicative of nutritional composition and quality 

of whole S. salar and muscle tissue, with high potential to validate fish (Gribbestad et al., 2005). 

This 1H-NMR protocol is of particular importance as it can allow farmers and processors to 

classify whole fish or fillets and consumers to make choices based on nutritional value. The 

method also allows easy traceability and authentication of salmon products to prevent 
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mislabelling of farmed as wild in the market. Based on targeted methods used to distinguish 

farmed and wild salmon, 1H-NMR was used to examine the effect of salmon feed on wild saithe 

(Pollachius virens), (Maruhenda Egea et al., 2015). Liver and muscle metabolomics revealed 

higher lactate, glutamine, glutamate, and alanine in wild P. virens caught around salmon farms. 

Cage foraging wild P. virens also had reduced choline and glucose levels compared to control 

wild fish, because of limitations in the salmon feed they consumed. Results suggested that wild 

P. virens caught near farms obtained most of their food from lost pellets and/or salmon faeces. 

This reflected the difference in tissue metabolic profile between the two groups. Elevated lactate 

and AAs indicated lactic acid anaerobic fermentation due to insufficient oxygen transport to fish 

tissues in cage foraging wild P. virens (Maruhenda Egea et al., 2015). Findings showed the 

novelty of metabolomics approaches to our understanding of the potential physiological effects 

of aquaculture on wild fish stocks. 

In addition, a 1H-13C-NMR approach was used to monitor post-mortem spoilage in S. 

salar fillets stored at 0°C and 4°C, at day 0, 2, 4, 7, 10 and 14 (Shumilina et al., 2015). Fillet 

NMR profiling found 49 metabolites, suggestive of autolytic and microbial spoilage under chilled 

storage. Fillets stored at 4°C showed faster reduction in glutamate and glycine over the storage 

period, which signified microbial degradation. Histidine, beta-alanine, and 1-methyl-histidine 

breakdown were higher at 4°C than at 0°C due to autolytic spoilage. Meanwhile, increased acetic 

acid and succinic acid, ethanol, and 2, 3-butanediol at 4°C indicated microbial sugar fermentation. 

In addition, fillets stored at 4°C showed higher ATP breakdown K-value, and increased 

conversion of trimethylamine oxide (TMAO) to trimethylamine (TMA) than fillets stored at 0°C. 

Breakdown of tyrosine and lysine resulted in a specific increase of odorous tyramine and 

cadaverine in fillets stored at 4°C (Shumilina et al., 2015). LC-MS unravelled spoilage of farmed 

S. salar fillet and tuna during chilled storage. Metabolomics identified TMA as a spoilage 

biomarker, while a decrease in glucose followed by an increase in organic acids pointed to 

bacterial sugar fermentation. Thus, dominant bacterial genus Photobacterium converted tissue 

TMAO to elevated TMA and utilised glucose as a carbon source to enhance spoilage during 

chilled storage of vacuum-packed S. salar (Jääskeläinen et al., 2019). 

Recently, 1H-NMR metabolomics distinguished fresh from frozen-thawed S. salar fillets. 

Metabolomics identified aspartate as a biomarker that discerned frozen/thawed from fresh S. salar 

fillets. Increased aspartate in frozen/thawed fish was due to enhanced leakage and activity of 

aspartate aminotransferase (AAT) which transfers an amine group from 2-oxoglutarate to L-

aspartate. Results suggested the potential use of metabolomics in routine fish quality management 

and monitoring (Shumilina et al., 2020).   

Dubreil et al. (2019) developed an LC-MS protocol to identify biomarkers for illegal dye 

exposure in model O. mykiss. Tissue metabolite analysis detected triarylmethane like 

leucomalachite green (LMG) or deethyl-leuco-victoria pure blue BO (DLVBPO) in O. mykiss 

muscle and liver as dye residues. While victoria pure blue BO enhanced glychodeoxycholate, 
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malachite green reduced taurodeoxycholic acid, bile acids, which were identified as biomarkers 

for dye exposures (Dubreil et al., 2019). For a typical industry example, a study by Dubreil et al. 

(2020) demonstrates how metabolomics can help to regulate illegal chemicals in aquaculture. In 

this study, LC-MS was used to investigate the metabolism and tissue distribution of victoria pure 

blue BO over a 24 h exposure in O. mykiss and identify residue markers for illegal use. Results 

showed elevated VPBO in muscle, liver, skin, and plasma, with maximum levels in plasma and 

liver 2 h post-exposure. Following 64 days of depuration, elevated VPBO levels were detected in 

muscle and skin, and the compound DLVPBO was identified as a residue biomarker for exposure 

(Dubreil et al., 2020). Results further showed that metabolomics can be used by regulators to 

detect biomarkers suggestive of illegal chemical treatments in aquaculture products. 

Overall, it is likely that metabolomics will be embraced as an effective management tool 

along the various points of the value chain to control chemical residues and product adulteration.     

2.6.5 Health risks and disease 

With the need to increase aquaculture to complement capture fishery landings, fish 

pathogens have emerged and caused heavy industry losses (Fazio, 2019). Alongside traditional 

diagnostic tools, metabolomics has enabled the discovery of pathogen-associated biomarkers (Liu 

et al., 2016) and amelioration strategies devised (Gong et al., 2020; Yang et al., 2020). 

Metabolomics has also enabled discovery of drug resistance biomarkers (Xu et al., 2019) and is 

used to explore underlying mechanisms (Jiang et al., 2020). Among salmonids, we found a 

handful of papers on this theme. In subsequent sections, we showcase the effectiveness of 

metabolomics in unraveling host-pathogen responses in farmed salmonids.   

The first study employed 1H-NMR to investigate the effect of A. salmonicida on S. salar, 

plasma metabolome 21 days post-infection (Solanky et al., 2005). Plasma spectra revealed that 

fish that survived A. salmonicida had reduced levels of triglycerides, LDL, phosphocholine, 

increased VLDL, cholesterol, and choline-based residues, with minor changes to AAs, and 

carbohydrates. A. salmonicida disturbed phospholipid metabolism and induced background 

effects on energy and protein metabolism and muscle activity. Thus, metabolomics may aid early 

disease diagnosis and enhance our understanding of poorly studied host-pathogen interfaces 

(Solanky et al., 2005). 1H-NMR was used to examine the pathogenesis of A. salmonicida in S. 

salar kidney (Liu et al., 2016). Authors found significant deviations in levels for fumarate, 

alanine, valine, glycine, aspartate, choline, glycerophosphocholine, and betaine in infected fish at 

seven and 14-days post-infection. Detected metabolites are involved in pathways for citrate, 

glycolysis, tryptophan, and urea metabolism. Thus, A. salmonicida induced inflammation, 

inhibited AA absorption, disturbed protein biosynthesis and normal cell metabolism to favour 

own growth (Liu et al., 2016).  

Viral pathogens are a major problem to salmon farming in many countries (Anderson, 

1996; Diggles, 2016). Despite the scale of the problem, there are no metabolomics studies into 

mechanisms of viral pathogenesis in salmonids. However, research on salmonids may benefit 
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from preliminary observations made in other teleosts (Cho et al., 2017). Thus, we adapted a study 

that applied metabolomics to investigate viral effects in farmed crucian carp (Carassius auratus). 

Here, Tang et al. (2019) used LC-MS to study the mechanism of Cyprinid herpesvirus 2 (CyHV-

2) in C. auratus serum. Investigators compared the metabolic profiles of infected dying fish and 

healthy C. auratus within seven days. Serum metabolite analysis revealed 75 differentially altered 

molecules between the dying and healthy animals. Serum metabolomics revealed elevation in 

levels of carbohydrates, FAs, AAs, and AA-associated metabolites in infected C. auratus. Results 

suggested that viral infection altered energy production by upregulating glycolytic, AA and 

phospholipid metabolism, to serve own replication (Tang et al., 2019). Findings demonstrate the 

in vivo infection mechanism of a viral agent which may be important in developing disease control 

and prevention strategies.  

Among salmonids, recent studies with O. tshawytscha used GC-MS to explain 

physiological effects following in vivo administration of polyinosinic: polycytidylic acid [poly 

(I:C)] (Lulijwa et al., 2020a, 2020b). The first study investigated the response mechanisms to poly 

(I:C) 24 h post-stimulation. Serum metabolite analysis identified the downregulation of glycolytic 

carbohydrates and elevated levels for metabolites involved in BCAA/glutathione and 

phospholipid metabolism (Lulijwa et al., 2020a). The second study profiled liver and serum 

responses to poly (I:C) in vivo, 0-5 days post-administration (Lulijwa et al., 2020b). Metabolomics 

identified elevated liver and serum compounds involved in BCAA metabolism at day 1 and return 

to normal by day 5. Liver and serum metabolites involved in glycolysis were downregulated 

throughout the post-exposure period, while liver phospholipid metabolism fluctuated over the 

post-exposure period (Lulijwa et al., 2020b). Results revealed that poly (I:C) in vivo induced viral 

mimics in O. tshawytscha aimed at host-metabolome reprogramming to favour viral replication 

as noted in fish (Schiøtz et al., 2009).    

In summary, metabolomics approaches may be an important tool in early disease 

diagnosis and will contribute to our understanding of host-pathogen relationships for poorly 

known viral, bacterial, fungal, and parasitic pathogens, common in the salmon farming industry.    

2.6.6 Husbandry practices   

With increasing consumer interest in farmed animal welfare, better knowledge of 

husbandry practices on fish welfare is gaining attention (Raposo de Magalhães et al., 2020b). 

Aquaculture farms aim to keep animals under optimal physiological conditions to achieve faster 

growth and meet production targets. Using metabolomics to unravel welfare biomarkers is a 

promising tool with great potential for optimising zootechnics and production.     

2.6.6.1 Hatchery and broodstock management 

Metabolomics holds the potential for improving hatchery husbandry practices. The 

approach has already been used in teleosts to identify biomarkers for sexual maturity (Zhou et al., 

2017), segregate fish sexes (Ekman et al., 2015), assess gamete quality and maturation (Dietrich 

et al., 2019; Gribbestad et al., 2005; Xu et al., 2016; Yi et al., 2020), monitor growth and 
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developmental changes (Huang et al., 2013) and discover critical ovary development nutrients 

(Leng et al., 2019; Zhu et al., 2020).  

We retrieved three studies in salmonids with a focus on this subject. Dietrich et al. (2019), 

compared O. mykiss and common carp (Cyprinus carpio) seminal plasma quality. Adipic acid, 

picolinic acid, homocitrulline and niacin were identified as O. mykiss specific seminal plasma 

metabolites. Most metabolites were identified to participate in oxidative stress regulation, energy 

metabolism and production, sperm cell apoptosis and survival, osmoregulation, and inflammation 

via free radical scavenging (Dietrich et al., 2019). Metabolomics may thus allow specific 

biomarker-based quality assessment of semen prior to cryopreservation for subsequent 

aquaculture use in seed multiplication or stock enhancement programmes (Dietrich et al., 2019). 

Second, CE-MS metabolomics revealed elevated muscle glycolysis in transgenic O. kisutch as a 

good biomarker for increased carbohydrate utilisation to supply energy in rapidly growing 

engineered salmon (Nakano et al., 2019). In the third study, 1H-NMR profiling demonstrated 

potential to aid the identification of fillet and whole fish nutritional value biomarkers important 

in selective breeding programmes (Gribbestad et al., 2005). In this review, these two studies 

presented the only evidence of potential metabolomics application in salmon breeding, an 

approach that could benefit industry by boosting the discovery of biomarkers for favourable traits. 

This is an emerging area of metabolomics research in salmonid aquaculture and the 

number of studies is expected to increase with time. Metabolomics is a useful tool that may be 

adapted to aid the design of selective breeding programmes for enhanced salmon performance 

and production. 

2.6.6.2 Effects of handling stress  

Although metabolomics studies on farmed fish welfare are scarce, research highlighting 

the effects of handling practices is emerging. The following papers reveal how metabolomics has 

enabled the study of physiological mechanisms of handling stress. Among salmonids, the first 

study used 1H-NMR spectroscopy to assess the physiological effects of long-term daily netting 

for 15 s to S. salar (Karakach et al., 2009). Plasma metabolomics established that long-term 

handling stress, upregulated and downregulated levels for LDL, VLDL, and lipids at week one 

and two, which suggested changes to lipid and phospholipid membrane metabolism. Elevated 

plasma levels for TMAO depicted lipid metabolism, while increased valine, alanine, 

carbohydrates, and lactate at week two suggested stress. Higher lactate and AAs were used as 

glucose precursors, to replenish the energy needed to cope with handling stress (Karakach et al., 

2009).  

In a pioneering study, Young et al. (2019) used GC-MS to assess the effects of acute 

handling, euthanasia, and sedation on O. tshawytscha plasma metabolome. Results revealed that 

acute stress disrupted plasma osmoregulation, induced anaerobic metabolism, altered protein 

metabolism, and changed ammonia recycling. Sedation with clove oil and AQUI-S anaesthetics 

induced spikes in plasma glycolytic, respiratory, citric acid cycle carbon flux, and FA profile, all 
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indicative of mild stress activation. The study signified the need to standardise fish handling 

practices when taking samples for physiological assessments and during routine husbandry 

practices (Young et al., 2019).  

NMR was used to investigate the  physiological effects of clove oil in O. mykiss (Rahimi 

et al., 2020). Plasma metabolite PLS-DA modelling established that clove oil elevated levels for 

valine, isoleucine, creatine, N, N-dimethylglycine, and glucose, while N-acetylglucosamine and 

succinate were downregulated. Results suggested that clove oil induced changes in fish energy, 

AA, and phospholipid metabolism (Rahimi et al., 2020).  

In an exemplary industry study, Lazado et al. (2020) used LC-MS to investigate the 

effects of low and high doses of therapeutic exposure to peracetic acid for 5 min, and re-exposure 

for 30 min two weeks later on S. salar metabolome. External welfare assessments including 

damage to the skin, pectoral fin and dorsal fin were not compromised by the peracetic acid doses 

used at both exposure times. Plasma metabolite analysis yielded no major effects of peracetic 

acid. However, individual metabolite examination revealed that oxidative stress regulatory 

tryptophan, methionine, citrulline, histidine, and trans-4-hydroxyproline, were perturbed 

irrespective of dose. This demonstrated a response mechanism by fish to increased release of 

reactive oxygen species in the water following exposure to the oxidant. Thus, peracetic acid did 

not induce strong systemic changes, re-enforcing its chemotherapeutic use in S. salar production 

as an oxidising therapeutic agent to improve culture conditions, prevent infection and promote 

welfare (Lazado et al., 2020). 

Taken together, these studies suggested that novel metabolomics approaches may aid our 

understanding of metabolic effects induced by daily fish handling practices at the farm level, with 

an eventual contribution to future welfare improvement and production optimisation.   

2.6.6.3 Effects of starvation 

Starvation is a practice used to manage fish stocks prior to grading, harvesting and 

slaughter or marketing (Bugeon et al., 2004). Starvation also limits water quality deterioration 

during transport (Caruso et al., 2012). In temperate regions, fish are starved in winter by lowering 

their metabolic activity to conserve energy (Echevarrı ́a et al., 1997). Starvation induces the use 

of glycogen, lipid, protein, and liver gluconeogenesis in teleosts. In the first 90 days of starvation, 

fatty fish show increased lipid metabolism and white muscle protein catabolism, while lipid 

metabolism dominates in lean fish. From 91 to 150 days, fatty fish resort to carbohydrate 

metabolism, while lean fish utilize protein due to lipid and carbohydrate exhaustion (Echevarrı ́a 

et al., 1997). The starvation process involves a short transition period, a long protein conservation 

phase where lipids are used for energy, and a protein-energy catabolic state. The shift from lipid 

to protein catabolism is determined by the critical fat levels, which range between 0.7-5.0% (Bar, 

2014). Metabolomics is used in farmed teleosts to investigate effects of short-term (Baumgarner 

& Cooper, 2012; Jiao et al., 2020; Kokushi et al., 2011; Kullgren et al., 2010; Mekuchi et al., 

2017) and long-term (Cipriano et al., 2015; Gillis & Ballantyne, 1996; Segner et al., 1997) 
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starvation, albeit with a paltry number of studies involving salmonids. Once again, this is an 

emerging area of interest in salmonids, and papers are anticipated to increase over time. 

Investigating short-term starvation effects, Kullgren et al. (2010), deprived O. mykiss 

juveniles of food for 28 days. Plasma, muscle, and liver metabolites were analysed by 1H-NMR 

metabolomics. Plasma results showed increased and decreased levels for VLDL and HDL, 

respectively. Results confirmed lipid involvement in energy metabolism during fasting. 

Starvation also elevated muscle levels for alanine, which suggests protein catabolism to support 

liver glycogen levels. In the liver, glycogen increased in fasted fish signified a metabolic strategy 

to cope with fasting (Kullgren et al., 2010). The study showed the importance of metabolomics 

in understanding physiological state during periods of limited food availability such as during 

winter and under routine husbandry practices of fasting prior to grading and harvesting.  

In addition, tandem GC×GC-MS was used to test the effect of starvation on O. mykiss 

serum, liver, and muscle metabolism. Starvation downregulated serum LC-FA levels for 

octadecanoic acid, tetradecanoic acid, PUFAs of arachidonic acid (ARA), DHA and several short-

chain fatty acids (SC-FA). Serum levels of alanine, glutamine, glycine, and serine also decreased 

in starved fish. Observed FA and AA results indicated use in energy metabolism. In the liver, 

starvation upregulated levels for oleic acid and tetradecanoic acid, while depleted octadecanoic 

acid and pentanoic acid suggested selective hepatic lipid energy catabolism during starvation. 

Starvation also elevated liver levels for methionine, proline, and lysine by-product 2-piperidine 

carboxylic acid suggestive of increased hepatic protein catabolism. Starvation induced muscle 

differential lipid metabolism as demonstrated by depleted levels for hexadecanoic acid and 

elevation of octadecanoic acid and tetradecanoic acid (Baumgarner & Cooper, 2012). Findings 

divulge the effectiveness of metabolomics in whole salmon physiological assessments. 

Long-term starvation (>30 days) effects have also been examined. Cipriano et al. (2015), 

used GCxGC-MS to compare serum metabolomes of a cohort of inappetent sea-run and captive 

S. salar. Serum profiling found no starvation stress (ketosis) in inappetent fish. However, sugar 

alcohols and omega-9 monounsaturated FAs were elevated, while long chain polyunsaturated 

fatty acid (LC-PUFA) of EPA, DHA, and ALA were downregulated in inappetent fish. Findings 

suggested differential FA metabolism for energy during fasting; while depleted serum BCAA 

proposed general use in proteolysis to support energy demands in inappetent S. salar. Diminished 

alanine and other AA alterations reflected changes to metabolism and biosynthesis (Cipriano et 

al., 2015). The paper demonstrated the usefulness, suitability, and sensitivity of metabolomics in 

unravelling physiological mechanisms in salmonids under less known conditions.  

In salmonids, lipid reserves in the mesentery, muscle and liver serve in sequence as depots 

for energy metabolism and production (Sheridan et al., 1985). Overall, the literature suggested 

that metabolomics is a suitable tool for understanding the effects of starvation practices on FA, 

protein, and glycogen metabolism in salmonids.  
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2.6.7 Areas for improvement in salmonid metabolomics 

In less than two decades since initiation in salmonid aquaculture research, metabolomics 

has shown to have a huge potential to enhance our understanding of salmonid physiology and 

metabolism. We envision that metabolomics will help to hasten the process involved in 

identifying sustainable solutions to some of the industry’s growing list of challenges. We 

identified some research gaps and future research directions in this regard. 

NMR and MS-based platforms coupled to chromatography were the most popular, with 

multi-platform use being rare. Application of multiple platforms and other instruments (e.g., CE-

MS, and DFI-MS) may broaden the repertoire of detectable metabolites. While platform selection 

is often driven by funding limitations and/or instrument availability, efficient experimental 

designs may overcome some of these difficulties. For instance, a clear study goal with a budget 

in mind will direct sample choice (e.g., plasma or serum), size and the appropriate analytical 

platform (Young & Alfaro, 2018). We highly recommend that future studies involve the use of 

two or more analytical platforms for discovery-based metabolomics projects. Among omics, 

metabolomics generally receives the least funding, and more equitable distribution would enhance 

the immense value this approach brings onboard (Pinu et al., 2019). To fast-track industry uptake, 

institutional collaborations need to be enhanced, while manufacturers should focus in part on the 

development of handheld or bench top instruments for field application (Giraudeau, 2020).  

Salmon muscle, liver and plasma were the most common sample types in metabolomics 

research. However, studies in other teleosts have established the use of non-invasively collected 

skin mucus and stool samples (Ekman et al., 2015; Hano et al., 2021). While the use depends on 

the specific research question, such samples may provide informative data, for repeated measures 

and temporal studies. Meanwhile, lack of specificity for liver, kidney, muscle, and brain sampling 

locations may also make data verification difficult since organ metabolomes are heterogeneous 

by nature. There is also the need for streamlining sampling and laboratory sample processing 

protocols. This is due to the wide variation in how researchers handle fish prior to or during 

sampling. For instance, recent studies have shown that the use of sedatives and handling stresses 

prior to sampling alter the fish metabolome which may affect interpretation of results (Rahimi et 

al., 2020; Young et al., 2019). Furthermore, the lack of standardisation can make cross-study 

comparisons difficult. Thus, standardisation of pre-sampling protocols and best-practice reporting 

in fish metabolomics is still an area for improvement. The Metabolomics Standards Initiative 

provides general guidelines for this purpose (Fiehn et al., 2007), and the use of the ARRIVE 

guidelines (Kilkenny et al., 2010) for fish-based research should be implemented during the 

design and reporting stages. 

Salmonid ecotoxicology literature is underrepresented regarding studies investigating the 

effects of current use pesticides and microplastics (Chen et al., 2020; Vázquez et al., 2021). 

Although their toxicities may be established from other biological endpoints, metabolomics may 

provide insights at a species and/or environment-specific level. In addition, the biodegradation 
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mechanisms of sex reversal hormones used in commercial salmon production is another area 

falling within this research theme where metabolomics could deliver value (Judycka et al., 2021). 

A changing physical environment due to climate change is of concern in many regions 

where water temperatures already are close to or fluctuate at the boundary of thermal limits for 

different species. As salmon aquaculture grows, extending our reach into new regions and climes 

necessitate detailed understanding of fish resilience to changes in key physico-chemical 

parameters (Melis et al., 2017; Wen et al., 2019). We may feed metabolomics resilience data into 

selective breeding programmes. In addition, studies of synergistic effects of starvation/nutrition 

and thermal stress (Chauton et al., 2015; Jiao et al., 2020; Silva et al., 2014) at metabolic levels 

are important aspects to investigate. These approaches may provide scope to better design winter 

diets aimed at enhancing growth and pathogen resistance. 

Nutritional studies showed that single cell proteins (Molnár & Pal, 2020), functional feeds 

(Encarnação, 2016), supplementary choline (Hansen et al., 2020), tryptophan (Cerqueira et al., 

2020), taurine (G. Shen et al., 2018; Shen et al., 2019), and methionine (Espe et al., 2008) benefits 

fish health and wellbeing. However, the precise mechanisms are not resolved and is an area where 

salmon metabolomics could provide insights. Metabolomics also offers novelty to identify 

sustainable FO/FM replacement ingredients (Jin et al., 2015; Schock et al., 2012; Watson et al., 

2020). In addition, use of proton or carbon (1H or 14C) labelled supplements in metabolomics 

could allow precise tracking of these additives. Thus, metabolic flux remain unexploited in 

aquaculture nutrition (Lee & Go, 2005).  

Biochemical characterisation of farmed salmon will help to rectify the long held belief 

that wild fish is of superior quality to farmed counterparts (López-Mas et al., 2020; Ma et al., 

2020). Another interesting field of research regards the metabolic profiling of vegetable oil FAs 

effects on salmon metabolome and fillet texture. Studies with targeted approaches have linked 

high aqua-feed inclusion levels of vegetable origin ALA with fillet softness and gapping in farmed 

fish (Torgersen et al., 2014; Totland et al., 2017). Metabolomics may also aid characterisation of 

bioactive compounds of nutritional or medical value from farmed fish by-products or waste.  

Identification of disease-specific biomarkers and mechanisms could enable design of 

amelioration strategies to enhance fish resistance against pathogens. Functional roles of 

metabolites may be exploited to identify prospective drugs or critical metabolites for rectifying a 

pathology through metabolome reprogramming (Peng et al., 2015a). Metabolome reprograming 

involves exogenous administration of the key metabolites to normalise a pathological state, with 

subsequent improvement of the biological phenotype (Peng et al., 2015b). The strategy remains 

under researched in salmonids and offers a more sustainable and greener strategy for managing 

aquaculture pathogens when compared to antibiotic prophylaxis and therapy. 

Husbandry metabolomics offers huge potential in salmonid breeding and production 

improvement, similar to application in terrestrial animals (Goldansaz et al., 2017). For instance, 

metabolomics can be used to identify biomarkers of importance to gamete quality and 
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development, broodstock fecundity, critical larval nutrition, and enhanced survival. 

Metabolomics may also aid discovery of biomarkers for fast growth, feed efficiency, and fillet 

yield, helping to shape breeding programmes. Despite its limited use in salmon breeding 

programmes (Gribbestad et al., 2005; Nakano et al., 2019), integration with genomics data can 

enhance desirable trait prediction accuracies (Goldansaz et al., 2017). Further integration of 

metabolomics data with methylome (epigenetics) data (Gavery & Roberts, 2017) may unearth 

novel environmental mechanisms of aquaculture value. In addition, studies on handling stress 

may focus on identifying biomarkers of different culture systems, environments, and daily 

husbandry practices to improve welfare and optimise performance. 

Although metabolite structures are the same across taxa, metabolic pathways can differ, 

even if subtly between vertebrates at species level (Palma et al., 2019). Some studies used 

databases constructed for human metabolism to aid analysis and interpretation of findings. Using 

such databases may lead to spurious findings when assessing metabolomics data in fish models 

at the biochemical pathway level. However, increasing availability of fish metabolite data should 

facilitate development of a fish metabolome database akin to the existing proteomic and genomic 

databases such as MetaFishNet (Li et al., 2010) and The Livestock Metabolome Database 

(Goldansaz et al., 2017). Coordination across major laboratories will enable identification of the 

growing list of unknown metabolic features. This approach will enable aquatic scientists to 

improve their accuracy and precision regarding synthesis and interpretation of fish metabolomics 

data.    

2.6.8 Conclusions  

Metabolomics can provide insights into physiological processes via identification of 

metabolites responsible for differences in individual fish exposed to a specific stimulus. 

Metabolomics has evolved over the last couple of decades with improvements in analytical 

platforms and computation. To enhance our knowledge of the salmon metabolome and increase 

industry benefit, future studies need to increase the use of MS-based platforms, adopt NMR 

innovations, and ideally employ multiplatform use in discovery-based studies. To enhance 

industry uptake, institutional collaborations need to be enhanced, while manufacturers should 

focus in part on the development of handheld or benchtop NMR  instruments for field application 

(Giraudeau, 2020; van Beek, 2021). Adoption of non-invasive sampling will be very useful in 

longitudinal and repeated measures studies. Researchers will also have to streamline pre-sampling 

and sample processing protocols and embrace standard reporting guidelines. We propose studies 

on current use pesticides, sex reversal hormones and toxin amelioration strategies. Others should 

focus on mechanisms of climate change adaptation, starvation, functional feeds, dietary 

supplements, bioactives, alternatives to FM/FO, and incorporate metabolic flux analysis. 

Metabolomics can also be used to characterise farmed products, including effects of vegetable 

oils on fillet quality. Other areas include studying host-pathogen interactions and metabolome re-

programming. In husbandry, researchers should place emphasis on identification of biomarkers 
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for welfare and predicting major production traits via integration with epigenetics and genomics 

tools. Laboratory coordination should facilitate establishment of a fish metabolome database and 

enable identification of unknown features. These will help aquatic researchers improve on 

accuracy and interpretation of metabolomics findings. 
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3 Chapter 3: Literature Review 2. Advances in Salmonid Fish Immunology: a 

review of lymphoid tissue and peripheral blood leucocytes methods and 

techniques. 

 
 
 
 
 
 
 
 
 
 
 

 

Graphical representation of the techniques used to isolate salmonid leucocytes for assaying.  
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3.1 Prelude to literature review  2  

Rapid aquaculture development has come with the emergence of previously less known 

aquatic pathogens, driving the need for developing immunological techniques in aquaculture. Fish 

health assessments are routinely accomplished for instance using lymphoid and peripheral blood 

mononuclear cells (PBMCs) functional assessments. But despite several researchers analysing 

and interrogating published literature on fish immunology, there has been less focus towards 

reviewing literature on the use of salmonid isolated lymphoid leucocytes and PBMCs in 

immunological studies. Indeed, previous reviews focussed on characterisation of the fish mucosal 

immunity and immune system development. Others focussed on the fish innate humoral 

immunity, profiling granulocytes, understanding of macrophage biology and defence 

mechanisms, immune genes, and cytokines. Despite the limited reviews on salmonid isolated 

leucocytes use in immunological studies, these cells have extensively been applied to understand 

immunomodulatory effects caused by for example dietary manipulations, environmental 

stressors, pathogen challenges and vaccine development. This was therefore the first extensive 

salmon review that focussed on existing scientific evidence regarding the use of isolated 

leucocytes in immunology. It informs researchers and aquaculture practitioners in the industry of 

less costly, time saving and ethically flexible techniques that may be embraced to isolate fish 

leucocytes for immunological assessments. The review also provided information on the most 

used immunological assays. Using data from salmonids, this chapter provided a compilation of 

immunological techniques that could be consulted or modified for use by scientists working with 

under researched species. The review also suggested the integration of metabolomics, flow 

cytometry with traditional assays to open innovative approaches in fish immunology studies. 

1Abbreviations 

1 PBL: peripheral blood leucocytes, TKL: total kidney leucocyte, HKL: head kidney leucocytes, MKL: middle kidney leucocyte, PKL: 
posterior kidney leucocyte, ATK: anterior part of trunk kidney, SPL: spleen leucocytes and THL: thymus leucocytes, F: frequency. 
HK: head kidney, PB: peripheral blood, SP: spleen, TH: thymus. DDGC: discontinuous density gradient centrifugation, CDGC: 
continuous density gradient centrifugation. HL: hypotonic lysis, ICSC: ice-cold sedimentation and centrifugation, SC: suspension 
centrifugation, and TS: tissue suspension. CL: calorimetry, FC: flow cytometry, PCM: phase contrast microscopy, LM: light 
microscopy, EFM; epifluorescence microscopy, FM: fluorescence microscopy, SEM: scanning electron microscopy, SP: 
spectrophotometer, MMR: multimode microplate reader, LU: Luminometer, CC: colony count, MPF: Microplate fluorometer; ER: 
ELISA reader. 
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3.2 Introduction 

For almost four decades, global aquaculture has been responsible for the increased amount 

of fish consumed, surpassing population growth to become the world’s fastest growing food 

production primary industry (FAO, 2014, 2018c). In the past five years, over 50% of food fish 

has come from aquaculture (FAO, 2014), and is tipped to contribute 60% of all food fish by 2030 

(FAO, 2018c). The sector is thus poised to be the main protein source for the world’s estimated 

8.6 billion people by 2030 (Worldometers, 2019). To meet the growing global demand for 

seafood, aquaculture farms aim to produce high quantity of healthy and fast-growing fish, under 

optimal husbandry and management practices in limited water volumes (Martinez et al., 2016). 

Husbandry practices include, but are not limited to maintaining good water quality, proper 

feeding, and biosecurity protocols with the aim to safeguard fish health.  

Several intrinsic and extrinsic factors, including physical and chemical stressors have the 

ability to alter the fish innate immunity (Uribe et al., 2011). One of the sustainable practices 

recommended to enhance fish immunity and promote growth involves the administration of 

dietary supplements and immunostimulants (Magnadottir, 2010; Magnadóttir, 2006). Application 

of immunostimulants is preferred over the use of antibiotics, which have been associated with 

food safety concerns (Chen et al., 2018) and occupational health hazards (Phu et al., 2016). 

Antibiotic use in aquaculture has also been associated with antimicrobial resistance (X. Liu et al., 

2017), residue accumulation (Wang et al., 2015), aquatic toxicity, antibiotic resistant microbial 

community selection (Buschmann et al., 2012; Samuelsen et al., 2014), and the emergence of 

multi-antibacterial resistant strains (Chuah et al., 2016). Farmed fish often co-exist with a 

multitude of bacteria, viruses, fungi, and parasites, which exploit lapses in optimal culture 

conditions to proliferate and compromise the innate immune system. Indeed, disease outbreaks 

routinely lead to heavy industry losses [reviewed in Fazio (2019)]. These scenarios make fish 

immunology understanding an indispensable asset to allow routine detection of health problems 

[reviewed in Uribe et al. (2011)].  

Salmonid production is dominated by Atlantic salmon (Salmo salar) and rainbow trout 

(Oncorhynchus mykiss), with a contribution of 6% of the world’s finfish aquaculture production 

in 2016 (FAO, 2018c). S. salar is the ninth most farmed finfish species globally (FAO, 2018a). 

Major farmed salmonid producers include Norway, Chile, Scotland, and Canada (Asche et al., 

2013). In the salmon farming industry, major losses have been caused by the caligid copepod sea 

lice (Lepeophtheirus salmonis and Caligus elongatus) (Pike, 1989). In Chile, bacterial kidney 

disease (BKD), Piscirickettsia salmonis, and infectious salmon anaemia virus (ISAV) have 

devastated those industries (Lozano et al., 2018) and P. salmonis remains the biggest industry 

health challenge (Miranda et al., 2018). In Norway, L. salmonis remains a major salmon health 

challenge (Overton et al., 2019), and pancreases disease (PD) caused by Salmonid alphavirus 

(SAV) and ISAV (Norwegian Veterinary Institute, 2018). In Scotland, L. salmonis, is the number 

one challenge (Kenyon & Davies, 2018; Marine Scotland, 2012); while furunculosis caused by 
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Aeromonas salmonicida, and Piscine Reovirus (PRV) poses the biggest problem in British 

Colombia, Canada (Pens, 2017).  

The role of immunity in fish is to act as a barrier that ensures protection against pathogens 

and maintains homeostasis (Lieschke & Trede, 2009; Zhu et al., 2013). The immune system 

consists of the innate components, which form the first line of defence [reviewed in Ángeles 

Esteban (2012); Martin and Król (2017)]. The adaptive immune components complement the fish 

immune machinery and rely on humoral and cellular responses, characterized by specific antigen 

recognitions, which invoke a quick secondary pathogen-specific response (Martin & Król, 2017). 

Thus, fish rely on both immune components for defence (Sahoo et al., 2021; Whyte, 2007). For 

literature on the cellular specifics and functions of the innate and adaptive immune components 

of fish, see literature in (Lulijwa et al., 2019a) and Figure 3.1. For details on specific molecules 

produced by the physical and humoral components, see (Gomez et al., 2013; Salinas & Miller, 

2015). The lymphoid organs of fish include the head kidney (HK), spleen (SP) and thymus (TH) 

a paired organ, located in the dorsolateral area of the opercular cavity in teleosts (Trede & Zon, 

1998). Teleost’s T cell development takes place in the thymus and B cells in the head kidney 

(Lieschke & Trede, 2009; Trede & Zon, 1998). Thus, to conduct immunological studies, fish 

leucocytes must be purified from lymphoid organs and peripheral blood by hypotonic lysis and 

density gradient centrifugation (Crippen et al., 2001; Hu et al., 2018; Pierrard et al., 2012). 

Possession of the adaptive and innate immune capacity makes fish an important immunological 

model to investigate vaccine design, efficacy and vaccination strategies, dietary manipulations, 

including effects induced by pathogens and stressors.  

 

Figure 3.1 Schematic representation of salmonid red blood and white blood cells haematopoiesis. 
Most of the cells come from slide smears of Chinook salmon (Oncorhynchus tshawytscha) 
peripheral blood. Only basophil, eosinophils are adapted from Claver and Quaglia (2009) and 
haemocytoblast from (Mumford et al., 2007). NB: as monocytes age, they differentiate into 
macrophages (Merien, 2016). Other cells not shown include dendritic cells (DC) and mast cells 
(MC).   
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In studying salmonid fish immunology, several approaches are commonly used, including 

characterisation of physical barriers (Martin & Król, 2017), peripheral blood (PB) haematology 

(Lulijwa et al., 2019a; Markkula et al., 2009; Petropoulos et al., 2009; Vikeså et al., 2017), HK, 

PB and SP isolated cellular functional characterisation (Arkoosh et al., 2018; Johansson et al., 

2016; Rønneseth et al., 2013; Ulvestad et al., 2018), and humoral parameters (Alcorn et al., 2003; 

Desvignes et al., 2002; Sharifuzzaman & Austin, 2010). Consequently, integrated haematology, 

and the study of humoral and cellular parameters have been employed in salmonids to investigate 

immunomodulatory effects of: dietary manipulations (Peña et al., 2016; Soto et al., 2016; 

Ulvestad et al., 2018); pathogen challenges (Julin et al., 2015; Rønneseth et al., 2013); physical 

and chemical stressors (Arkoosh et al., 2015; Arkoosh et al., 2018; Jokinen et al., 2011; Taylor et 

al., 2007).  

In fish immunology, previous reviews have focussed on: developmental aspects of the fish 

immune system (Bruce & Brown, 2017; Lieschke & Trede, 2009; Zapata et al., 2006), innate 

immunity (Magnadóttir, 2006; Rebl & Goldammer, 2018; Uribe et al., 2011), humoral immunity 

(Magnadóttir, 2006), cellular granulocytes (Ainsworth, 1992; Hine, 1992), macrophage biology 

(Hodgkinson et al., 2015) and macrophage antimicrobial mechanisms (Grayfer et al., 2018), 

immune related genes (Zhu et al., 2013), cytokines (Secombes, 2016), plus mucosal immunology 

(Gomez et al., 2013; Rombout et al., 2014; Salinas & Parra, 2015; Salinas et al., 2011). However, 

no review has previously focussed on the use of isolated salmonid lymphoid tissue or PBL to 

illustrate immunological effects induced by dietary manipulations, vaccines and vaccination 

strategies, pathogen challenges, and effects induced by stressors. Literature on the use of isolated 

lymphoid tissue and PBL in immunological investigations has been accumulating across salmonid 

species since the 1980s, forming the basis for the current review. To achieve our objective, we 

searched using the terms “fish leucocytes*immunology/immunological assays” in the Web of 

Science and “fish AND leucocytes AND salmonid AND immunology” in Scopus. Only papers 

on salmonids were considered by title and quick abstract scan for the key words isolated 

leucocytes, immune or immunological response, and/or characterisation. Subsequently, we 

highlight the major findings of this review with respect to salmon immune understanding. We 

also mention developed and characterised salmonid immunological cell lines, identify research 

gaps, and make recommendations for affordable, nonlethal, and ethically appropriate techniques.  

3.3 Commonly studied salmonids and target tissues/organs  

The current review found 114 studies that discussed the isolation and use of organs and 

PBL (Table 3.1). These studies spead accross seven salmonid species, including Coho salmon 

(Oncorhynchus kisutch), O. mykiss, O. tshawytscha, sockeye salmon (Oncorhynchus nerka), 

brown trout (Salmo trutta), brook trout (Salvelinus fontinalis), and S. salar. Most of the 

immunological studies were carried out using farmed O. mykiss and S. salar (Table 3.1). Although 

lymphoid organs, including SP, HK, and the TH have been used to illustrate immunological 

functions of isolated leucocytes among different salmonids, the majority of immunological 
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investigations involved isolating cells from the HK, PB and SP in order of popularity are listed in 

Table 3.1.  

Table 3.1. Commonly studied salmonid species and popular lymphoid tissues or organs for 
isolation of fish leucocytes in fish immunology. PBL: Peripheral blood leucocytes, HKL: Head 
kidney leucocytes, SPL: Spleen leucocytes, and THL: Thymus leucocytes. F: Frequency. Data 
comes from 114 reviewed salmonid studies.  

Studied salmonid species Studies reviewed PBL HKL SPL THL 
F F F F F

O. kisutch 4 1 3 2 1

O. mykiss 62 27 41 9 1

O. tshawytscha 11 3 10 6 -
O. nerka 1 - 1 - - 

S. trutta 2 - 2 1 -

S. fontinalis 1 - 1 - - 

S. salar 33 17 27 4 1

Total 114 48 85 22 3

Indeed, teleost HK is the most important organ as it is comparable to adult mammalian 

bone marrow (Crippen et al., 2001). In fish, the HK is the primary hematopoietic tissue where all 

blood cells form during larval and adult stages; blood forms in the liver in the mammalian foetus, 

and the bone marrow in adults (Bennett et al., 2001; Thisse & Zon, 2002).   

3.3.1 Techniques used to isolate salmonid leucocytes  

The use of fish lymphoid and PBL requires isolation from a mass of red blood cells 

present in PB, the HK, TH and SP, through density gradient centrifugation and hypotonic lysis 

(Hu et al., 2018; Pierrard et al., 2012). The present review found that most studies used 

discontinuous density gradient centrifugation (DDGC) (44%) and continuous density gradient 

centrifugation (CDGC) (41%) to isolate fish leucocytes form lymphoid organs and PB (Figure 

3.2).  

Figure 3.2. Techniques commonly used to isolate salmonid fish leucocytes for immunological 
assays. DDGC: Discontinuous density gradient centrifugation, CDGC: Continuous density 
gradient centrifugation, HL: Hypotonic lysis, ICSC: Ice-cold sedimentation and centrifugation, 
SC: Suspension centrifugation, and TS: Tissue suspension. Data comes from 114 reviewed 
salmonid studies. 
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Generally, DDGC involves layering density gradients of at least two different densities 

in a centrifugation vessel, usually a 15 mL centrifuge tube and topping up with buffer diluted PB 

or tissue single cell suspension to be separated into red blood cells and leucocytes. For instance, 

we found that Percoll density gradient was commonly layered in the range 1.060g mL-1 over 1.075 

g mL-1 and 34% over 51% for S. salar and O. mykiss, respectively.  

The centrifugation speed, duration and temperature settings varied greatly among studies 

and species, although all protocols yielded fish leucocytes (Table 3.2). Overall, the density 

gradient centrifugation process mostly lasted between 15 – 40 min at 400 g, and at 4 – 15°C (Table 

3.2). CDGC involved layering buffer diluted blood  or PB or tissue suspension over a pure layer 

of density gradient medium (1.077 g mL-1) or a dilute density gradient layer (e.g., 50-54%) 

followed by centrifugation as detailed below (Table 3.2).  

The most commonly used density gradient medium was Percoll (GE Healthcare) by 63 

of the studies, although other media such as Histopaque 1077 (Sigma-Aldrich Co. LLC) was used 

by 14 of the studies, Ficoll or Ficoll-Paque PLUS (GE Healthcare), and Lymphoprep 

(STEMCELL Technologies) were also applied (Table 3.2). All isolation gradient products have 

a standard density of 1.077 g mL-1 and are designed to separate cells based on weight by 

centrifugation. Percoll density gradient is described by GE Healthcare as a low-viscosity, 

nontoxic medium suitable for density gradient centrifugation of cells, viruses and subcellular 

particles. Similarly, Histopaque 1077 is a sterile, endotoxin-tested solution of polysucrose and 

sodium diatrizoate. In addition, Ficoll-Paque PLUS is a sterile, ready-to-use aqueous medium 

composed of a mixture of Ficoll PM400 and sodium diatrizoate, for high yield isolation of 

lymphocytes from peripheral blood. However, Ficoll use in higher vertebrate leucocyte isolation 

alters cellular surface markers, functional responses and morphology (Ogle et al., 1985). Density 

gradient isolation of leucocytes also limits granulocyte recovery, with consequences for adaptive 

immune responses when compared to hypotonic lysis, and reported to increase respiratory burst 

in PBL (Hu et al., 2018; Samaï et al., 2018). 

Despite the dominance of density gradient centrifugation as a technique for leucocyte 

isolation, these commercial reagents are expensive. Development of modified micro-scale 

techniques that require a minimal density gradient medium and < 300 µL of PB is a cost-effective 

solution, avoids euthanisation, in some cases, and can be applied on small fish (Lulijwa et al., 

2019a). Similarly, the hypotonic lysis technique originally developed by Crippen et al. (2001) has 

been recently improved by Hu et al. (2018) to facilitate fast and affordable isolation of organ and 

PBL for fish immunological studies. The technique has recently gained use (Attaya et al., 2019; 

Hu et al., 2019; Hu et al., 2018; Wang et al., 2018) and reported to give superior cellular 

composition, with limited erythrocyte contamination (Hu et al., 2018) allowing a holistic 

assessment of fish immune parameters at innate and adaptive levels in immune and vaccine 

studies (Hu et al., 2018; Samaï et al., 2018).  



Chapter 3. Literature Review 2: Salmonid Leucocyte Immunology 

51 
 

Table 3.2. Techniques commonly used in salmonid leucocyte isolation and intended assays. PBL: Peripheral blood leucocyte, TKL: Total kidney leucocyte, HKL: Head kidney leucocyte, MKL: Middle 
kidney leucocyte, PKL: Posterior kidney leucocyte, SPL: Spleen leucocyte, and THL: Thymus leucocytes. Unless otherwise stated, the antibiotic solution used consisted of a combination of 
penicillin/streptomycin (P/S) at ratios e.g., 1% P/S, P 100 UmL-1 / S 100 μg L-1, etc., while singly used antibiotics included oxytetracycline, gentamycin sulphate and streptomycin. 

Species  Cells Technique Intended assays  Reference 
O.  kisutch 
 

PBL  Heparinised PB 1 mL of 4, 5 or 6% Ficoll-Sodium Metrizoate Solution (SMS Sigma) were purified by Ficoll-SMS DCDGC for 20 min at 100 g and 15℃. Microscopic characterisation  (Kawahara et al., 1990) 
HKL Unfiltered HK suspension in holding medium (HM) on ice was sediment to remove debris, the supernatant, was removed and washed once in HM for 10 min at 500 

g and 4°C. The resulting cell pellet was resuspended in TCM and cells counted on a haemocytometer. 
Plaque forming cells 
Antibody production 
Total IgM 

(Kaattari & Yui, 1987) 

HKL, SPL Unfiltered HK and SP suspensions in tissue culture medium, and leucocyte suspensions were kept on ice to allow debris sedimentation. Leucocytes were purified 
according to Yui and Kaattari (1987). The resulting cell pellet was resuspended in TCM and adjusted to 107 mL-1 by haemocytometer.  

Lymphocyte mitogen 
stimulation  
Plaque forming cell assay 

(Yui & Kaattari, 1987) 

HKL, SPL, 
THL 

Unfiltered single cell suspensions were obtained by repeated aspiration of tissue fragments with a 1 mL syringe on ice in L-15 complete medium with 10% FCS, L-
glutamine at pH 7.4. The suspension was washed twice at 1000 g at 4°C for 10 min and the pellet resuspended in L-15 complete medium for assaying. 

Plaque forming cell assay (Kaattari & Irwin, 1985) 

O. mykiss 
 

PBL Heparinised PB diluted 1:2 in heparinised MEM with Eagle's salt with 0.2% sodium heparin, buffered with 7.5% sodium hydrogen carbonate (pH 7.6) and 
leucocyte suspension purified by Percoll (54%) CDGC at 400 g for 25 min. The leucocytes were washed with PBS (pH 7.6) at 500 g for 5 min. Leucocytes were 
counted by haemocytometer fixed with RNA later® and stored at −20°C. 

Cell proliferation and 
apoptosis 
Immune gene expression 

(Yada et al., 2019) 

PBL PBL were purified according to Hu et al. (2018). Immune gene expression 
Cell proliferation 
Phagocytosis  

(Wang et al., 2018) 

PBL PBL were purified according to Hu et al. (2018). Immune gene expression 
Flow cytometry  

(Attaya et al., 2019; Hu et al., 
2019) 

PBL Heparinised PB diluted 1: 8 in 1x phosphate buffered saline (PBS) and leucocytes purified by Histopaque (1.077 g mL-1) CDGC at 500 g for 40 min. PBL were 
collected from the interface, washed twice and counted. Also, PBL were prepared by modified hypotonic lysis via erythrocytes lysis in ice-cold water mixing for 20 
sec, then immediate return to isotonic condition with 10x PBS. The PBL preparation was left on ice for 5-10 min to allow debris and nuclear materials to settle. The 
PBL were separated by passing through an EASYstrainer (70 μm) pelleted at 200 g, for 5 min, washed once and resuspended in complete culture medium. 

Marker gene expression 
Phagocytosis  
Cell proliferation  
Immune gene expression  

(Hu et al., 2018) 

HKL Filtered (70 µm) HK suspension in L-15 medium with 2% FBS, were centrifuged into single cells for 10 min at 600 g and 4°C. Cell pellet was resuspended in L-15 
medium and leucocytes purified by Percoll (60%) CDGC for 60 min at 700 g and 20°C. Leucocyte were posteriorly centrifuged for 10 min at 400 g and 4°C; 
collected and resuspended in a supplemented L-15 medium. This procedure was repeated twice, and cells counted on a haemocytometer. 

Immune gene expression  (Peña et al., 2016) 

HKL, SPL Nylon mesh filtered  suspensions were purified according to Chung and Secombes (1988). Leucocytes were adjusted to 106 mL-1 in PBS with 2% FCS, and 0.1% 
sodium azide. 

Flow cytometry 
characterisation of trout 
polyclonal antibody to 
rainbow C-type lectin 
(CLEC4T1+). 

(Johansson et al., 2016) 

HKL Nylon mesh (100 µm) filtered HK in incomplete heparinised L-15 medium with antibiotic solution, 0.5% FBS, was purified by centrifugation at 200 g for 5 min, the 
pellet washed once with complete medium with 10% FBS and adjusted to 106 mL-1. 

Immune gene  expression  (Monte et al., 2015) 

PBL Heparinised PB was purified to obtain PBL by Percoll (1.075 g mL-1) CDGC at unspecified settings. Monoclonal antibody (MAb) 
detection  

(Korytář et al., 2013) 

PBL, SPL, 
HKL & 
PKL 

Cell strainer (70 µm) filtered cell suspension in L-15 medium with 10% bovine growth serum (BGS), gentamicin (50 µg mL-1), and fungizone (0.25 µg mL-1) on ice 
and adjusted to the right density used for direct assay. PB diluted 1:5 in heparinised PBS was allowed to settle for at least 20 min at room temperature. Leucocyte 
rich plasma was removed from settled erythrocyte and purified by Nycoprep (1.077 g mL-1) CDGC. Cells were adjusted to 106 mL-1 by Trypan Blue in 
supplemented media. 

Phagocytosis  
Antibody detection   
Transmission electron 
microscopy 

(Bassity & Clark, 2012) 

HKL HKL isolated aseptically according to Secombes (1990). Nylon mesh (100 µm) filtered tissue cell suspension in unheparinised medium and leucocytes purified by 
Percoll (51%) CDGC for 30 min at 400 g and 4°C. Cells were washed twice with L‐15 medium by centrifugation at 800 g for 10 min, and adjusted to 106 mL-1 by 
haemocytometer in L-15 medium with 0.1% FBS. 

Flow cytometry of PB 
Respiratory burst 
Bactericidal activity 

(Sharifuzzaman & Austin, 2010) 

HKL Nylon mesh (100 µm) filtered HK suspension in heparinised RPMI 1640 with antibiotic solution and 0.1% FCS were purified by Percoll (34/51%) DCDGC for 25 
min at 400 g and 4°C according to  Sakai et al. (1995).  Cells were washed twice with RPMI 1640, adjusted to 105 mL-1 by haemocytometer. 

Phagocytosis 
Phagocytic index 

(Nya & Austin, 2010) 

HKL Nylon mesh (100 µm) filtered HK cell suspension in heparinised RPMI 1640 with antibiotic solution and 0ꞏ1% FCS were purified by Percoll (34/51%) DCDGC for 
25 min at 2000 g and 4°C, according to  Sakai et al. (1995) washed twice in RPMI 1640 and adjusted to 105 mL−1 with a haemocytometer. 

Phagocytosis 
Phagocytic index 

(Nya & Austin, 2009) 

PBL, HKL PB and HK leucocytes were isolated according to Markkula et al. (2006). Briefly, nylon net (80 µm) filtered HK cell suspension in heparinised HBSS were purified 
by Percoll (1.040/1.090 g mL-1) DDGC.  For PBL, the blood pellet was resuspended in heparinised HBSS medium with Ultroser G serum substitute, sodium 

Respiratory burst 
Lymphocyte proliferation 

(Markkula et al., 2009) 
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pyruvate and Hepes, pH 7.4 and the suspension purified by Percoll (1.075 g mL−1) CDGC at 400 g for 30 min. Leucocytes were washed twice and resuspended in 
RPMI-1640 with Ultroser G Serum substitute, sodium pyruvate, L-glutamine, antibiotic solution and Hepes, and adjusted accordingly with a haemocytometer. 

HKL Nylon cell strainer (37 µm) filtered HKL cell suspension in MEM were purified by Percoll (34/55%) DCDGC at 400 g for 50 min. The leucocyte were harvested, 
washed with PBS (pH 7.6), and suspended in MEM containing 0.5% trout serum. Isolated leucocytes were adjusted to 107 mL-1 MEM with 0.5% trout serum. 

Superoxide anion production 
Phagocytosis  
Immune gene expression  

(Yada, 2009) 

HKL Filtered HK cell suspension in heparinised L-15 medium were purified by Percoll (1.070/1.080 g mL-1) DCDGC for 40 min at 400 g as described by Braun‐Nesje et 
al. (1981). 

Respiratory burst  (Morgan et al., 2008) 

HKL Nylon mesh (100 µm) filtered HK suspension diluted 1: 10 in heparinised sterile filtered L-15 medium with antibiotic solution and 2% FCS were purified by Percoll 
(34/51%) DCDGC for 25 min at 400 g and 4°C according to Secombes (1990). Leucocytes at the interface were collected and washed thrice in L-15 medium with 
0.1% FCS and antibiotic solution, and adjusted to 107 mL−1. 

Phagocytosis  
Respiratory burst  

(Brunt et al., 2007) 

HKL Nylon mesh (100 µm) filtered HK suspension in heparinised RPMI 1640 medium with 2% FCS, and antibiotic solution were purified by Percoll (34/51%) DCDGC 
for 25 min at 400 g and 4°C according to Secombes (1990). Leucocytes at the interface were collected and washed twice in HBSS, adjusted to 106 mL−1 with a 
haemocytometer in RPMI 1640 with 0.1% FCS and antibiotic solution. 

Phagocytosis 
Respiratory burst 

(Kim & Austin, 2006) 

HKL Nylon mesh (100 µm) filtered HK suspension in heparinised L-15 medium were directly used for assay Respiratory burst  (Taylor et al., 2007) 
HKL Nylon net (80 µm) filtered HK cell suspension in heparinised RPMI 1640 with Ultroser G serum substitute, sodium pyruvate, mercaptoethanol , sodium chloride, 

Hepes, pH 7.4 were purified by Percoll (1.040/1.080 g mL-1) DCDGC, at unspecified centrifuge parameters. Cells were washed twice and resuspended in culture 
medium: incubation medium supplemented with L‐glutamine, antibiotic solution and sodium bicarbonate and adjusted to desired density by a haemocytometer. 

Respiratory burst 
Natural cytotoxicity   

(Markkula et al., 2007) 

HKL Nylon net (80 µm) filtered HK cell suspension in heparinised RPMI 1640 with Ultroser G serum substitute, sodium pyruvate and Hepes were purified by Percoll 
(1.040/1.090 g mL-1) DCDGC at 400 g for 30 min. Cells were washed twice and resuspended in supplemented RPMI-1640 culture media, and adjusted accordingly 
with a haemocytometer. 

Respiratory burst  
Natural cytotoxicity 

(Markkula et al., 2006) 

HKL Sterile nylon mesh (200 μm) bags filtered HK suspension in Dulbecco’s Modified Eagle Medium with high glucose, 10% heat inactivated FCS and antibiotic 
solution were adjusted to 107 mL-1 on a haemocytometer, for direct assay use. 

Immune gene expression 
Microarray analyses 

(MacKenzie et al., 2006) 

PBL PBL were isolated by Histopaque (1.077 g mL-1) CDGC at unspecified settings and stored at −80°C until needed. Gene expression  
Indirect epifluorescent 
detection of surface antigens 

(Kales et al., 2006) 

PBL Leucocyte buffy coat was isolated from heparinised PB by centrifuging at 1000 rpm for 10 min at room temperature, collected and resuspended in heparinised 
RPMI 1640 with antibiotic solution. Leucocytes were purified by Histopaque 1077 CDGC at 1500 rpm for 30 min. Leucocytes were resuspended in Trizol for RNA 
extraction and in PBS for protein extraction. 

Northern blot analysis 
Gene expression  

(Nath et al., 2006) 

HKL Nylon mesh (70 µm) filtered HK cell suspension in heparinised L-15 medium with 2% FCS, L‐glutamine, and antibiotic solution were purified by Percoll (34/51%) 
DCDGC at 400 g for 25min at 4°C. Cells were collected and washed twice in heparinised L-15 medium with 0ꞏ1% FCS, L‐glutamine, antibiotic solution and 
adjusted by haemocytometer to 107 mL−1 according to Secombes (1990).  

Phagocytosis  
Pinocytosis  
Antibody synthesis  

(Cecchini et al., 2005) 

HKL Nylon mesh (100 µm) filtered HK cell suspension in heparinised RPMI 1640 with 0.1% FCS and oxytetracycline were purified by Percoll CDGC at 2500rpm for 25 
min at 4°C, washed thrice in RPMI 1640 and adjusted to 105 mL-1  according to Sakai et al. (1995).  

Phagocytosis 
Respiratory burst 

(Brunt & Austin, 2005) 

HKL Nylon mesh filtered HK cell suspension in heparinised L-15 medium with 0.1% FCS and antibiotic solution were purified by Percoll (34%/51%) DCDGC for 25 
min at 400 g and 4°C according to Chung and Secombes (1988). Cells were adjusted to 106 and 107 mL−1 in L-15 medium with antibiotic solution for further use. 

Phagocytosis 
Superoxide anion production 

(Panigrahi et al., 2004) 

HKL HKL in heparinised L-15 medium with sodium salt and antibiotic solution were purified by Percoll (34%/51%) DCDGC for 20 min at 400 g and 4°C according to 
Secombes (1990). Cells were adjusted to 106 mL-1 in L-15 medium, with antibiotic solution.  

Phagocytosis  
Oxidative burst 
Lymphocyte proliferation 

(Hoeger et al., 2004) 

PBL PBL were isolated according to Espelid et al. (1996). Briefly, PB diluted 1:2 in heparinised MEM with Eagle's salt, and leucocyte suspension purified by Percoll 
(54%) CDGC at 400 g for 25 min. The leucocytes were washed with PBS (pH 7.6) and suspended in MEM with 0.5% trout serum, and adjusted to 107 mL-1. 

Cell proliferation  
PBL lysozyme activity  
Immune gene expression  

(Yada et al., 2004) 

HKL Sterile nylon mesh (200 μm) bags filtered HKL suspension in Dulbecco’s Modified Eagle Medium with high glucose, 10% heat inactivated FCS and antibiotic 
solution was adjusted to 107 mL-1 on a haemocytometer, for direct assay use. 

Immune gene expression  (Goetz et al., 2004) 

HKL Sterile filtered HK suspension in ice-cold incomplete L-15 medium with L-glutamine, and Hepes, pH 7.1, were partially purified for 10 min at 500 g and 4°C, and 
washed thrice. Cells were resuspended in complete L-15 medium with ciprofloxacin, antibiotic solution, fungizone, M β-mercaptoethanol and 10% FCS. Cells were 
adjusted to 106 mL-1 using a haemocytometer. Due to the toxicity by Ficoll-Paque, no density gradient was used further in the study. 

Lymphocyte mitogen 
stimulation 

(Leonardi & Klempau, 2003) 

PBL Heparinised PB dilute 1: 2 with isolation medium Histopaque (1.077 g mL-1) with bacto haemagglutination buffer. The suspension was purified by Histopaque 
(1.077 g mL-1) with bacto haemagglutination buffer DCDGC for 15 min at 500 g and 4°C. Leucocytes were gently collected and dispensed into a siliconized tube, 
washed twice in phenol red-free HBSS and adjusted to 106 mL-1. 

Respiratory burst 
Phagocytosis 

(Dügenci et al., 2003) 

HKL, PBL Nylon mesh filtered HK cell suspensions in heparinised RPMI 1640 with antibiotic solution were centrifuged at 500 g for 5 min and washed thrice with medium. 
Purified macrophages were obtained by Percoll (34/51%) DCDGC for 30 min at 300 g and 4°C, cells were collected, washed twice at 300 g for 10 min with HBSS 
and adjusted to 106 mL-1. For PBL, heparinised PB diluted 1:3 in HBSS medium was washed thrice for 5 min at 14°C and 500 g, the cloudy layers removed 
following each centrifugation, and the free erythrocyte pellet (95%) was gently resuspended in RPMI 1640 to 106 mL-1.  

Phagocytosis assay  
Cellular killing capacity  
Binding capacity   

(Passantino, Altamura, et al., 
2002) 
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HKL HKL were isolated according to Sakai et al. (1995). Briefly, unfiltered HK suspension diluted 1:10 in filter sterilized heparinised RPMI 1640 with oxytetracycline, 
and 0.1% FCS were centrifuged for 5 min at 500 g and 4℃, washed thrice in RPMI and adjusted to 107 mL-1 in heparinised RPMI 1640 with oxytetracycline and 
0.1% FCS.  

Phagocytosis  (Irianto & Austin, 2002) 

PBL PBL were isolated according to Espelid et al. (1996). Briefly, PB was diluted 1:2 in heparinised MEM with Eagle's salt, sodium biphosphate (pH 7.6). The 
leucocyte suspension was purified by Percoll (54%) CDGC at 400 g for 20 min. Leucocytes were harvested, washed with PBS (pH 7.6), and suspended in MEM 
with 10% O. mykiss serum. 

Respiratory burst  (Yada et al., 2001) 

HKL Nylon mesh (100 µm) filtered HK cell suspension in heparinised RPMI-1640 with antibiotic solution were purified by Percoll (34%/51%) DCDGC for 20 min at 
400 g and 4°C according to Secombes (1990). Leucocytes were washed and resuspended in HBSS medium to desired concentration by Trypan Blue exclusion. 

Phagocytosis  
Pinocytosis 
Chemiluminescence  

(Clerton et al., 2001) 

HKL Sterile mesh screen filtered HK cell suspension in heparinised medium with antibiotic solution, and gentamycin were purified by Percoll (51%) CDGC at 400 g for 
25 min. Cells were washed twice in serum-free medium and centrifuged at 200 g for 10 min. Leucocytes were adjusted to appropriate concentration with 
haemocytometer. 

Nitric oxide production 
Respiratory burst  
HKL flow cytometry 
characterisation 

(Stafford et al., 2001) 

HKL, PBL PB diluted 1:2 in cold isolation medium, erythrocytes lysed with cold sterile distilled water for 20 s and immediately returned isotonic with 10x PBS and the 
suspension centrifuged for 10 min at 750 g and 4°C. The cell pellet was resuspended in MEM and kept on ice to sediment out debris. Leucocyte supernatant was 
collected and further centrifuged as above , the pellet resuspended in MEM with sodium bicarbonate, 5% FCS antibiotic solution, streptomycin and L-glutamine. 
After a 1:12 dilution of PB in isolation medium, PBL were purified by Histopaque (1.077 g mL-1) CDGC for 40 min at 400 g and 4°C. Unfiltered HK leucocyte 
suspension were prepared by hypotonic lysis in MEM and were purified by Percoll (34%/51%) DCDGC for 40 min at 2000 g and 4°C.  

Viability  
Leucocyte differential counts 
Flow cytometry 
characterisation 
Sudan Black B 
Neutral Red Staining 

(Crippen et al., 2001) 

HKL, PBL Heparinised PB was diluted 1:2.5 in heparinised HBSS with 2% FCS and purified by Percoll (51%) CDGC. Unfiltered HK cell suspension in HBSS with 2% FCS 
were purified by Percoll (34%/51%) DDGC. PBL and HKL suspensions were centrifuged for 20 min at 800 g and 4°C. PB and HK leucocytes were harvested, 
diluted 10x in HBSS, washed for 10 min at 800 g and 4°C. PB and HK leucocyte pellets were resuspended in medium with Hepes, sodium chloride, pH 7ꞏ4 and 
homogenised on ice for 1 min.  PBL were homogenised with a glass piston tissue grinder and the homogenate diluted with an equal volume of Hepes, sodium, pH 
7ꞏ4 and centrifuged for 10 min at 800 g and 4°C to remove cellular debris. Similarly, HKL homogenate was diluted with an equal volume as used for PBL and 
centrifuged for 10 min at 13,000 g and 4°C.  

Antibacterial activity 
HKL lysozyme content 

(Smith et al., 2000) 

HKL, PBL Stainless steel mesh (100 μm) filtered HK cell suspension in heparinised HBSS and leucocyte buffy coat preparation diluted in heparinised HBSS were purified by 
Histopaque (1.077 g mL-1) CDGC for 30 min at 400 g and 9°C. Cells were collected at the interface, washed thrice with HBSS, and resuspended in RPMI 1640 
medium with Hepes, L-glutamine, 10% FCS and antibiotic solution.  

HKL respiratory burst  
HKL phagocytosis 
HKL  lymphocyte 
proliferation 
PBL Surface IgM marking  

(Karrow et al., 1999) 

PBL & 
HKL 

Heparinised PB diluted 1:20 in MEM and stainless steel filtered HK cell suspensions were prepared in cold serum-free MEM. Leucocytes were purified by Ficoll 
(1ꞏ077 g mL-1) CDGC for 20 min at 400 g, cells were collected, washed in PBS and resuspended in MEM 10. 

Flow cytometry 
characterisation  
Phagocytosis  
Oxidative burst  
Lymphoproliferation  
Flow cytometry cell 
population analysis  

(Chilmonczyk & Monge, 1999) 

PBL & 
HKL 

HK and PB leucocyte suspensions were purified by Lymphoprep CDGC at unspecified settings. Cells were collected at the interface, washed twice and diluted in 
heparinised L-15medium with antibiotic solution, glutamine and 5% FCS. 

Leucocyte proliferation (Boesen et al., 1997) 

PBL & 
HKL 

Heparinised PB diluted 1:5 in L-15 medium with 5% FCS were purified by Percoll (51%) CDGC for 20 min at 400 g and 4°C. Leucocytes were washed twice in 
RPMI-1640 with sodium hydrogen carbonate (pH 7ꞏ2), antibiotic solution and 2-Mercaptoethanol, and adjusted to 106 mL-1. Nylon mesh (100 µm) filtered HK cell 
suspensions in L-15 medium, were purified by Percoll (51%) CDGC for 35 min at 400 g and 4°C. Leucocytes were collected, washed and adjusted to 106 mL-1 in L-
15 medium with antibiotic solution and 2-Mercaptoethanol. 

Respiratory burst (Marsden & Secombes, 1997) 

HKL Nylon mesh (100 µm) filtered HK cell suspensions in heparinised L-15 medium, with antibiotic solution and 2% FCS were purified by Percoll (34%/51%) DCDGC 
for 30 min at 400 g and 4°C  following Chung and Secombes (1988). Leucocytes were collected, washed twice for 5 min at 400 g and 4°C in L-15 with 0.1% FCS. 

Respiratory burst assays  (Novoa et al., 1996) 

HKL Nylon mesh filtered HK suspension in heparinised RPMI 1640 medium with antibiotic solution were purified by centrifugation at 500 g for 5 min and washed thrice 
RPMI 1640, cells counted by Trypan Blue exclusion. 

Phagocytosis  
Chemiluminescence assay  
Superoxide anion production 

(Sakai et al., 1995) 

PBL PBL were purified according to Marsden et al. (1995) below.  Leucocyte proliferation  
Antibody production 

(Marsden et al., 1996) 

PBL Heparinised PB was diluted 1:5 with L-15 medium with 5% FCS, and leucocytes purified by Percoll (51%) CDGC for 20 min at 400 g and 4°C. Leucocytes were 
washed for 5 min at 400 g and 4°C in L-15 medium with 5% FCS. Leucocytes were counted by Trypan Blue and adjusted to 106 mL-1 in L-15 with 5% FCS. 

Leucocyte proliferation  
Lymphocyte separation  

(Marsden et al., 1995) 

HKL Nylon mesh (100 µm) filtered HK cell suspension in in L-15 medium were purified by Percoll (51%) CDGC for 35 min at 400 g and 4°C. Leucocytes were 
collected at the interface, washed and adjusted to 106 mL-1 in L-15 medium with antibiotic solution and 2-mercaptoethanol. 

Respiratory burst  
Leucocyte proliferation 

(Marsden et al., 1994) 
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SPL Metallic nets pressed SP suspensions in RPMI 1640 with Hepes, glutamine, gentamycin, and 5% FCS were adjusted to 106 mL-1 with a haemocytometer for direct 
assay use. 

Respiratory burst  (Thuvander et al., 1993) 

HKL Unfiltered HKL cell suspension in heparinised RPMI 1640 with antibiotic solution, sodium carbonate were purified by Percol (51%) CDGC at 400 g for 25 min at 
4°C. The cell pellet was adjusted to 106 mL-1 in RPMI for further analysis. 

Lymphocyte proliferation  
Respiratory burst  

(Hardie et al., 1993) 

PBL Heparinised PBL were separated on a Percoll (54%) CDGC according to Thuvander et al. (1987).  Lymphocyte membrane total 
IgM 

(Thuvander & Caristein, 1991) 

PBL, SPL Unfiltered SP suspensions were obtained according to Kaattari and Irwin (1985). PB diluted 1 in RPMI-1640 were purified by centrifugation at 500 g for 10 min at 
17°C, and the resulting pellet suspended in RPMI-1640. The suspension was purified by Histopaque 1077 CDGC for 20 min at 800 g and 17°C. Cells at the 
interface were washed once in TCM and adjusted to 107 mL-1 in TCM. 

Plaque forming cells assay  (Arkoosh & Kaattari, 1991) 

HKL, SPL, 
THL, PBL 

PB diluted 1:5 in RPMI 1640, and metal nets pressed HK, SP and TH suspensions in medium were purified according to Thuvander et al. (1987). Cells were 
purified by Percoll (54%) CDGC at 400 g. Cells at the interface were washed, counted and resuspended in RPMI 1640 with Hepes, glutamine, antibiotic solution, 
gentamicin and 5% FCS until used.  

Cell proliferation  
Antibody production  

(Reitan & Thuvander, 1991) 

HKL Fine wire mesh filtered HK suspensions in cold L-15 medium were drawn into sterile Strumia capillary tubes and centrifuged at 13600 g for 3 min. Tubes were cut 
at the cell fluid interface, tubes with cells fixed to the bottom of tissue culture wells using Vaseline. The medium was added to each well through a Millipore Filter 
Unit and incubated at 12°C for 12-I6h. 

Cell migration 
Migration inhibition  

(Thomas & Woo, 1990) 

SPL Metallic nets pressed SP suspensions in RPMI 1640 with Hepes, glutamine, mercaptoethanol, gentamicin, sodium pyruvate and 5%  heat inactivated S. trutta  serum 
were adjusted to 106 mL-1 with a haemocytometer for direct assay use. 

Phagocytosis 
Lymphocyte stimulation  

(Thuvander, 1989) 

PBL PB diluted 1:3 in cold complete medium following the procedure by Boyum (1968). Briefly, leucocytes were purified by Ficoll-Paque CDGC for 30 min at 500 g 
and 10°C. Lymphocytes at the interface were collected, washed twice in cold, complete medium by centrifugation for 10 min at 100 g and 10°C. 

Lymphocyte proliferation 
Flow cytometry 
characterisation  

(Tillitt et al., 1988) 

HKL Nylon mesh filtered HK cell suspension in heparinised L-15 medium with 0.1% FCS and antibiotic solution were purified by Percoll (34%/51%) DCDGC for 25 
min at 400 g and 4°C. Leucocytes were adjusted to 107 mL-1 in L-15 medium with 0.1% FCS and antibiotic solution. 

Respiratory burst  
Hydrogen peroxide production 
Superoxide dismutase 
inhibition  

(Chung & Secombes, 1988) 

HKL, SPL Unfiltered HK and SP suspensions in tissue culture medium, and leucocyte suspensions were kept on ice to allow debris sedimentation. Single cell suspension was 
collected and washed once in TCM by centrifugation for 10 min at 500 g and 4°C. Leucocyte pellets were resuspended in TCM to 107 mL-1, using Trypan Blue 
exclusion assay. 

Same assays as for O. kisutch 
above 

(Yui & Kaattari, 1987) 

PBL PB diluted 1:3 in RPMI 1640, was purified by Percoll (54%) CDGC at 400 g for 11 min at room temperature, a leucocyte fraction collected at the interface, washed 
once in RPMI 1640 at 280 g for 8 min. The resulting pellet was resuspended in RPMI 1640 with Hepes, sodium bicarbonate, glutamine, antibiotic solution and 
either 5% FCS, 5% S. trutta serum (BTS) or 1% Ultroser G serum supplement at 106 mL-1. 

Phagocytosis (Thuvander et al., 1987) 

SPL Unfiltered SP suspensions in TCM with FCS and gentamicin, were centrifuged for I0 min at 500 g and 4°C. The pellet was collected, washed and resuspended in 
the modified TCM, cells were counted on a haemocytometer and adjusted to 106 mL-1 in TCM. 

Plaque forming cells 
Lymphocyte stimulation 

(Kaattari et al., 1986) 

HKL, SPL, 
PBL, THL 

PB diluted 1:1 with sodium citrate cold anticoagulant buffer, and organ filtered cell suspension, were purified by Percoll (30%) CDGC at 500 g for 8 min at 5°C to 
isolate leucocytes for cell cultures. 

Lymphocyte stimulation (Warr & Simon, 1983) 

HKL Stainless steel mesh (0.3 mm) filtered HK cell suspension in L-15 medium with 10% FCS, glucose and antibiotic solution were purified by Percoll (1.070/1.080 g 
mL-1) DCDGC for 40 min at 400 g at 5°C or on ice. 

Phagocytosis  
Microscopic characterisation  

(Braun‐Nesje et al., 1981) 

O. nerka HKL Stainless steel screen filtered HK suspension in heparinised L-15 medium with 10%FCS, glucose, and antibiotic were passed through a glass wool mat to remove 
any remaining large aggregates. Leucocytes were purified by passing through Percoll (34%/51%) DCDGC according to Braun‐Nesje et al. (1981). Cells were 
washed once in heparinised L-15 medium at 1000 g for 10 min, and resuspended in L-15 with heparin. 

Respiratory burst  
Phagocytosis  
HKL myeloperoxidase content 

(Alcorn et al., 2002) 

O. tshawytscha PBL PBL were isolated according to Lulijwa et al. (2019a) Phagocytosis 
Respiratory burst  
Immune gene expression 

(Lulijwa et al., 2019b) 

PBL PBL were isolated by a modified method from Pierrard et al. (2012). Briefly, heparinised PB diluted 1:1 in sterile filtered (40 µm) PBS, pH 7.4 were purified from 
micro blood volume (284 µL) by Lymphoprep (1.077 g mL-1) CDGC at 971 g for 20 min in a 1.5 mL Eppendorf tube at room temperature. Leucocytes at the 
interface were aspirated with a pipette and washed twice in PBS at 674 g for 7 min. The cell pellet was adjusted to 105 - 106 mL-1 in PBS with 2% FCS and kept at 
4°C. 

PBL viability  
PBL microscopic 
characterisation 
PBL flow cytometry 
characterisation  

(Lulijwa et al., 2019a) 

HKL  Unfiltered HK suspension in L-15 medium with 0.1% FBS and antibiotic solution on ice, leucocytes were purified by Histopaque (1.077 g mL−1) CDGC at 
unspecified settings and macrophages separated by plastic adherence. 

Respiratory burst  
Phagocytosis 

(Arkoosh et al., 2018) 

HKL  Unfiltered HK suspensions in L-15 medium with 0.1% FBS and antibiotic solution were sediment on ice to remove debris for 3–5 min. The leucocyte supernatants 
were purified by Histopaque (1.077 g mL−1) CDGC for 15 min at 500 g and 16°C. The interface layer with WBCs was washed in L-15 medium with 0.1% FBS and 
resuspended in L-15 medium with 0.1% FBS at 106 mL-1 by haemocytometer. 

Phagocytosis 
Respiratory burst 

(Arkoosh et al., 2015) 
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HKL & 
SPL 

HKL and SPL were isolated according to Crippen et al. (2001). Nylon cell strainer (40 μm) filtered suspensions in isolation medium (HBSS) and Alsever’s solution 
(AS) and leucocytes partially purified for 7 min at 500 g and 4°C. The cell pellet was resuspended in ice-cold isolation medium, and clumps removed. For 
hypotonic lysis of erythrocytes, 2 mL of cell suspension were diluted with 9 mL sterile deionized water for 20 sec; 1 mL of sterile 10x PBS was immediately added 
to stop lysis. Cells were washed twice for 7 min at 500 g and 4°C, cells were resuspended in ice-cold TCM, and adjusted to 106 mL-1 by Trypan Blue assay. 

Cell viability 
Cell apoptosis 
IgM response 

(Misumi et al., 2009) 

HKL & 
SPL 

HKL and SPL were isolated according to Crippen et al. (2001). Nylon cell strainer (40 μm) filtered suspensions in isolation medium (HBSS) and Alsever’s solution 
(AS) and leucocytes partially purified for 7 min at 500 g and 4°C. The cell pellet was resuspended in ice-cold isolation medium, and clumps removed. For 
hypotonic lysis of erythrocytes, 2 mL of cell suspension were diluted with 9 mL sterile deionized water for 20 sec; 1 mL of sterile 10x PBS was immediately added 
to stop lysis. Cells were washed twice for 7 min at 500 g and 4°C, cells were resuspended in ice-cold TCM, and adjusted to 106 mL-1 by Trypan Blue assay. 

Cell viability 
Cell apoptosis 
Cell proliferation  
IgM response 

(Misumi et al., 2005) 

HKL, SPL, 
& PBL 

PBL were isolated by hypotonic lysis (Crippen et al., 2001). Briefly, PB erythrocytes were lysed with distilled water for 20 sec, immediately returned to isotonic 
with 10x PBS, erythrocyte debris removed and the PBL washed with isolation media, and finally re-suspended in RPMI for assay use. Unfiltered HK and SP 
suspensions in ice-cold TCM (MEM) with 5% FCS, antibiotics, sodium bicarbonate, essential and none-essential amino acids and sodium pyruvate. Leucocyte 
suspensions were allowed to settle, and cell suspensions aspirated off. Cells were adjusted by Trypan Blue to 107 mL−1 in sterile TCM on ice for direct assay use. 

MAb 
Surface IgM  
Flow cytometry 
characterisation of isolated 
cells   

(Milston et al., 2003) 

HKL Stainless steel filtered HKL cell suspension in heparinised L-15 medium with 10% FCS, glucose, and antibiotic solution were purified by Percoll (34–51%) 
DCDGC for 40 min at 400 g and 5°C. Cells were washed once, resuspended in L-15 medium with 20 IU mL−1 heparin, and adjusted to the right concentration using 
a haemocytometer. 

Respiratory burst  
Phagocytosis 

(Alcorn et al., 2003) 

HKL, SPL Unfiltered suspension in holding medium (HM) on ice was sediment to remove debris, the supernatant, was removed and washed once in HM for 10 min at 500 g 
and 4°C according to Yui and Kaattari (1987) above. The resulting cell pellet was resuspended in TCM and cells counted on a haemocytometer. 

Same assays as for O. kisutch 
above 

(Yui & Kaattari, 1987) 

HKL, SPL HK and SP leucocytes were isolated according to Arkoosh and Kaattari (1991). Plaque forming cell assay (Arkoosh et al., 1994) 

HKL Unfiltered HKL cell suspension on ice was sedimented to remove debris in RPMI-1640 with 10% FCS, L-glutamine, gentamycin, 2-meracaptoethanol, uracil, 
cytosine, adenosine and guanine. The suspension was obtained by repeated aspiration of fragments using a 1 mL syringe. Leucocytes were adjusted to 107 mL-1 with 
a haemocytometer in supplemented RPMI-1640 for assaying. 

Plaque forming cell assay (Slater & Schreck, 1993) 

HKL, SPL Unfiltered suspension obtained by repeatedly forcing tissue through a 1 cc syringe in TCM was sedimented on ice, supernatant was centrifuged at 1400 g for 10 
min, pellet collected and suspended in TCM. Cells were counted on a haemocytometer and adjusted to 107 mL−1 in TCM until needed for assay.  

Plaque forming cell assay (Arkoosh et al., 1991) 

S. salar PBL, HKL, 
SPL 

PB and organ leucocytes were isolated according to Jørgensen et al. (2001). Heparinised PB suspension leucocytes were purified by Percoll (54%) CDGC for 40 
min at 400 g and 4°C.  Cell strainer (100 µm) filtered HK and SP suspensions were purified by Percoll (25/54%) DCDGC and centrifuged as above. Leucocytes at 
the interface were collected and washed twice in L-15 medium with P/S prior to use. 

Flow cytometry sorting 
Surface protein 
characterisation 
Immune gene expression  

(Peñaranda et al., 2019) 

HKL Cell strainer (100 µm) filtered HK cell suspension in heparinised L‐15 medium with antibiotic solution, and 2% inactivated FBS were purified by Percoll 
(25%/54%) DCDGC for 40 min at 400 g and 4°C according to Braun‐Nesje et al. (1981). Leucocytes at the interface were collected and washed twice in L‐15 
medium at 450 g for 15 and 10 min respectively, and adjusted to 106 mL-1 in L‐15 with 1% FBS. 

Respiratory burst activity  
Nitric oxide production  
Immune gene expression 

(Ulvestad et al., 2018) 

HKL Cell strainer (100 µm) filtered HK suspensions in heparinised L-15 medium with 2% FCS and antibiotic solution were purified by Percoll (25/54%) DCDGC for 45 
min at 400 g and  4°C  according to Jørgensen et al. (2001). Leucocytes at the interface were collected and washed twice in L-15 medium and seeded at 106 mL−1. 

Luciferase reporter gene assay (Julin et al., 2015) 

HKL, PBL Briefly, heparinised PBL was diluted 1: 2 in heparinised L-15+ medium with sodium carbonate, D-glucose, gentamycin sulphate, and L-gluamin. Homogenised and 
unfiltered HK suspensions were prepared in heparinised cold L-15+ medium. Leucocytes from PB and HK suspensions were purified by Percoll (1ꞏ075/1ꞏ060 
g mL−1) DCDGC for 30 min at 400 g according to Pettersen et al. (2000). Isolated leucocytes were diluted in L-15 + medium and analysed in a CASY-TT, adjusted 
to 106 mL−1. 

Surface MAb detection  
Leucocyte flow cytometry 
characterisation  
HK tissue gene expression 

(Rønneseth et al., 2013) 

HKL, SP Nylon mesh (80 µm) filtered HK and SP cell suspensions in heparinised RPMI-1640 with 2% healthy S. salar serum and antibiotic solution were purified by Percoll 
(34/51 %) DCDGC at 400 g for 45 min. Cells were collected at the interface and centrifuged again at 400 g for 10 min. Leucocytes were washed thrice in medium 
and suspended in the same medium to 107 mL-1. 

Phagocytosis  
Respiratory burst  
HKL lysozyme activity  

(Paredes et al., 2013) 

PBL Heparinised PB was diluted 1:2 in L-15+ medium with gentamicin sulphate, L-glutamine and HEPES. Leucocyte  were then purified by Percoll (1ꞏ075/1ꞏ060 g mL-

1) DCDGC for 40 min at 400 g as previously described by Pettersen et al. (1995)
Phagocytosis  
Flow cytometry 
characterisation   
Respiratory burst  
PBL myeloperoxidase  
Acid phosphatase 
Mitogen stimulation  
Cell surface marker gene 
expression  

(Haugland et al., 2012) 
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HKL Nylon mesh (37 µm) filtered HKL cell suspension in heparinised L-15 medium with bovine serum were purified by Percoll (34/51%) DCDGC at 3000 g for 30 min. 
Leucocytes were collected, washed with PBS (pH 7.6) and suspended in L-15 with 10% bovine serum.  

Respiratory busrt  
Phagocytosis  
Immune gene expression  

(Romero et al., 2012) 

PBL, SPL 
& HKL 

PB diluted 1:3 in L-15 medium and cell strainer filtered (50-100 µm) homogenised organ cell suspension were purified by Percoll (1.080 g mL−1) DDGC for 40 min 
at 800 g and 4 °C. Leucocyte were collected, washed once in PBS for 10 min at 400 g and 4 °C. Cells were resuspended in L-15 medium, counted using a Kova 
slide chamber and adjusted to 107 mL-1.  

Antibody detection 
Flow cytometry 
characterisation  

(Hedfors et al., 2012) 

PBL & 
HKL 

PBL and HKL were isolated as described in Øverland et al. (2010).  Heparinised PB diluted in L-15+ medium and cell strainer (100 µm) filtered HK cell suspension 
in heparinised L-15+ medium with gentamicin sulphate, L-glutamine, and HEPES were purified by Percoll (1ꞏ060/1ꞏ075 g mL-1) DCDGC for 35 min at 400 g and 
4℃.The cell pellet was resuspended in L-15 medium and counted by CASY Cell Counter. 

Respiratory burst 
Microscopic characterisation 

(Kalgraff et al., 2011) 

PBL & 
HKL 

Cell strainer (100 µm) filtered HK cell suspension in heparinised L-15 medium with gentamicin sulphate, L-glutamine, and HEPES. Peripheral blood and HK 
leucocytes were isolated on Percoll (1ꞏ060/1ꞏ075 g mL-1) DCDGC for 35 min at 400 g and 4℃ according to Pettersen et al. (2000). 

Phagocytosis  
Flow cytometry  
Immunofluorescence  

(Øverland et al., 2010) 

PBL & 
HKL 

Heparinised PB diluted 1:4 in L‐15 medium were purified by Histopaque 1077 CDGC at 400 g for 45 min. Leucocytes were collected using a Pasteur pipette. If 
erythrocyte contamination of PBL was considered to be excessive (>2%), then the PBL fraction was centrifuged again on 4 mL of fresh Histopaque 1077. Cells 
were washed twice in 0.1% L‐15 medium, at 600 g for 10 min and stored at −20°C. Nylon mesh (100 µm) filtered HKL suspension in heparinised L-15 medium 
were isolated and cells suspended in bijoux kept on ice until used. 

Respiratory burst 
Total lipid analysis  

(Petropoulos et al., 2009) 

PBL Heparinised PBL were purified by Percoll (1.060/1.075 g mL-1) DCDGC for 35 min at 400 g according to Pettersen et al. (2000). Heparinised PB was diluted 1:4 in 
PBS, and leucocytes purified by Percoll (1ꞏ060/1ꞏ075 g mL-1) DCDGC at 400 g for 30 min, and leucocyte fraction collected from the interface were washed in PBS 
by centrifugation at 200 g for 10 min. The cell pellet was resuspended in PBS-380 and kept on ice. 

Nitrite oxide production  
Respiratory burst  
Phagocytosis  
Immune gene expression  
Bactericidal assay  
Flow cytometry  
Immunofluorescence  
Sudan Black B 
PBL myeloperoxidase 

(Pettersen et al., 2008) 

PBL PBL were isolated by Histopaque (1.077 g mL-1) CDGC at unspecified settings and stored at −80 °C. Same assays as for O. mykiss 
above 

(Kales et al., 2006) 

HKL & 
PBL 

Heparinised PB was diluted to 2 mL in PBS and cell strainer (100 µm) filtered HK cell suspension in RPMI 1640 with L-glutamine and gentamicin. Leucocytes 
from PB and HK were purified by Percoll (1.060/1.075 g mL-1) DCDGC for 35 min at 400 g according to Pettersen et al. (2000). 

MAbs labelling 
Flow cytometry 
characterisation 

(Rønneseth et al., 2006) 

HKL & 
PBL 

Unfiltered HK cell suspension in RPMI 1640 with gentamicin sulphate, L-glutamin and heparinised PB diluted 1:3 in PBS (pH 7.3) on ice were isolated by 
discontinuous Percoll (1.060/1.075 g mL-1) centrifugation for 35 min at 400 g according to Pettersen et al. (2000). Leucocyte at the interface were collected and 
washed with PBS at 200 g for 10 min, and cells adjusted to 106 mL-1 in PBS with 1% BSA, 0.1% sodium azide and EDTA. 

MAbs labelling 
Flow cytometry 
characterisation 

(Pettersen et al., 2005) 

HKL, PBL Mesh filtered HK in heparinised L‐15 medium with 2% FCS and antibiotic solution on ice were purified by Percoll (51%) CDGC according to Secombes (1990); 
adjusted to 107 mL-1. For PBL, PB pellet was resuspended 1:2 in PBS and centrifuged at 100 g for 10 min. The buffy coat was aspirated, diluted in PBS, and 
leucocytes purified by Histopaque (1.077/0.001 g mL-1) DCDGC for 30 min at 400 g and 15℃. Leucocytes were collected, washed twice in PBS for 10 min at 400 
g and 4°C and once in modified phenol red‐free L‐15 medium with antibiotic solution. 

Phagocytosis  
Respiratory burst  
PBL proliferation  
 

(Gross et al., 2004) 

PBL & 
HKL 

Cell strainer (100 µm) filtered HK cell suspension in cold wash medium and PB diluted to 2 mL in PBS. HKL and PBL were isolated by Percoll (1.060/1.075 g mL-

1) DCDGC for 35 min at 400 g according to Pettersen et al. (2000). The leucocyte suspension was washed at 200 g for 10 min in PBS and resuspended in EDTA 
PBS with 1% BSA, 0.1% sodium azide at 106 mL-1. 

MAb assay  
Flow cytometry 
characterisation  

(Pettersen et al., 2003) 

HKL Sterile steel mesh (100 µm) filtered HK cell suspension in RPMI 1640 were purified by Percoll (34/51%) DCDGC for 30 min at 400 g and 4°C. Leucocytes were 
aspirated at the interface and washed twice for 5 min at 1200 g and 4°C. The pellet was resuspended in Cortland saline at 1200 g for 5 min at 4°C, and the cell 
pellets diluted at 107 mL-1, with the help of a Thomas’ haemocytometer. 

Phagocytosis (Desvignes et al., 2002) 

PBL & 
HKL 

Heparinised PB was diluted 1:4 in PBS, were purified by Percoll (1.060/1.075 g mL-1) DDGC at 400 g for 30 min. PBL were collected from the interface, washed 
with PBS at 200 g for 10 min, cells were resuspended in PBS with 1% BSA, sodium azide and Titriplex III and kept on ice until used. Unfiltered HKL suspension in 
RPMI 1640 with gentamycin, L-glutamine and 10% FBS were purified by Percoll CDGC for 30 min at 400 g and 4 °C. Cells were washed once in RPMI 1640, at 
200 g for 10 min at 4°C, resuspended in TCM with RPMI 1640, gentamicin, L-glutamine, mercaptoethanol and 10% FCS. 

PBL MAb characterisation 
PBL flow cytometry 
characterisation 
HKL MAb characterisation 

(Melingen et al., 2002) 

HKL-TO 
cells 

Unfiltered HK suspension in RPMI 1640 with gentamicin sulphate, L-glutamine, and 10% FCS were purified by Ficoll CDGC for 30 min at 1000 g and 4°C. HKL 
were suspended in RPMI 1640, centrifuged for 10 min at 900 g and 4°C. The collected cells were diluted in Eagle’s MEM, containing Earle’s BSS, gentamicin 
sulphate, fungizone,  L-glutamine, mercaptoethanol, 1 % MEM Eagle non-essential amino acid and 10 % FCS. 

Virus production (Wergeland & Jakobsen, 2001) 

HKL Cell strainer (100 µm) filtered HK cell suspension in heparinised L-15 medium with antibiotic solution and 2% FCS were purified by Percoll (25/54%) DCDGC at 
400 g for 40 min at 4°C with minor modification to the protocol by Graham and Secombes (1988). Leucocytes at the interface were collected and washed twice in 
L-15 medium, and seeded at 106 mL-1 in L-15 medium with 5% FCS, and antibiotic solution. 

IFN cytokine like activity  
 

(Jørgensen et al., 2001) 
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HKL Nylon mesh (70 µm) filtered HK cell suspension in heparinised L-15 medium with antibiotic solution and 2% heat-inactivated FCS were purified by Percoll 
(37%/51%) DCDGC for 35 min at 400 g according to Braun‐Nesje et al. (1981). Cells at the interface were collected and washed in heparinised L-15 medium with 
0ꞏ1% FCS at 200 g, for 10 min, and finally resuspended in medium, at 106 µL-1. 

HKL lysozyme activity  
Northern blotting 

(Paulsen et al., 2001) 

PBL  Heparinised PB was diluted 1:4 in PBS, and leucocytes purified by Percoll (1ꞏ060/1ꞏ075 g mL-1) DCDGC at 400 g for 30 min, according to Pettersen et al. (1995). 
The leucocyte fraction collected from the interface were washed in PBS by centrifugation at 200 g for 10 min. The cell pellet was resuspended in PBS-380 and kept 
on ice. 

MAb assay 
Immunofluorescence double 
staining 
Flow cytometry  

(Pettersen et al., 2000) 

HKL 
(SHK-1) 
cell line 

Unfiltered HK suspension in HEPES-buffered saline with collagenase were purified by Percoll (25-42 %, 42-50 %, & 50-58 %) DCDGC at 400 g for 60 min as 
previously described (Dannevig et al., 1995; Dannevig et al., 1994). Leucocytes were washed by centrifugation and resuspended in L-15 medium with 5% FCS, 
gentamycin and mercaptoethanol until needed for assays. 

Phagocytosis  
Bacterial killing  
Enzyme cytochemistry  
Immunohistochemistry 

(Dannevig et al., 1997) 

HKL Cell strainer (70 µm) filtered HK suspension in L-15 medium with antibiotic solution and 2% FCS were washed twice in L-15 medium counted and resuspended to 
a concentration of 106 mL-1 in L-15 +ab and 5% FCS. 

Leucocyte proliferation (Midtlyng et al., 1996) 

PBL Heparinised PB was diluted 1:2 in L-15 medium with glutamate and sodium bicarbonate. Medium osmolality was adjusted to 380 mOsm. The suspension 
leucocytes were purified by 54% Percoll CDGC at 400 g for 25 min. The leucocytes were washed with medium and adjusted to 106 mL-1. 

Lymphocyte proliferation 
Leucocyte IgM detection  

(Espelid et al., 1996) 

PBL Heparinised PB diluted 1:1 in PBS (pH 7ꞏ2), were purified by Percoll (1ꞏ060 /1ꞏ075 g mL-1) DCDGC at 400 g, for 40 min, according to Braun‐Nesje et al. (1981). 
Cellular fractions were collected for assaying following suspension in PBS with 0.1% BSA.  

MAb assay  
Antibody inhibition 
Immunofluorescence  
Western blotting 
Deglycosylation of Igm 

(Pettersen et al., 1995) 

HKL  Stainless steel mesh (0.3 mm diameter) filtered HK cell suspension in L-15 medium with FCS and antibiotic solution were purified by Percoll (37%/ 51%) DCDGC 
for 30 min at 400 g. Cells were adjusted to the right density in L-15 medium with 0.1% FCS, and antibiotic solution. 

Respiratory burst 
Bactericidal assay  
Superoxide inhibitors 

(Jørgensen & Robertsen, 1995) 

HKL Stainless steel mesh (0.3 mm diameter) filtered HK cell suspension were purified by Percoll (37%/51%) DCDGC for 30 min at 400 g, according to Braun‐Nesje et 
al. (1981). Cells at the interface were collected adjusted to 107 mL in L-15 medium with 0.1% FCS, antibiotic solution. 

Respiratory burst 
Phagocytosis 
Bacterial killing 
Hydrogen peroxide production 
NADPH-oxidase inhibition  

(Solem et al., 1995) 

HKL Stainless steel mesh (0.3 mm diameter) filtered HK cell suspension in L-15 medium with glucose, gentamycin and 2% FCS were purified by Percoll DCDGC for 20 
min at 400 g and 4℃, following the protocol by Braun‐Nesje et al. (1981). Cells at the interface were collected, washed in pure medium, and adjusted to 106 mL-1. 

Phagocytosis 
Pinocytosis 
Superoxide anion production 
Cellular lysosomal enzyme 
activity 
Cellular acid phosphatase 

(Dalmo & Seljelid, 1995) 

HKL Metal nets pressed HKL in medium were purified by 54% Percoll CDGC at 400 g according to Reitan and Thuvander (1991).  Cells at the interface were washed, 
counted and resuspended in RPMI 1640 with HEPES, glutamine, antibiotic solution, gentamicin and 5% FCS and used for later assays. 

ELISA 
Leucocyte proliferation  

(Erdal & Reitan, 1992) 

HKL, SPL, 
THL, PBL 

PB diluted 1:5 in RPMI 1640, and metal nets pressed HK, SP and TH suspensions in medium were purified by 54% Percoll CDGC at 400 g as described by 
Thuvander et al. (1987). Cells at the interface were washed, counted and resuspended in RPMI 1640 with HEPES, glutamine, antibiotic solution, gentamicin and 
5% FCS and used for later assays. 

Same assays as for O. mykiss 
above  

(Reitan & Thuvander, 1991) 

HKL Stainless steel mesh (0.3 mm diameter) filtered HK suspension in heparinised L-15 medium with 10% FCS, glucose and antibiotic solution were sedimented to 
remove debris and cell viability was done via Trypan Blue exclusion (0.5%). Leucocytes were purified by Percoll (1.060/1.068 g mL-1) DCDGC for 40 min at 400 g 
at 5℃ in the laboratory or on ice. Cell suspensions were washed in L-15 medium with FCS, counted and adjusted to the appropriate density.  

Same assays as for O. mykiss 
above  

(Braun‐Nesje et al., 1981) 

S. fontinalis HKL Unfiltered HK cell suspensions in DMEM with 10% FCS, glutamine and antibiotic solution were sedimented and the cellular supernatant was recovered, washed in 
PBS and leucocytes were purified by Ficoll-Histopaque CDGC at unspecified parameters. Collected cells were resuspended in DMEM with 10% heat-inactivated 
FCS at a density of 106 mL-1 for cultures. 

Northern analysis 
Phagocytosis 
Flow cytometry 
characterisation  

(MacKenzie et al., 2003) 

S. trutta HKL Unfiltered HK cell suspensions were purified according to MacKenzie et al. (2003) above. Same assays as for S. 
fontinalis above 

(MacKenzie et al., 2003) 

HKL, SPL Metallic filtered (100 µm) issue cell suspension were purified by Ficoll-paque (Histopaque 1.077 g mL-1) CDGC at 600 g for 30 min at 20℃. Lymphocytes were 
collected at the RPMI/Ficoll interface, washed twice, and adjusted to 106 viable lymphocytes mL-1 in RPMI1640 with 2 mM L-glutamine and 10% FCS.  

Phagocytosis  
Lymphocyte cytotoxicity 

(Marc et al., 1995) 
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3.4 Popular immunological assays in salmonid leucocyte immunology 

Within the 114 reviewed articles, over 200 immunological tests were conducted to study 

isolated organ and PBL in salmonids (Table 3.3). Findings showed that phagocytosis was the 

most applied assay to investigate cellular immunological functional capacity, with this technique 

being followed by respiratory burst activity (Table 3.3). We briefly discuss the most popular 

assays and give appropriate examples, where possible, below.   

Table 3.3. Commonly studied immunological tests in salmonid fish immunology. LM: Light 
microscopy, TEM: Transmission electron microscopy, SEM: Scanning electron microscopy. Data 
comes from 114 reviewed studies. Same assays reported by the same author in one paper on 
different species are reported once. 

Immunological assays Assay counts % of assays 
Flow cytometry characterisation  21 9.5 
Microscopy (LM, TEM, SEM) 5 2.3 
Leucocyte differential counts 1 0.5 
Bacterial killing/Cytotoxicity 6 2.7 
Phagocytosis, phagocytic index 41 18.6 
Pinocytosis 3 1.4 
Respiratory burst, superoxide anion and hydrogen peroxide production 29 13.2 
Nitric or Nitrite oxide production 3 1.4 
Lysozyme activity 4 1.8 
Acid phosphatase 2 0.9 
NADPH-Oxidase 1 0.5 
Superoxide dismutase 1 0.5 
Cell proliferation 20 9.1 
Cell migration  1 0.5 
Monoclonal antibodies 10 4.5 
Antibody production or detection 6 2.7 
Immunoglobulins 7 3.2 
Plaque forming cells 8 3.6 
Peroxidase and myeloperoxidase 3 1.4 
Immunohistochemistry, immunofluorescence, epifluorescence, 
chemiluminescence 8 3.6 
Enzyme cytochemistry 1 0.5 
ELISA 1 0.5 
Immune gene expression, cytokine activity 23 10.5 
Northern or western blot 3 1.4 
Sudan Black B 2 0.9 
Mitogen stimulation 3 1.4 
Virus production 1 0.5 
Total lipid analysis 1 0.5 
Cell viability, apoptosis 4 1.8 
Binding capacity 1 0.5 
Total assays reviewed 220 100.0 

3.4.1 Phagocytosis assay   

Phagocytosis is one of the most important fish immunological responses to pathogens, 

making its characterisation a good indicator of cellular defence capability. Previous studies show 

that phagocytosis is the most important innate immune defence mechanisms in poikilothermic 

fish, as it is the least affected parameter by temperature [reviewed in (Uribe et al., 2011)]. The 

phagocytic process involves pathogen uptake via engulfment into phagosomes (Øverland et al., 

2010). Phagocytes can take up harmful foreign particles as well as dead cells, macromolecules 

and cellular debris (Grayfer et al., 2014; Sirimanapong et al., 2014; Uribe et al., 2011). Among 

leucocytes, phagocytic cell-types include B lymphocytes, monocytes, macrophages, neutrophils, 

MC, DC and non-specific cytotoxic cells (Uribe et al., 2011; Whang et al., 2011; Wu et al., 2019).  
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Macrophages and neutrophils are professional phagocytes (Mathias et al., 2009; 

Neumann et al., 2001), with a high phagocytic ability and capacity (Neumann et al., 2001). 

Professional phagocytes eliminate bacterial pathogens through reactive oxygen species (ROS) 

production during respiratory burst (Uribe et al., 2011) and reactive nitrogen intermediates (RNI) 

via pattern recognition receptors (PRR) and cytokines (Grayfer et al., 2014). Inside macrophages, 

lysosomes are well-equipped with bactericidal molecules, including lysozyme, nucleases, 

proteases, lipases, and hydrogen peroxide, among others (Neumann et al., 2001). Neutrophils 

contain granular myeloperoxidase which kills bacteria via halogenation of cell walls in the 

presence of hydrogen peroxide and halides, and lysozymes with hydrolytic enzymes (Fischer et 

al., 2006). 

The phagocytic process is initiated by receptor-mediated endocytosis or through non-

specific hydrophobic interactions of the cell membrane with the target particle (Neumann et al., 

2001; Rabinovitch, 1995) through pathogen associated molecular patterns (PAMPs). The steps 

involved in neutrophil and macrophage destruction of pathogens sequentially involve: pathogen 

recognition via chemotaxis, pathogen adhesion, pathogen ingestion and formation of a 

phagosome, followed by a phagolysosome, digestion and exocytosis of residues (Neumann et al., 

2001).  

  

Figure 3.3  Techniques commonly used to study phagocytosis involving isolated salmonid fish 
leucocytes. FC: Flow cytometry, LM: Light microscopy. Data comes from 114 reviewed studies.   

In this paper, leucocyte phagocytosis was the most applied immunological assay to 

illustrate immunomodulation in farmed salmonids, reported in 40 studies. The most commonly 

used technique to study phagocytosis was flow cytometry, followed by light microscopy, using 

fluorescent latex beads (Figure 3.3). In addition, studied leucocytes were mostly isolated from the 

HK and PB (Table 3.1); while the most studied species were O. mykiss and S. salar (Table 3.1). 

Recent examples that employed isolated leucocyte phagocytosis to investigate salmonid 

immunological responses included engulfment of fluorescence-emitting beads by O. mykiss PBL, 
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following stimulation with interleukin-1β (il-1β) and interleukin-6 (il-6)  (Hu et al., 2018). In 

addition, sheep red blood cells (SRBC) were phagocytosed by O. tshawytscha HKL (Arkoosh et 

al., 2018), and yeast cells by S. salar HK (Paredes et al., 2013). The complete list of particles 

employed in assessing isolated leucocyte phagocytosis among salmonids is included in Table 3.4. 
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Table 3.4. Techniques used to study phagocytosis using isolated salmonid organ and PBL. CL: calorimetry, FC: flow cytometry, PCM: phase contrast microscopy, LM: light microscopy, EFM; 
epifluorescence microscopy, FM: fluorescence microscopy, SEM: scanning electron microscopy, SP: spectrophotometer, MMR: multimode microplate reader, LU: Luminometer, CC: colony count, MPF: 
Microplate fluorometer; ER: ELISA reader.  For blood tissues, HK: head kidney, PB: peripheral blood, MK: Middle kidney, and SP: Spleen.  

Species  Tissue Targeted cells Inducers Technique Reference 
O. mykiss PB Leucocytes  Fluorescent latex beads 1.0 μm FC (Hu et al., 2018; Wang et al., 2018) 

HK,SP,MK Leucocytes  Green fluorescent 1.0 µm latex beads FC (Bassity & Clark, 2012) 
HK Macrophages Latex beads LM  (Nya & Austin, 2010) 
HK Macrophages   Latex beads LM  (Nya & Austin, 2009) 
HK Macrophages   Zymosan A SP (Yada, 2009) 
HK Leucocytes Pathogenic bacteria (Streptococcus iniae, Lactococcus garvieae, A. salmonicida, Yersinia ruckeri, 

Vibrio anguillarum and Vibrio ordalii) 
CC (Brunt et al., 2007) 

HK Leucocytes   Latex beads 0.85 µm LM (Kim & Austin, 2006) 
HK Leucocytes   Latex beads 0.8 µm LM (Brunt & Austin, 2005) 
HK Leucocytes   S. cerevisiae LM  (Cecchini et al., 2005) 
HK Macrophages  Fluorescent latex beads 2.0 μm LM (Panigrahi et al., 2004) 
HK Macrophages  Fluorescein-labelled Escherichia coli MPF (Hoeger et al., 2004) 
PB Macrophages S. cerevisiae SP (Dügenci et al., 2003) 
HK, PB Leucocytes  

Free erythrocytes   
C. albicans LM (Passantino, Altamura, et al., 2002) 

HK Leucocytes   Latex beads 0.8 µm LM (Irianto & Austin, 2002) 
HK Leucocytes Macrophages S. cerevisiae LM (Clerton et al., 2001) 
HK Leucocytes   Fluorescent latex beads 1.03 µm FC (Karrow et al., 1999) 
PB, HK Leucocytes   Fluoresceinated (FITC) latex beads FC (Chilmonczyk & Monge, 1999) 
HK Leucocytes   Latex particles (0.85 µm) LM (Sakai et al., 1995) 
SP Leucocytes  Fluoresceinated (FITC) latex beads, 1.72 µm FCM, (Thuvander, 1989) 
PB Leucocytes  Fluoresceinated (FITC) latex beads, 1.72 µm FC, FCM, SEM (Thuvander et al., 1987) 
HK Macrophages  SRBC, latex beads, heat-killed Candida, live yeast cells & V. anguillarum PCM  (Braun‐Nesje et al., 1981) 

O. nerka HK Leucocytes  FITC-labelled Staphylococcus aureus FM (Alcorn et al., 2002) 
O.tshawytscha PB Leucocytes Fluorescent latex beads 1.0–1.3 µm LM (Lulijwa et al., 2019b) 
 HK Macrophages  SRBC SP (Arkoosh et al., 2018) 

HK Macrophages  SRBC SP (Arkoosh et al., 2015) 
HK Leucocytes  FITC-labelled S. aureus FM (Alcorn et al., 2003) 

S. salar HK Macrophages  Yeast cells  LM (Paredes et al., 2013) 
HK Macrophages  Fluorescein-labelled E. coli ER (Romero et al., 2012) 
PB  Leucocytes   Fluorescent latex beads 1.00 µm FC  (Haugland et al., 2012) 
PB, HK  Leucocytes   Fluorescent latex beads 1.00 µm FM, FC  (Øverland et al., 2010) 
HK Macrophages Fluorescent latex beads 2 or 3 µm LM, FC (Pettersen et al., 2008) 
HK Phagocytes  Yeast cells  LM (Gross et al., 2004) 
HK Macrophages Opsonised zymosan LU (Desvignes et al., 2002) 
HK Macrophages A. salmonicida EFM (Dannevig et al., 1997) 
HK Macrophages  Glutaraldehyde-fixed sheep red blood cells CL (Solem et al., 1995) 
HK Macrophages  Fluorescein labelled Latex microbeads  PCM (Dalmo & Seljelid, 1995). 
HK Leucocytes and macrophages Fixed sheep red blood cells, latex beads, heat-killed Candida, live yeast cells & V. anguillarum PCM  (Braun‐Nesje et al., 1981) 

S. fontinalis HK  Macrophages   S. cerevisiae FITC FC  (MacKenzie et al., 2003) 
S. trutta HK Macrophages S. cerevisiae FITC FC (MacKenzie et al., 2003) 

HK Leucocyte  Opsonised zymosan  LU (Marc et al., 1995) 
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3.4.2 Respiratory burst   

Respiratory burst or oxidative burst involves rapid production of ROS (superoxide 

molecules and hydrogen peroxide) by different leucocytes during innate immune responses to 

pathogens. The technique is one of the most important salmonid immunological assays, frequently 

assessed together with phagocytosis. This technique may require stimulation with PAMPs and 

macrophage-activating factors (MAF), such as phorbol myristate acetate (PMA) or concanavalin 

A (con A) either in synergy or singly. In this review, respiratory burst was the second most studied 

cellular innate immunological assay employed in innate immune responses of salmonids (Table 

3.3). During fish immunological responses to pathogens, respiratory burst plays an important 

biochemical role that facilitates successful phagocytosis and eventual pathogen destruction. The 

technique is a monopoly of phagocytic neutrophils, monocytes and macrophages, and aims at 

ROS production, catalysed by NADPH oxidase complex that lines the inner phagocyte cell 

membranes and cytoplasm following stimulation (Briggs et al., 1975). However, as monocytes 

differentiate into macrophages, they lose capacity to produce ROS (Cassatella et al., 1985).  

The process of respiratory burst has been reviewed thoroughly by Grayfer et al. (2014) 

and the process for ROS production was illustrated earlier in a review in teleosts by Neumann et 

al. (2001). Briefly, the reaction starts with formation of superoxide anion (Oଶ
ିሻ, which eventually 

gets catalysed into hydroxyl radical (OH.), hydrogen peroxide ሺHଶHଶሻ, hypochlorus acid (OClି) 

and peroxynitrite ሺONOOି) [reviewed in Grayfer et al. (2014)]. In salmonids, genes for the 

enzyme NADPH oxidase complex have been linked with ROS production in O. mykiss, S. salar; 

and were cloned and sequenced in O. mykiss [reviewed in Grayfer et al. (2014)]. In addition, 

Grayfer et al. (2014) provided numerous evidences of the induction of phagocyte ROS production 

by cytokines, such as tumor necrosis factor alpha (tnf-α) and interferon gamma (ifnγ) and il-1β in 

O. mykiss.  

Consequently, leucocyte respiratory burst has been widely used in several in vitro and in 

vivo experiments to illustrate immunomodulatory effects induced by dietary manipulations in O. 

mykiss (Nya & Austin, 2010; Sharifuzzaman & Austin, 2010), S. salar (Ulvestad et al., 2018); 

immunostimulants in O. mykiss (Brunt & Austin, 2005); O. tshawytscha (Lulijwa et al., 2019b) 

and in S. salar (Paredes et al., 2013). Respiratory burst has also been used to assess: 

immunomodulatory effects induced by chemical and physical stressors in O. tshawytscha 

(Arkoosh et al., 2018), in O. mykiss (Markkula et al., 2009; Taylor et al., 2007); vaccines efficacy 

in O. mykiss (Marsden et al., 1994; Marsden & Secombes, 1997); and effects of pathogens in O. 

mykiss (Rønneseth et al., 2013) and S. salar (Desvignes et al., 2002). 

3.4.3 Flow cytometry assays 

Flow cytometry is a popular laser-based technology that allows multiple characterisation 

of cells in biofluids and has been used in fish to rapidly, accurately, and consistently analyse fish 

leucocyte subpopulations and cellular immune functions (Chilmonczyk & Monge, 1999). For 

example, flow cytometry has been used to characterise fish leucocytes in O. mykiss (Crippen et 
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al., 2001; Hu et al., 2019; Korytář et al., 2013; Pettersen et al., 2000; Scharsack et al., 2001; Tillitt 

et al., 1988), O. tshawytscha (Lulijwa et al., 2019a),  S. salar (MacKenzie et al., 2003; Melingen 

et al., 2002; Peñaranda et al., 2019; Pettersen et al., 2003). Flow cytometry has also been used to 

assess cellular functional characteristics (Chilmonczyk & Monge, 1999) of respiratory burst 

(Kalgraff et al., 2011), antibody production (Hedfors et al., 2012; Johansson et al., 2016; Milston 

et al., 2003; Pettersen et al., 2005; Pettersen et al., 2008; Pettersen et al., 2003) and phagocytosis 

(Haugland et al., 2012; Øverland et al., 2010; Thuvander et al., 1987) among others. Leucocyte 

flow cytometry has also been used to assess salmonid fish immune response to pathogens 

(Chilmonczyk & Monge, 1999; Rønneseth et al., 2013; Rønneseth et al., 2006); and chemical 

stressors (Misumi et al., 2005; Misumi et al., 2009). Recently, a portable flow cytometer, the 

Muse® Cell Analyser, has been used in aquaculture as an accurate and fast quantitative assessment 

tool of single cells compared to traditional manual methods (Lulijwa et al., 2019a). 

3.4.4 Immune gene and cytokine expression   

Detection of immune genes is yet another important technique used to assess 

immunomodulation in aquaculture, via leucocyte cytokine transcript expression. Zhang and An 

(2007), described cytokines as proteins released by cells and have a specific effect on the 

interactions and communications between cells. Depending on the cells that produce them, 

cytokines are called lymphokine, monokine, or chemokine if they have chemotactic capacity and 

interleukin (IL) if produced by a specific leucocyte type and act on another leucocyte type. 

Stimulated macrophages produce pro-inflammatory cytokines, which accelerate inflammatory 

reactions during pathological or stressful conditions. Pro-inflammatory cytokines of il-1β, il-6, 

and tnf-α, are involved in inflammation; while anti-inflammatory cytokines such as il-1 receptor 

antagonist, il-4, il-10, il-11, and il-13 are produced to control actions of the pro-inflammatory 

cytokines (Zhang & An, 2007).  

Fish have major pro-inflammatory cytokines such as tnf-α, il-1β, il-6, downstream effectors 

il-8 and il-12; and the classical anti-inflammatory il-10 and transforming growth factor (TGF-β1), 

but lack most of the mammalian TNF-β and il-1 members, such as il-1f1, il-1f3 and il-1f5-11 

[reviewed in Secombes (2016)]. In fish, il-1β stimulates T-lymphocytes [reviewed in  Magnadottir 

(2010)], while IL-1 receptors have been suggested to regulate il-1β in stress responses, as they 

have been consistently regulated in O. mykiss  and S. salar HK and SP following LPS and tnf-α 

stimulation (Sangrador‐Vegas et al., 2000; Subramaniam et al., 2002). Recently, PBL were used 

to demonstrate IL-2 modulated gene expression and cytokine induced cellular proliferation 

(Wang et al., 2018). Thus, gene expression has been employed in salmonids to characterise S. 

salar TO cell line, small mononuclear cells for dendritic like properties (Haugland et al., 2012; 

Pettersen et al., 2008), O. mykiss HK and PB leucocytes for immune response (Hu et al., 2018; 

Monte et al., 2015) and viral pathogen transcript detection (Julin et al., 2015; Rønneseth et al., 

2013). Immune gene expression has also been used in salmonids to assess immunomodulatory 

effects induced by steroid hormones (MacKenzie et al., 2006; Peña et al., 2016; Romero et al., 
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2012; Yada, 2009; Yada et al., 2004), LPS and β-glucan administration (Goetz et al., 2004; 

MacKenzie et al., 2006; Ulvestad et al., 2018), and temperature perturbations (Kales et al., 2006; 

Nath et al., 2006) in farmed salmonids. However,  the potential effects of nucleic acids and 

lipoproteins as crude LPS contaminants may be co-inducers of pro-inflammatory activity (Hong 

et al., 2013).  

3.4.5 Cell proliferation assay   

The cell proliferation assay is a measure of an increase in cell population, considered an 

indicator of cell health, and is commonly used to monitor the response of cells following 

immunostimulation (Adan et al., 2016). In salmonids, isolated leucocyte proliferation is one of 

the important immunological assays widely applied. The technique was recently used to 

characterise O. mykiss PBL following isolation by hypotonic lysis and density gradient 

centrifugation (Hu et al., 2018). Frequently, leucocyte proliferation was used to assess effects 

induced by steroid hormones (Espelid et al., 1996; Yada et al., 2019; Yada et al., 2004), pathogens 

(Chilmonczyk & Monge, 1999; Gross et al., 2004; Marsden et al., 1994; Marsden et al., 1995), 

mitogens and or pathogens (Reitan & Thuvander, 1991; Tillitt et al., 1988), vaccines (Boesen et 

al., 1997; Erdal & Reitan, 1992; Marsden et al., 1996; Midtlyng et al., 1996), vitamin C (Hardie 

et al., 1993), hydrocarbon creosote (Karrow et al., 1999), sewage effluents (Hoeger et al., 2004), 

and long term UVB irradiation (Markkula et al., 2009) in O. mykiss and S. salar.  

3.4.6 Antibody production assay    

Antibodies (Ab) or immunoglobulins (Ig) are surface cellular markers that provide a 

suitable surface for attachment of specific pathogens to B-lymphocytes. They form part of the 

adaptive immune system that is very pathogen specific, thanks to their high affinity [reviewed in 

Hawlisch and Köhl (2006)]. Antibodies help to facilitate a proper response to pathogens 

(Dunkelberger & Song, 2010) in association with the complement system. In teleosts, the 

complement system is composed of different serum proteins that play a vital role in fish defence 

and is divided into three different pathways. These include the classical complement activity, 

which is  triggered by antibody binding to cell surfaces (Holland & Lambris, 2002). The 

alternative pathway is directly activated by foreign pathogens (Boshra et al., 2006), and the lectin 

pathway is activated by binding of a protein complex made of mannose or mannan binding lectin 

in bacterial cells (Sakai, 1992). In fish, the alternative complement pathway is the most important 

innate immune defence mechanism against pathogens (Boshra et al., 2006), through pathogen 

killing via opsonisation and phagocyte activation, usually through Gram-negative bacterial cell 

wall LPS (Rauta et al., 2012). In their review, Uribe et al. (2011) noted that the complement 

proteins enhanced salmonid antibody neutralisation of encapsulated viruses; while LPS present 

in Gram-negative pathogenic bacteria stimulated complement proteins to facilitate phagocytosis.  

A number of studies characterised salmonid isolated leucocytes for the presence of Ig 

(Bassity & Clark, 2012; Hedfors et al., 2012; Kaattari & Yui, 1987; Korytář et al., 2013; Milston 

et al., 2003; Pettersen et al., 2000; Pettersen et al., 1995). Isolated leucocyte Ig or Ab production 
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was used to study immunomodulatory effects induced by recombinant interleukin-4/13A in O. 

mykiss HKL cultures (Johansson et al., 2016) and rearing temperature (Pettersen et al., 2005). 

Other leucocyte Ig or Ab production studies looked at immune effects of seawater and freshwater 

shifts on MAb+ and IgM+ cells in PB and HK leucocytes in S. salar (Pettersen et al., 2003), 

photoperiod and immune response in S. salar PB and HK leucocytes (Melingen et al., 2002). 

Isolated leucocyte MAbs production were also used to detect infectious pancreatic necrosis virus 

(IPNV) in vaccinated S. salar HK and PB leucocytes (Rønneseth et al., 2013; Rønneseth et al., 

2006). Other studies used leucocyte Ig and MAbs production to assess immunomodulatory effects 

of bovine lactoferrin (Cecchini et al., 2005), vaccines (Marsden et al., 1996), mitogens and 

pathogens (Reitan & Thuvander, 1991), hydrocarbon creosote (Karrow et al., 1999), 

polychlorinated biphenol (Thuvander & Caristein, 1991), tributyltin (Misumi et al., 2009), and 

hormones (Espelid et al., 1996).  

3.5 Leucocyte application to assess effects of dietary manipulations 

Intensive aquaculture produces fish under high density, and may subject animals to a 

multitude of stressors and conditions that support pathogenic infections. Good nutrition, and 

welfare must be ensured to support growth and enhance disease resistance (Ashley, 2007). Good 

nutrition prior to disease outbreaks increases fish resistance and reduces mortality (Waagbø, 

1994). Thus, immune system enhancement is a central aspect in aquaculture operations. In this 

regard, several in vivo and in vitro dietary manipulations using for instance probiotics, 

immunostimulants, including but not limited to nucleotides, β-glucans, LPS and polysaccharides 

have been commonly applied in aquaculture to enhance fish innate immunity and prevent 

infection [reviewed in Magnadottir (2010); Uribe et al. (2011)]. 

3.5.1 Illustrating immune benefits of probiotics  

Probiotics are live microbial adjuvants which confer beneficial effects to the host when 

administered in sufficient quantities (FAO/WHO., 2001). In the last three decades, several studies 

have used isolated leucocytes functional properties to assess effectiveness of singular and 

synergistic probiotics administration against pathogens. At a cellular immune functional level, 

singular oral administration of  Kocuria SM1 in O. mykiss resulted in effective defence against 

Vibriosis via enhanced respiratory burst and  HKL bacterial killing activities (Sharifuzzaman & 

Austin, 2010). Offered synergistically, probiotics Carnobacterium maltaromaticum B26 and 

Carnobacterium divergens B33, significantly enhanced HKL phagocytosis and respiratory burst 

, respectively, against A. salmonicida and Y. ruckeri (Kim & Austin, 2006). In addition, enhanced 

HKL phagocytic and respiratory burst activities, resistance against L. garvieae and S. iniae were 

reported following probiotics Aeromonas sobria GC2 administration in O. mykiss (Brunt & 

Austin, 2005). Also, oral administration of probiotics JB‐1 and GC2, equated to Bacillus sp. and 

A. sobria, respectively, stimulated HKL phagocytosis and respiratory burst activities against 

infectious A. salmonicida, L. garvieae, S. iniae, V. anguillarum, V. ordalii and Y. ruckeri in O. 
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mykiss (Brunt et al., 2007). Besides, a potential probiotic Lactobacillus rhamnosus (JCM 1136) 

induced increased HKL phagocytosis in O. mykiss (Panigrahi et al., 2004).  

3.5.2 Studying immune benefits of immunostimulant and MAFs effects 

 Evolutionally important, PAMPs are conserved signal molecules found in bacteria and 

viruses (Castro & Tafalla, 2015). They include viral double stranded ribonucleic acid (dsRNA) 

and bacterial deoxyribonucleic acid (DNA), fungal β1,3-glucans (β-glucan), bacterial cell wall 

peptidoglycans, polysaccharides and Gram-negative bacterial endotoxin or lipopolysaccharides 

(LPS), not expressed in multicellular life forms (Elward & Gasque, 2003). PAMPs are recognised 

by the host immune system through the pattern recognition receptors (PRRs) on cell surfaces, 

following breach of physical barriers. The binding of the host cellular PRRs and the PAMPs 

initiates cellular responses specifically designed to kill and eliminate the microbial pathogen 

(Rieger & Barreda, 2011). MAFs are receptor based signals that initiates pathogen clearance 

(Mosser & Edwards, 2008). Indeed, salmonid isolated leucocytes have been used to assess 

immunostimulatory effects of PAMPs, such as viral double stranded (dsRNA), LPS, β-glucan, 

cytokines, MAFs such as PMA, con A and phytohaemagglutinin (PHA) following singular or 

synergistic administration in vivo and in vitro.  

Functionally, singular administration of LPS in vivo enhanced oxidative burst, 

phagocytosis, and bactericidal activities against pathogenic Aeromonas hydrophila in O. mykiss 

(Nya & Austin, 2010). However, conflicting results were obtained as singular LPS did not alter 

phagocytic capacity  in O. mykiss HK and PB macrophages in vitro (Passantino, Tafaro, et al., 

2002). Furthermore, in vitro exposure to different bacterial LPS products enhanced respiratory 

burst activity, phagocytic activity and ability to kill an avirulent A-layer lacking strain of A. 

salmonicida in S. salar HKL macrophages and enhanced pathogen resistance (Solem et al., 1995).  

Using β-glucan in vitro, singular administration induced higher ROS production compared to 

singular LPS stimulation in S. salar HKL macrophages (Ulvestad et al., 2018), and in vitro, 

administration of β-glucan enhanced respiratory burst  in S. salar HK macrophages, but did not 

induce increased bactericidal activity against avirulent and virulent strains of A. salmonicida 

(Jørgensen & Robertsen, 1995). Offered synergistically, LPS and β-glucan enhanced 

phagocytosis, pinocytosis and superoxide anion production in S. salar HKL macrophages (Dalmo 

& Seljelid, 1995). Similarly, combined yeast β-glucans and bacterial LPS enhanced respiratory 

burst activity in S. salar HKL macrophages (Paulsen et al., 2001; Ulvestad et al., 2018).  

While applying MAFs, O. mykiss HKL macrophages were stimulated into respiratory 

burst with PMA to produce oxygen and hydrogen peroxide, which was catalysed by exogenous 

superoxide dismutase (SOD) and its inhibitor (diethyldithiocarbamate; DDC) reduced hydrogen 

peroxide production (Chung & Secombes, 1988). Similarly, O. mykiss HKL macrophages, 

stimulation with PMA induced higher respiratory burst activity than stimulation with LPS, tnf-α 

or β-glucans, while a synergistic response was even higher (Novoa et al., 1996). Likewise, MAF 

con A induced stronger O. mykiss PBL proliferation than did  LPS,  PHA or pokeweed mitogen 
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(PKWM) in vitro (Tillitt et al., 1988) and earlier work had revealed that O. mykiss leucocytes 

isolated from HK, TH, PB and SP, responded very well to LPS and con A in vitro (Warr & Simon, 

1983).  

Also, in O. kisutch, IgM production was induced following PHA treatment, which 

suggested that this PAMP may not be limited to T cell activation in salmonids, but may 

alternatively induce the production of lymphokines capable of polyclonal activation of B cells, 

while fetal calf serum (FCS) induced production of large amounts of IgM without antigenic 

stimulation (Kaattari & Yui, 1987). In addition, O. mykiss SPLs were stimulated in vitro for 

antibody production following antigen B-lymphocyte stimulation with Trinitrophenylated (TNP) 

forms of E. coli LPS and keyhole limpet haemocyanin (KLH) (Kaattari et al., 1986).  

At the gene level, isolated leucocytes have been used to demonstrate that synergistic β-

glucan and bacterial LPS administration enhanced accumulation of lysozyme gene transcripts in 

S. salar HK macrophages (Paulsen et al., 2001). In addition, S. salar in vitro combined stimulation 

with bacterial LPS and β-glucan highly induced gene expression for arginase‐1 and pro-

inflammatory IL‐1β in the stimulated cells (Ulvestad et al., 2018). In established S. salar TO cell 

line, LPS induced significant upregulation of cluster of differentiation 83 (CD83 )gene transcript, 

indicative of DC origin, while expression of TCR-α or the macrophage marker M-CSFR were not 

detected in vitro (Pettersen et al., 2008). Using bacterial LPS O. mykiss macrophages stimulated 

in vitro by E. coli LPS resulted into upregulation of genes for vascular cell adhesion molecule, 

the CCAAT/enhancer binding protein β, nuclear factor kappa B (NF-kB α) inhibitor, DCs cell 

restricted marker (CD209e), major histocompatibility complex class II (MHC II), cyclin L1, acute 

phase serum amyloid A, and prostaglandin endoperoxide synthase 2 (Goetz et al., 2004). Finally, 

plasmid DNA and synthetic oliogodeoxynucleotides (ODNs) with unmethylated CpG induced 

antiviral IFN cytokine activity in S. salar HKL; particularly among adherent macrophages than 

suspension leucocytes (Jørgensen et al., 2001).  

Fish leucocytes have been used to study and classify different cytokines in O. mykiss 

HKL incubated with LPS and Poly I:C or the pro-inflammatory cytokine IFN-γ, which induced 

class 2 cytokine receptors named R1 type receptors (IL-10R1/CRFB7, IL-20R1a/CRFB8a and 

IL-20R1b/CRFB8b) and one R2 type receptor (IL-10R2/CRFB4), as antiviral molecules against 

VHSV (Monte et al., 2015). In addition, isolated leucocytes were applied to assess directional 

immune response as O.mykiss, RTS 11 cells, recombinant il-1β  and IFN-γ reportedly induced 

upregulation of genes involved in inflammation and major histocompatibility complex class I 

(MHC I) antigen presentation pathway respectively (Martin et al., 2007).  

3.5.3 Illustration of immunomodulatory benefits of plant and animal extracts 

During the 1990s and early 2000s, salmonid isolated leucocytes were used to demonstrate 

immune effects of plant- and animal-based extracts at cellular immune functional levels. For 

example, PBL showed that dietary plant extracts from mistletoe (Viscum album), nettle (Urtica 

dioica), and ginger (Zingiber officinale) in O. mykiss significantly enhanced phagocytosis and 
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extracellular respiratory burst in fish fed a diet containing 1% powdered ginger root extracts 

(Dügenci et al., 2003). In addition, enhanced HKL phagocytosis, respiratory burst and bactericidal 

activities demonstrated enhanced immunity following oral administration of Garlic (Allium 

sativum) in O. mykiss (Nya & Austin, 2009). Enhanced HKL phagocytes chemiluminescence and 

phagocytosis in O. mykiss, administrated in vivo and in vitro with bovine lactoferrin was 

demonstrated (Sakai et al., 1995), including increased HKL endocytosis in O. mykiss administered 

with bovine lactoferrin (Cecchini et al., 2005). Conversely, the administration of bovine 

lactoferrin did not affect HKL antibody production against human‐γ‐globulins (HGG) in vivo in 

O. mykiss (Cecchini et al., 2005).

In vitamin C deficient O. mykiss, isolated HKL showed that in vitro supplementation 

enhanced leucocyte proliferation and response to PAMPs, while intraperitoneal (i.p.) 

administration enhanced the same parameters and in vitro supplementation enhanced leucocyte 

proliferation in fish fed a commercial diet (Hardie et al., 1993). In addition, in vivo 

supplementation or in vitro HKL incubated with or without pantothenic acid (vitamin B5) induced 

strong cell mediated migration against infection with Cryptobia salmositic in O. mykiss (Thomas 

& Woo, 1990). 

Similarly, in O. tshawytscha fed with experimental feeds with either fish meal as a 

control, fish meal plus cooked fish by-products, or fish meal plus hydrolyzed fish protein alone, 

or with hydrolyzed fish protein and processed fish bones, there was enhanced phagocytosis, 

respiratory burst and myeloperoxidase activity in all fed groups (Murray et al., 2003). Moreover, 

feeding level affected O. tshawytscha cellular function, as phagocytic activity appeared to be 

inversely proportional to feeding level (Alcorn et al., 2003). 

3.5.4 Understanding the effects caused by hormonal supplements 

Hormonal supplements are applied in animal production to enhance growth (Yu et al., 

1979) and enhance immune function (Paredes et al., 2013). Indeed, cultured and isolated salmonid 

leucocytes have been used to demonstrate immune enhancement both in vitro and in vivo. For 

example, S. salar SHK-1 cell line and HK leucocytes exhibited increased ROS production and 

phagocytosis following synthetic prolactin (PRL)-releasing peptide (PrRP) administration 

(Romero et al., 2012). Administered in vitro and in vivo HK macrophages treated with PRL 

resulted into enhanced ROS production and cellular phagocytosis (Paredes et al., 2013). In 

addition, in vitro administration of insulin-like growth factor-I (IGF-I) stimulated increased 

superoxide production in zymosan-stimulated O. mykiss HKL (Yada, 2009). Synergistic in vitro 

PRL and growth hormone (GH) administration did not affect cellular proliferation (Yada et al., 

2004); while in vivo singular i.p. administered of GH induced production of superoxide anions in 

O. mykiss PBL in both freshwater and seawater (Yada et al., 2001).

At the gene expression level, isolated salmonid leucocytes have been used to validate 

immunostimulatory and immunosuppression effects of hormones through assessment of immune 

related cytokine expression. For instance, PRL supplementation immediately upregulated 
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expression of  toll-like receptors (TLRs), myeloid differentiation factor 88 (MyD88) gene 

transcripts and prolonged the expression of il-1β to regulate long term immune response in P. 

salmonis infected O.mykiss (Peña et al., 2016). Similarly, PRL upregulated the expression of 

genes for il-1β, inhibitor of kappa B (IκBα), TLR1, and TLR5M (membrane-bound form) in S. 

salar SHK-1 cells infected with P. salmonis (Soto et al., 2016), and supplementary PRL-releasing 

peptide (PrRP) induced expression of pro-inflammatory cytokines il-1β, il-6, il-8, il-12 and PRL 

in SHK-1 cells and S. salar HKL (Romero et al., 2012). Conversely, cortisol administration 

significantly inhibited the LPS-dependent upregulation for expression of tnf-α2, a pro-

inflammatory cytokine in O. mykiss macrophages (MacKenzie et al., 2006). Furthermore, salmon 

insulin like growth factor-1 (sIGF-I), induced expression of insulin like growth receptor (IGFR) 

type Iβ in O. mykiss HKL in vitro but did not enhanced expression of another IGFR type Iα (Yada, 

2009). Administered synergistically, PRL and GH did not affect PBL lysozyme gene transcript 

in O. mykiss (Yada et al., 2004).  

3.5.5 Exemplary case studies  

To demonstrate the application of fish leucocytes in illustrating immunomodulatory effects 

of dietary manipulation, an in vitro study by Ulvestad et al. (2018) and an in vivo one by Nya and 

Austin (2010) are used. The in vitro study investigated the effects of singular and synergistic in 

vitro LPS and β-glucan administration on S. salar HK macrophages respiratory burst and immune 

gene expression. HK were aseptically obtained from healthy and unvaccinated S. salar  and 

leucocytes were isolated by discontinuous Percoll (GE Healthcare, Sweden) according to the 

protocol by Braun‐Nesje et al. (1981). Isolated cells were adjusted to 105 mL-1 using a 

NucleoCounter® NC‐200™ (Chemometec, Denmark). Cells were plated and kept in medium for 

24 h, to separate adherent from suspension cells. Isolated by washing, adherent cells were 

cultivated in cell medium supplemented with antibiotic solution and 2% FBS. 24 h post isolation, 

HK macrophages were stimulated with singular LPS /β-glucan or synergistically for 24 h (single 

stimulation) or 48 h (multiple stimulation), and control cells received only the cell medium. 

Functionally, cellular HK macrophages treated in vitro by LPS and β‐glucan exhibited enhanced 

ROS production compared to the control, while stimulation and costimulation by β‐glucan 

prompted higher ROS production than with LPS (Ulvestad et al., 2018). At the gene level, the 

arginase‐1 and IL‐1β gene transcripts were highly expressed in treated S. salar HK macrophages 

than in the control fish leucocytes (Ulvestad et al., 2018). 

Secondly, the in vivo study applied isolated leucocytes to demonstrate immunomodulatory 

effects of  immunostimulant LPS supplementation (Nya & Austin, 2010). The authors 

investigated the efficacy of supplementary LPS against infectious A. hydrophila in O. mykiss 

fingerlings. Fish fingerlings were fed a commercial diet supplemented with zero (control), 1ꞏ875, 

3ꞏ75, 7ꞏ5 and 15.0 mg LPS 100 g-1 of feed. Five groups of 20 fish each were fed twice daily to 

satiety for two weeks. 24h post the dietary feeding schedule, fish were challenged by i.p. injection 

with 0.1 mL suspensions of A. hydrophila. To assess the efficacy of LPS as an immunostimulant, 
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HKL were isolated by discontinuous Percoll gradient (Sigma‐Aldrich) (Sakai et al., 1995) to 

assess innate cellular immune functions of phagocytosis, respiratory burst, lysozyme activity and 

bactericidal activity from groups of 10 fish. Isolated HKL demonstrated that LPS administration 

in vivo, effectively enhanced the fish innate immune capacity against A. hydrophila via enhanced 

phagocytosis and phagocytic index in supplemented O. mykiss (Nya & Austin, 2010). 

3.6 Leucocytes used to assess effects of physical and chemical stressors   

Farmed fish and shellfish may face a multitude of intrinsic and extrinsic stressors that 

influence the innate immune capacity [reviewed in Uribe et al. (2011)]. Major extrinsic factors 

that modulate fish innate immune capacity include changes in temperature (Kayansamruaj et al., 

2014); variation in oxygen levels, suspended solids, pH, and salinity (Wang et al., 2018b), 

photoperiod (Tian et al., 2015), handling stress and stocking density (Yarahmadi et al., 2016). 

However, temperature is even more important due to fish’s poikilothermic lifestyle (Guijarro et 

al., 2015). Relatedly, ultraviolet radiations have also been reported to modulate salmonid 

immunity (Jokinen et al., 2008; Markkula et al., 2007; Markkula et al., 2009; Salo et al., 2000). 

Furthermore, immune effects of environmental contaminants have been reviewed by Rehberger 

et al. (2017) and include pesticides, organic compounds such as polychlorinated biphenyls 

(PCBs), polycyclic aromatic hydrocarbons (PAHs), halogenated aromatic hydrocarbons (HAHs), 

polybrominated biphenyl ethers (PBDEs), heavy metals, pharmaceutical compounds and natural 

hormones (Peña et al., 2016).  

3.6.1 Studying the effects induced by physical stressors  

Among salmonids, isolated leucocytes have been applied to illustrate immunomodulatory 

effects of physical stressors, including but not limited to temperature, osmotic shock, ultraviolent 

(UV) irradiation at cellular functional and gene levels. For example, isolated HK macrophages 

showed that cold stress in O. nerka reared at 8°C resulted into increased HK macrophage 

phagocytosis than in fish at kept at 12°C (Alcorn et al., 2002) and fish reared at 6°C exhibited 

higher percentages of Ig+ cells in PBL compared to fish reared at 18°C in S. salar post-smolts 

(Pettersen et al., 2005). At the molecular level, cold stress at 2°C downregulated the expression 

of genes for MHC-II β and α genes in O. mykiss (Nath et al., 2006), confinement in shallow water 

downregulated O. mykiss PBL corticosteroid receptors (Yada et al., 2019), while fish maintenance 

at 2°C did not affect expression of beta-2 microglobulin (β2m) in S. salar  and O. mykiss (Kales 

et al., 2006).   

In addition, osmotic stress during transfer from freshwater to seawater significantly 

enhanced HK macrophage respiratory burst activity in non-smolting O. mykiss (Taylor et al., 

2007) and in S. trutta (Marc et al., 1995). Also, immunomodulatory effects of ultraviolet B (UVB) 

irradiation perturbed immune functions in salmonids and increased fish susceptibility to 

pathogens (Markkula et al., 2007; Markkula et al., 2009). Conversely, long term UVB exposure 

did not affect PHA induced lymphocyte proliferation in O. mykis (Markkula et al., 2009), high 
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ultraviolet B (UVB) irradiation (1000 mJ cm−2) exposure supressed respiratory burst following 

exposure in O. mykiss HKL (Markkula et al., 2006).  

3.6.2 Studying the effects caused by chemical stressors  

Other than physical stressors, isolated salmonid leucocytes are also employed in revealing 

immunosuppressive effects of environmental contaminants, such as heavy metals, sewage 

effluents, polyaromatic hydrocarbons (PAHs). For example, isolated leucocytes showed that 

heavy metals cadmium, mercury and zinc altered cellular phagocytosis, respiratory burst, and 

lymphocyte differentiation [reviewed in (Rehberger et al., 2017)]. In O. mykiss exposed to lower 

cadmium (2ppb), leucocytes exhibited altered macrophage phagocytosis and ROS production, in 

a time‐dependent manner (Zelikoff et al., 1995); while O. mykiss PBL characterised as phagocytic 

by flow cytometry and electron microscopy, showed enhanced phagocytosis in a cellular function 

validation test with an arsenic (Thuvander et al., 1987). In O. mykiss exposed to treated sewage 

effluents, increased in vitro lymphocyte proliferation was noted; while HKL oxidative burst, 

phagocytosis were unaffected (Hoeger et al., 2004).  

Regarding immunological effects of PAHs, different concentrations of 

dichlorodiphenyltrichloroethane (DDT) metabolite 1,1-dichloro-2,2-bis (p-chlorophenyl) 

ethylene (p,p′-DDE) significantly reduced cell proliferation in O. tshawytscha (Misumi et al., 

2005) and tributyltin induced apoptosis in SP and HK leucocytes (Misumi et al., 2009). For 

PBDEs, dietary manipulations containing binary combinations of the contaminant congers BDE-

47 and BDE-99 induced increased HK macrophage phagocytosis, superoxide anions and ROS 

production in O. tshawytscha fed the binary diet compared to the control diet, while susceptibility 

to V. anguillarum infection was higher in the test group (Arkoosh et al., 2018). Similarly, oral 

exposure of O. tshawytscha  to PBDE congeners (BDE-47 and BDE-99) resulted in reduced HK 

macrophages phagocytosis in fish exposed to BDE-99, while both congers induced increased 

production of superoxide anion, and salmon exposed to the pollutant exhibited increased 

susceptibility to Listonella anguillarum (Arkoosh et al., 2015). In O. mykiss, i.p. administration 

with polychlorinated biphenol (PCB) mixture Clophen A50, SP leucocyte response to both T and 

B cells to LPS and PHA increased significantly in the PCB exposed fish after immunisation with 

keyhole limpet haemocyanin (KLH) (Thuvander et al., 1993).  

In O. mykiss exposed to PCB mixture Clophen A50, antibody levels to V. anguillarum 

were significantly lower in the groups that had been fed the Clophen A50-containing diet, while 

IgM levels remained unaffected (Thuvander & Caristein, 1991). In addition SP and HK leucocytes 

isolated from O. tshawytscha exposed to 59 ppm p,p′-DDE in vitro showed significantly lower 

percentage of Ig+ blasting cells than controls, although the response was biphasic (Misumi et al., 

2005) and comparable findings were noted following tributyltin (TBT) exposure in vitro (Misumi 

et al., 2009). Similarly, creosote PAH exposure in O. mykiss , resulted into PBL dose dependent 

reduction in the number of sIg+ cells following treatment with different mixtures (Karrow et al., 
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1999); and i.p. administration of stress hormone, cortisol downregulated the number of Ig+ 

leucocytes in S. salar (Espelid et al., 1996).  

3.6.3 Exemplary case studies 

To exemplify the application of salmonid isolated leucocytes in studying 

immunomodulatory effects of environmental stressors, two studies by Arkoosh et al. (2015); 

Arkoosh et al. (2018) are used. In the first study, authors investigated the independent effects of 

two of the most predominant PBDE congeners, BDE-47 and BDE-99, on the health and survival 

of juvenile O. tshawytscha. Health fish were held in 300 L tanks with flow-through seawater and 

fed daily rations of BDE-47 or BDE-99 at 2% body weight for 40 days. Experimental diets 

contained environmentally acceptable levels at low (32), medium (100), and high (280) ng BDE-

47 g-1 of food; and low (40), medium (120), and high (300) ng BDE-99 g-1 of food. The control 

group received food with 0.4 ng BDE-47 g-1 food and 0.1 ng of BDE-99 g-1 food as well as 0.1 ng 

of BDE-49 g-1 and 0.1 ng of BDE-100 g-1 food. 24 h post feeding, subsets of treated fish were 

sampled, HKs aseptically removed, and HKL isolated by Histopaque 1077 CDGC according to 

Solem et al. (1995). Isolated HK macrophages were separated from suspension cells by plastic 

adherence according to Secombes (1990), incubated for 18 h prior to assay use. Using HK 

macrophages, immunosuppression was demonstrated in fish exposed to BDE-99, but not BDE-

47 via reduced phagocytic capacity against SRBCs, although both congers enhanced HKL 

macrophage in vitro superoxide anion production, survival in fish was compromised following 

challenge with pathogenic V. anguillarum (Arkoosh et al., 2015).  

In the second study, investigators studied the effects of a synergistic formulation of the most 

predominant PBDEs congers (BDE-47/99 mixture) on the innate immune system and disease 

susceptibility of juvenile O. tshawytscha. Five BDE-47/99 mixture diets and a control were 

produced and labelled as control zero, and one, two, three, four to five for the treatments. Fish 

were fed daily on the BDE-47/99 mixture diets, thrice a day for 39 days in triplicates of 285 

animals. At the end of the experiment, fish HK were sampled aseptically and HKL and adherent 

macrophages isolated according to Arkoosh et al. (2015) and assayed for phagocytosis and 

respiratory burst. Isolated HK macrophages demonstrated enhanced cellular functional properties 

of phagocytosis, respiratory burst in fish that received the BDE-47/99 mixture diets than control 

diet fed fish. However, the mechanism for this enhanced innate immune function in HK 

macrophages following PBDE exposure remains a mystery although it has been suggested to 

result from the ability of PBDEs to act as an endocrine receptor agonist and/or antagonist. 

Conversely, the risk of mortality in BDE-47/99 mixture diets fed fish was higher than in the 

control fish following challenged with pathogenic V. anguillarum (Arkoosh et al., 2018). 

3.7 Study of pathogen and parasite effects, vaccine design, and assessment of 

efficacy and vaccination strategies  

From a pathological and immunostimulation perspective, isolated leucocytes have also 

been used to assess vaccine efficacy, immune response to parasites, bacterial and viral pathogens, 
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design vaccines and vaccination strategies in farmed salmonids as illustrated in the subsequent 

sections.  

3.7.1 Studying the effects of parasites and bacterial pathogens  

Among salmonids, the cellular functional immunosuppression has been reported in fish 

following exposure to parasites. For instance, parasitic Myxosporean (PKX), the causative agent 

for proliferative kidney disease (PKD) led to impaired phagocytosis but not respiratory burst in 

O. mykiss, HK and PB leucocytes (Chilmonczyk & Monge, 1999), while Neoparamoeba sp 

reinfection in S. salar previously infected with gill disease, depressed phagocytic activity of HK 

and PB leucocytes (Gross et al., 2004). Other than parasitic infestations, isolated leucocytes have 

also been used to study immunological effects induced by bacterial challenges and infections. For 

instance, V. anguillarum, in vitro challenge in O. kisutch, O. mykiss and O. tshawytscha, induced 

mitogens and polyclonal activities in SP and HK lymphocytes (Yui & Kaattari, 1987), A. 

salmonicida or Y. ruckeri induced IL-22 production in PBL (Hu et al., 2019); while unchallenged 

O. mykiss, HK and PB leucocytes in vitro resulted into noticeable antibacterial activity against 

Gram-positive bacteria (Smith et al., 2000).  

3.7.2 Aiding vaccine design, assess efficacy and vaccination strategies 

Isolated leucocytes have also aided design of bacterial vaccines, as O. mykiss injected 

with formalin-killed V. anguillarum, HK and PB leucocyte proliferated following challenge with 

formalin-killed bacteria outer membrane proteins (OMP) preparation (Boesen et al., 1997). Using 

A. salmonicida strain (MT004) preparations, the vaccine prepared in PBS (MT004/PBS) 

exhibited higher  antigen specific proliferation and MAF production than A10H adjuvant 

(MT004/A10H) preparation in O. mykiss PBL following i.p. injection (Marsden & Secombes, 

1997). Recently, Attaya et al. (2019) used O. mykiss PBL to screen for A. salmonicida based 

vaccines.  

Vaccine efficacy has also been assessed using isolated leucocytes as an earlier study with 

A. salmonicida vaccine induced continued production of MAF in O. mykiss HKL post-

immunisation, and the trend correlated very well with lymphocyte proliferation (Marsden et al., 

1994). Relatedly, O. mykiss challenged with A. salmonicida antigens in vitro, all HKL primed 

demonstrated enhanced responses to A. salmonicida antigens, indicative of both T and B memory 

cell formation in vaccinated individuals. Furthermore, T and B cells from primed fish were able 

to respond to an A-layer positive strain (MT423) of the antigen, hence a shared common 

immunogenic T and B cell epitopes by both antigens (Marsden et al., 1995). In addition, 

vaccination with a mutant A. salmonicida vaccine against furunculosis in O. mykiss, live and not 

heat killed vaccine, significantly enhanced T-cell proliferation compared to B-cells (Marsden et 

al., 1996). In addition, vaccination against furunculosis in S. salar and O. mykiss PB, SP and HK 

leucocytes enhanced antibody production following stimulation with E. coli LPS and PHA 

(Reitan & Thuvander, 1991), and a test for a mutant A. salmonicida vaccine against furunculosis 
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in O. mykiss, showed that live bacteria significantly primed lymphocyte antibody production 

(Marsden et al., 1996).  

Regarding vaccination strategy choices, S. salar vaccinated by single and repeated 

administration by  i.p. injection, immersion or oral route, and revaccination by combinations of 

these methods, against furunculosis: the i.p. injection strategy resulted into higher in vitro 

proliferation of HKL (Midtlyng et al., 1996). In addition, i.p. administration of adjuvant vaccine, 

preferably in a polyvalent formulation, was optimal to stimulate immunity and thus recommended 

for immunoprophylaxis against furunculosis (Midtlyng et al., 1996). Similarly, S. salar i.p. 

administered with an adjuvant furunculosis vaccine, HKL from vaccinated fish showed 

significantly stronger response to whole A. salmonicida than did unvaccinated controls, with 

minimal differences to response among the different mitogens (Erdal & Reitan, 1992). 

3.7.3 Studying the effects of viral pathogens 

Isolated leucocyte experimental studies involving viral pathogens have demonstrated 

impaired and enhanced cellular functional immune parameters. Viral haemorrhagic septicaemia 

virus (VHSV) impaired phagocytosis, but not respiratory burst in O. mykiss, HK and PB 

leucocytes (Chilmonczyk & Monge, 1999), while i.p. injection of S. salar parr with salmon 

pancreas disease virus (SPDV) (P42p isolate of SPDV) invoked stimulation of innate immunity 

via increased HK leucocyte phagocytosis (Desvignes et al., 2002). In addition, in vitro S. salar 

TO cells exhibited capacity to provide a high yield of infectious salmon anaemia virus (ISAV) 

and showed cytopathic effects (CPE) within 9 days; S. salar injected with diluted virus 

supernatant exhibited mortalities, hematocrit values and clinical signs in accordance with ISAV 

infection (Wergeland & Jakobsen, 2001). Besides, leucocytes flow cytometry analysis aided 

detection of IPNV in HK and PB leucocytes from IPNV vaccinated, non-vaccinated and i.p. 

infected S. salar (virus shedders) and carrier fish (Rønneseth et al., 2013). Furthermore, both flow 

cytometry and quantitative real time polymerase chain reaction (qRT-PCR) indicated that i.p. 

infected fish were carriers as B-cells and neutrophils and other leucocytes harboured IPVN 

following cohabitation challenge, hence enhanced protection against future infection (Rønneseth 

et al., 2013). 

Isolated salmonid leucocytes have also been employed to assess gene expression following 

viral pathogen challenges. To illustrate, S. salar, challenged with a high virulence (HV) and low 

virulence (LV) IPNV, exhibited higher levels of viral transcripts in HK of fish infected with LV 

IPNV compared to HV during the freshwater phase (Julin et al., 2015). In vitro, S. salar HKL 

derieved cell lines, SHK-1 and TO, challenged with Salmon AlphaVirus (SAV) an aetiological 

agent of SPD, SAV nsP1 gene transcripts for strain P42P increased rapidly in TO cells with 

subsequent development of CPE, but not in SHK-1 cells (Gahlawat et al., 2009). However, SAV 

P42P strongly upregulated expression of type I interferon (IFN) and IFN-induced antiviral Mx 

protein transcripts in SHK-1 cells. However, higher IFN expression appeared in TO cells than in 

SHK-1 cells, and lower Mx gene transcripts in TO cells (Gahlawat et al., 2009).  
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3.7.4 Exemplary case study  

To demonstrate the application of fish isolated leucocytes in studying immunological effects 

of pathogens, a study by Desvignes et al. (2002) is adapted.  The study investigated the host 

immunological response following experimental infection with SPDV cultured in O. tshawytscha 

embryo (CHSE-214) cell line. 75 healthy S. salar yearling parr, were i.p. injected with 100 µL of 

an infectious dose of 105 tissue culture infectious dose 50% (TCID50). The control group consisted 

of 75 healthy fish i.p. injected with 100 µL of virus free CHSE-214 cell culture supernatant. 

Treated and control fish were separated into triplicate groups, kept in covered 50 L tanks, at a 

density of 25 fish, supplied with oxygenated filtered water at 14°C. Fish were sampled at 2, 4, 9, 

16 and 30 days post infection (dpi) using five fish per tank. 

HK were sampled and leucocytes isolated by Percoll (Sigma, U.S.A.) DCDGC, washed 

twice, and viable cells resuspended in Cortland saline at 107 mL-1 with the help of a Thomas’ 

haemocytometer until needed for immunological assay, while blood plasma was used for humoral 

assessments. Overall, in vivo infection of S. salar with cultured SPDV induced an immune 

response at specific and non-specific levels. Isolated HKL exhibited higher phagocytosis in 

infected fish compared to control fish, while plasma lysozyme and complement increased in the 

treatment group. In addition, neutralising antibodies against SPDV appeared two weeks post 

infection and increased with time in content and prevalence among treated fish, although SPDV 

infection did not induce IFN activity in treated fish (Desvignes et al., 2002).  

3.8 Salmonid fish immunological cell development 

As earlier illustrated, fish immune cells can be isolated from lymphoid organs (Trede & 

Zon, 1998), by density gradient centrifugation and hypotonic lysis (Crippen et al., 2001; Hu et 

al., 2018; Pierrard et al., 2012). Indeed, several investigators have successfully isolated, cultured, 

maintained and characterised leucocytes from PB, HK, SP and TH (Table 3.5), to aid farmed fish 

immunology understanding. Thus far, a number of cell lines have previously been developed from 

salmonid HKL, resulting into DC like TO cells in S. salar (Wergeland & Jakobsen, 2001), trout 

primary kidney monocyte-like cultures (T-PKM) in O. mykiss (Stafford et al., 2001) and S. salar 

SHK-1 (Dannevig et al., 1997). Other HK leucocyte cell lines were isolated from S. salar  and O. 

mykiss HK macrophages (Braun‐Nesje et al., 1981); DC cells from O. mykiss (Bassity & Clark, 

2012), and HK  macrophages in S. fontinalis and S. trutta (MacKenzie et al., 2003).  

In addition, salmonid leucocyte cell lines originating from the SP were developed for O. 

mykiss cell line (RTS11) in O. mykiss (Ganassin & Bols, 1996, 1998); O. Mykiss PB, kidney and 

SP for DC cell lines (Bassity & Clark, 2012), and small monnuclear cells with DC like 

characteristics from S. salar PBL (Haugland et al., 2012). Some investigators established long-

term cell lines, and others short-term immune cell lines to enable fish immunological 

understanding using adherent and suspension cultures. These cell lines were characterised for 

cellular morphology, and functional properties of phagocytosis, respiratory burst, ROI and RNI 
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production, immune enzyme activity, antibody production and immune gene expression (Table 

3.5). 

Table 3.5. Vertebrate fish organ and peripheral blood developed immunological cell lines: ATK: anterior part of trunk 
kidney, SP: Spleen, TH: thymus, HK: Head kidney, PB: peripheral blood. 

Fish species  Origin  Cell line and immunological characterisation  Reference  
1. Salmonid immunological cell lines (n = 10) 

O. mykiss SP, 
HK, 
ATK  

Short term O. mykiss trout DC cells: exhibited irregular membrane processes and 
expressed surface MHCII, had tree-like morphology, expressed DC markers, 
phagocytosed small particles, were activated by TLR-ligands, and migrated in 
vivo. 

(Bassity & Clark, 2012) 

HK Long-term T-PKM cells: were positive for ROI and RNI negative with PMA, 
Con A and LPS. 

(Stafford et al., 2001) 

SP  Long-term O. mykiss cell line (RTS11): Majority of cells were small, non-
adherent and a few larger, granular cells termed macrophages-like cells. Larger 
cells were phagocytic, and engulfed DiI-acetylated low-density lipoprotein and 
acridine orange and stain for non-specific esterase. Supernatants exhibited 
lysozyme activity. Small cells were induced to proliferate by RTS11 supernatant 
and LPS. 

(Ganassin & Bols, 1996, 
1998) 

S. salar HK Long-term Salmonid cell line (TO): Cells showed quick adherence to the plastic 
surfaces, very phagocytic and bactericidal activity; no respiratory burst, and NO 
production; reacted positive to a leucocyte specific MAb but did not bind to 
neutrophil specific MAb or stain for myeloperoxidase. Cells also expressed 
CD83 gene but not the T-cell receptor alpha (TCR-α) or the macrophage marker 
(M-CSFR). 

(Pettersen et al., 2008) 

PB Short-term small, mononuclear blood cells from S. salar: highly expressed CD83 
gene transcript and MHC-II; highly phagocytic, positive for acid phosphatase; 
lacked respiratory burst and myeloperoxidase activity; and have a high 
morphological plasticity. 

(Haugland et al., 2012) 

HK Long-term Salmonid cell line (TO): Cells were cultured and passed more than 
150 times and exhibited no changes in morphology, growth or virus production 

(Wergeland & Jakobsen, 
2001) 

HK Long-term Salmon HK, SHK-1 cell line: cells proliferated; negative for alkaline 
phosphatase; positive for acid phosphatase, non-specific esterase, and Mg2+ 
dependent adenosine triphosphatase and 5’ nucleotidase. Cells reacted with MAb 
directed against S.salar PBL, and did not phagocytose A. salmonicida. 

(Dannevig et al., 1997) 

O. mykiss, S. salar HK Long-term HK macrophages: Cells were macrophage like and engulfed a range 
of particles 

(Braun‐Nesje et al., 1981) 

S. fontinalis, S. trutta HK Short-term primary trout monocytes and in vitro differentiated macrophages: 
showed phenotypic changes, strong phagocytosis of Zymosan; and LPS induced 
trout tnf-α (ttnf-α) mRNA expression. 

(MacKenzie et al., 2003) 

2. Non-Salmonid immunological cell lines (n = 13) 
G. morhua HK Short-term HK macrophages: were highly phagocytic; acid phosphatase and 

non-specific esterase positive; d alkaline phosphatase and peroxidase negative; 
and enhanced respiratory burst by LPS.  

(Sørensen et al., 1997) 

Goldfish (Carassius 
auratus) 

HK Long-term in vitro-derived goldfish kidney macrophages (IVDKM): were 
positive for ROI and RNI with PMA, Con A and LPS. 

(Stafford et al., 2001) 

C. auratus HK Long-term HK macrophages: stained positive for non-specific esterase; 
phagocytic on SRBC, amastigotes and promastigotes of Leishmania major; PMA 
& or LPS stimulated ROI & RNI. 

(Wang et al., 1995) 

HK Short-term HK macrophages: produced NO when stimulated by PMA, Con A or 
LPS, and co-stimulation with both factors induced synergistic NO production. 

(Neumann et al., 1995) 

Catla catla TH Long-term Catla thymus macrophage (CTM) cell line: phagocytic on yeast cells 
and fluorescent latex beads; PMA & or LPS stimulated ROI & RNI; positive for 
alpha‐naphthyl acetate esterase enzyme; and supernatant showed lysozyme 
activity. 

(Chaudhary et al., 2014) 

Common carp 
(Cyprinus carpio) 
and Ginbuna 
(Carassius auratus 
langsdorfii) 

TH Long-term Carp thymus (KoT), and ginbuna thymus (GTS6 and GTS9): Cells 
proliferated and RT-PCR  detected marker genes for myeloid/erythroid 
progenitors (gata1), haematopoietic stem cells (gata2), neutrophils (mpx/mpo), 
B-cells (IgH) and T-cells (lck, TCRβ and gata3) in primary cells, majority of 
which were lost after the third passage, except T-cell markers.

(Katakura et al., 2009) 

C. carpio PB Long-term Carp leucocyte cell line (CLC): reacted with MAbs against carp HK 
macrophages; binding to an antibody against complement component C3; had 
acid-phosphatase positive granule; phagocytic on SRBC; and LPS, PMA & co-
culture with carp PBL enhanced respiratory burst; and secreted il-1.

(Weyts et al., 1997) 

Rohu (Labeo rohita) TH Long-term L. rohita thymic macrophages (LRTM): tested positive for alpha 
naphthyl esterase acetate positive; exhibited nonspecific esterase and surface 
expression of Fc receptors for IgG; MHC-I, MHC-II antigens; engulfed yeast 
cells and latex beads; PMA and LPS induced ROI & RNI production;

(Rebello et al., 2014) 

L. rohita HK HK macrophages (HKM): Showed strong plastic adherence; phagocytosed yeast 
cells; LPS enhanced ROI & RNI, and lysozyme activity. 

(Awasthi et al., 2014) 

C. carpio PB Long-term Carp Leucocyte Culture (CLC): tested positive for peroxidase & 
periodic Acid Schiff (PAS); phagocytosed iron particles; cell growth enhanced 
with tnf-α, IL-2 and FBS enhanced multiplication and inf-γ depressed growth. 
Meanwhile, cell proliferation was highly enhanced by LPS than Con A; while 
PHA and SAC did not stimulate cells. 

(Faisal & Ahne, 1990) 

Channel catfish 
(Chanos chanos) 

PB Long-term monocyte like cell line from channel catfish: resembles mammalian 
monocytes or macrophages; stained positively for nonspecific esterase and 
peroxidase; phagocytosed latex beads; LPS induced il-1 production; and showed
effective antigen-presentation to autologous PBL for antigen specific in vitro 
proliferative and antibody responses. 

(Vallejo et al., 1991) 

Half smooth tongue 
sole (Cynoglossus 
semilaevis) 

PB Short-term monocyte-derived macrophages: Showed proliferative 
characteristics; highly enhanced respiratory burst against PMA, and 
V. anguillarum tests; highly phagocytic against latex beads and yeast cells;
reacted positive to esterase activity; and enhanced expression of M-CSFR, 
MHC-II, il-6, il-10, TNF and arginase genes.

(Sha et al., 2017) 
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Nile tilapia 
(Oreochromis 
niloticus) 

HK Long-term Tilapia HK (THK):  THK proliferated and THK cells ingested latex 
bead; HK cells exhibited monocytic leucocyte markers transcripts for CD33, 
CD53, CD82, MCSFR, and CD205; THK cells exhibited transcripts of  
haematopoietic stem cells (gata2) (GATA2), GATA4 , and GATA6 but not 
myeloid/erythroid progenitors (GATA1). 

(Wen, 2016) 

3.9 Future research and recommendations 

In this review, we illustrated the techniques used to isolate salmonid immune leucocytes 

and their use to demonstrate immunomodulation following dietary manipulations, exposure to 

environmental stressors, effects of pathogens and parasites, vaccine design, efficacy and 

administration assessment. We also present findings on development of fish immune cell lines 

and their potential uses in aquaculture immunology. We mined 114 papers, among which, the 

most common technique used to isolate fish leucocytes was DDGC with Percoll density gradient. 

Leucocytes were mostly isolated from fish HK and PB, with O. mykiss and S. salar as the 

most studied species. Phagocytosis, followed by respiratory burst, were the most popular 

immunological assays employed in salmonid immunology. Regarding dietary manipulations, 

leucocyte commonly demonstrated enhanced cellular functions and immune gene expression 

following fish administration with probiotics, PAMPs, plant and animal extracts, and hormonal 

supplements. In addition, leucocytes demonstrated immunosuppressive effects following fish 

exposure to physical and chemical stressors, while parasites, viral and bacterial pathogens 

depressed fish immunity and upregulated pro-inflammatory cytokine transcripts. Overall, we 

found 23 fish organ developed and characterised cell lines, of which 10 originate from S. salar 

and O. mykiss HKL. 

We observed in this review that most developed cell lines involved sacrificing fish. Also, 

large numbers of fish are sacrificed during vaccine trials, which can be avoided by using nonlethal 

PBL isolation techniques such as hypotonic lysis and micro-volume blood by density 

centrifugation. Hypotonic lysis gives a granulocyte enriched cell suspension compared to density 

gradient centrifugation, due to cell size fractionation. Thus, granulocyte quality and quantity in 

gradient isolated cells may affect assessment of adaptive immune parameters. We suggest that 

these observations be checked at species level for each method, as isolated leucocytes may be 

affected by fish gender, age, physiological state and isolation steps, among others. However, we 

suggest that techniques for leucocyte isolation need to move towards more affordable, time 

saving, nonlethal and ethically flexible methods such as hypotonic lysis in tandem with micro 

blood volumes use in the face of expensive gradient medium reagents. Finally, as this review 

retrieved no study of metabolomics using isolated leucocytes, we suggest that this approach be 

integrated with traditional techniques, and the newer novel Muse® Cell Analyser assays to open 

up new research avenues in fish physiology and immunology in vitro. 
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4 Chapter 4. Case study 1: Characterisation of Chinook salmon (Oncorhynchus 

tshawytscha) Blood and Validation of Flow Cytometry Cell Count and Viability 

Assay Kit 

Graphical representation of Chinook salmon (Oncorhynchus tshawytscha) peripheral blood 

cellular composition and isolated peripheral blood mononuclear cells (PBMCs).  

This chapter has been published:  

Lulijwa, R., Alfaro, A. C., Merien, F., Burdass, M., Young, T., Meyer, J., Nguyen, T. V., & 

Trembath, C. (2019). Characterisation of Chinook salmon (Oncorhynchus tshawytscha) blood 

and validation of flow cytometry cell count and viability assay kit. Fish & shellfish immunology, 

88, 179-188.  

https://www.sciencedirect.com/science/article/pii/S1050464819301330  
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4.1 Prelude to case study  1 

Based on the literature survey on salmonids, we found very limited evidence of PBMC use 

in studying immune mechanisms. Moreover, most studies involved fish euthanisation to isolate 

spleen (SP) or head kidney (HK) leucocytes for use in immunological studies. On the other hand, 

the New Zealand Chinook salmon (Oncorhynchus tshawytscha) industry has enjoyed rapid 

growth and had been free of major salmon pathogens until 2012, when summer-related mortalities 

occurred due to elevated water temperatures in combination with opportunistic NZ‐RLO2. There 

were limited haematological data on the species and immunological tools to aid health 

assessment. This chapter thus focussed on characterising New Zealand farmed O. tshawytscha 

selected PB cellular parameters and developed a micro-blood volume method for isolating fish 

PBMCs by density gradient centrifugation. Subsequently isolated PBMCs were used to validate 

a rapid and portable flow cytometry assay kit for cell count and viability assessment against the 

traditional haemocytometer. Results from this study provided an in vitro approach for 

characterising the fish’s immune responses to future and emerging pathogens. 
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4.2 Introduction  

Immunity is an integrated physiological and barrier system that enables animals to resist 

pathogens (Lieschke & Trede, 2009; Sandnes et al., 1988). The vertebrate immune machinery 

consists of the innate and adaptive immune systems; and fish are the only vertebrate ancestral 

group that possess both systems (Bassity & Clark, 2012; Rombout et al., 2005). The innate 

immune response consists of physical barriers (e.g., the skin, scales, gut mucosa and gill 

epithelia), humoral and cellular components. This system acts as the first line of defence against 

pathogens. The humoral component includes complement proteins, lysozymes, proteases, 

esterases, antimicrobial peptides (AMPs) and immunoglobulins, like IgM, IgD and IgT or IgZ 

(Gomez et al., 2013; Magnadóttir, 2006). The cellular immune constituents include leucocytes, 

such as T and B lymphocytes, neutrophils, eosinophils, basophils, thrombocytes, cytotoxic cells 

(natural killer cells), mast cells (MCs), dendritic cells (DCs), macrophages and their precursor 

monocytes (Castro & Tafalla, 2015; Merien, 2016). Neutrophils, eosinophils and basophils have 

a granulated cytoplasm, thus  called granulocytes (Bruce & Brown, 2017). Macrophages and 

neutrophils are professional phagocytes (Mathias et al., 2009; Neumann et al., 2001) with a high 

phagocytic ability and capacity (Neumann et al., 2001). These cells produce antimicrobial 

nitrogen and oxygen products, cytokines, and ingest a wide range of particle sizes (Rabinovitch, 

1995). 

When the physical barriers fail to prevent pathogen attacks and entry, other innate 

immune components become involved through pattern recognition receptors (PRRs) on cell 

surfaces, which recognise common conserved pathogen-associated molecular patterns (PAMPs) 

not expressed in multicellular organisms (Castro & Tafalla, 2015; Elward & Gasque, 2003). These 

PAMPs include viral RNA and bacterial DNA, fungal β1,3-glucans, bacterial cell wall 

peptidoglycans, polysaccharides and lipopolysaccharides (LPS) (Elward & Gasque, 2003). The 

recognition of PAMPs initiates cellular responses designed to kill and eliminate microbial 

pathogens (Rieger & Barreda, 2011) via phagocytosis and exocytosis (Whyte, 2007). 

Phagocytosis initiates release of cytokines, followed by antigen presentation through the major 

histocompatibility complex (MHC), resulting in the development of adaptive immunity (Martin 

& Król, 2017). Overall, the adaptive immune component relies on the humoral (antibody) and 

cellular responses, and is characterised by specific antigen recognition, which invokes a quick 

and strong secondary pathogen-specific response (Martin & Król, 2017). 

In aquaculture, disease outbreaks caused by viruses, bacteria, and parasites, routinely lead 

to heavy industry losses [reviewed in Fazio (2019)]. Amidst these challenges, aquaculture has 

gained significant progress, and is presently recognised as one of the fastest growing food 

production sectors worldwide (FAO, 2014). To keep up with demand, aquaculture farms aim to 

produce high quantity, of healthy and fast-growing fish, under optimal husbandry and 

management practices. Combined with other diagnostic tools, fish haematology can reveal 

important information on fish physiology and health, with high application potential to investigate 
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and monitor stress responses, diagnose diseases and identify nutritional problems [reviewed in 

Fazio (2019)]. For instance, haematology combined with humoral, cellular immune parameters 

and gene expression have been employed in several fish species to demonstrate 

immunomodulatory effects of: dietary supplements (Brum et al., 2017; Mansour & Esteban, 

2017); immunostimulants and pathogen challenge (Abu-Elala et al., 2013; Biller-Takahashi et al., 

2014; Sha et al., 2017; Y. Shen et al., 2018); temperature perturbations (Cheng et al., 2009; Ndong 

et al., 2007; Wang et al., 2018a); and hypoxia (Gallage et al., 2017). Furthermore, salinity stress 

(Taylor et al., 2007); crowding stress (Sadhu et al., 2014); heavy metals (El-Boshy et al., 2014; 

Radhakrishnan, 2010); hormonal components (Xu et al., 2018); and melatonin (Kepka et al., 

2015) have been shown to induce dramatic changes in leucocyte counts. 

However, most fish immunology studies are conducted in vivo, which can be time 

consuming, costly, and often involves fish euthanasia. Thus, there is a need for alternative models 

that are less invasive, can be performed under controlled in vitro environments, with nominal bio-

fluid or tissue requirements, and which are less time consuming and more affordable. To perform 

in vitro immunological studies, fish immune cells are sourced  from the thymus, kidney, spleen, 

or peripheral blood (Trede & Zon, 1998). These cells can be isolated from lymphoid organs and 

blood by either hypotonic lysis or density gradient centrifugation (Crippen et al., 2001; Pierrard 

et al., 2012). Indeed, isolated peripheral blood mononuclear cells (PBMCs) composed of 

suspended lymphocytes and adherent monocytes have been previously used to investigate 

immunomodulatory effects of: dietary supplements and disease resistance (Brum et al., 2017; Van 

Doan, Tapingkae, et al., 2016); pathogen challenge (Pietsch et al., 2008; Sha et al., 2017), and 

vaccine efficacy (Galeottia et al., 2013; Huang et al., 2014; Y. Shen et al., 2018), among others. 

Thus, fish PBMCs present an important opportunity to model several biological variables via 

integrated techniques, including microscopy, flow cytometry, RT-qPCR, spectrophotometry, 

western blotting, among others. 

Specifically, flow cytometry has been used to characterize fish PBMCs in rainbow trout 

(Oncorhynchus mykiss) (Crippen et al., 2001), sea bass (Dicentrarchus labrax) (Esteban et al., 

2000), striped catfish (Pangasius hypothalamus), and European eel (Anguilla anguilla) (Pierrard 

et al., 2012). Flow cytometry has also been used to assess PBMCs for: production of reactive 

oxygen species (ROS) (Samaï et al., 2018; Sha et al., 2017); antibody detection (Hedfors et al., 

2012; Pettersen et al., 2003); phagocytosis (Haugland et al., 2012; Haugland et al., 2014; Samaï 

et al., 2018; Wang et al., 2018a) and natural cytotoxicity (Chilmonczyk & Monge, 1999). 

Consequently, flow cytometry tools such as the Muse® Cell Analyser, offer accurate and fast 

quantitative assessment of single cells compared to traditional methods. Fortunately, the Muse® 

Cell Analyser has been successfully used in our laboratory to characterize haemocytes in black-

footed abalone (Haliotis iris) (Grandiosa, Bouwman, et al., 2018; Grandiosa et al., 2016); to study 

immune responses of shellfish to pathogen infections (Grandiosa, Mérien, et al., 2018; Nguyen et 

al., 2019; Nguyen, Alfaro, Young, et al., 2018) and  stressors (Alfaro et al., 2019; Nguyen, Alfaro, 
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Merien, et al., 2018); and to assess the immune status of spiny lobster (Jasus edwardsii) with tail 

fan necrosis (Zha et al., 2017). 

While the Muse® Cell Analyser has been shown to work well with shellfish haemolymph, 

the platform has not yet been used on fish blood, which first requires isolation of PBMCs to 

exclude nucleated erythrocytes. Fish PBMCs have previously been isolated for immunological 

investigations in Atlantic salmon (Salmo salar) (Haugland et al., 2012; Hedfors et al., 2012), and 

in Chinook salmon (Oncorhynchus tshawytscha) in Oregon state USA (Milston et al., 2003), but 

this information is still lacking for cultured O. tshawytscha in New Zealand. This presents an 

opportunity to incorporate the Muse® Cell Analyser as a fish health assessment tool for the 

aquaculture industry and other research-based applications.  

The New Zealand aquaculture sector was valued at over US$ 800 million in 2016 of 

which O. tshawytscha contributed 22% and 12% by value and production volume respectively 

(FAO, 2019). The species is the second most important aquaculture product after the Greenshell™ 

mussel (Perna canaliculus), making New Zealand, a global leader in production and supply. 

Despite the economic importance of O. tshawytscha, there is a lack of literature on haematological 

and immunological aspects of this species. Continued growth of the salmon industry will 

necessitate species-specific immunological information and development of tools to monitor and 

assess fish health. Thus, the present study characterized the cellular composition of O. 

tshawytscha peripheral blood, and developed a micro-volume method to isolate fish PBMCs. We 

also characterized isolated PBMCs and used them to validate a commercial cell count and 

viability assay kit using the Muse® Cell Analyser. 

4.3 Materials and methods  

4.3.1 Fish samples 

Nineteen yearling smolts (weight = 317.2 to 544.5 g; total length = 23.7 to 28.0 cm) were 

obtained from the Nelson Marlborough Institute of Technology (NMIT) aquaculture facility 

(Glenduan, Nelson, New Zealand). Fish had been maintained on a saltwater recirculating system 

(temp = 14.26±0.35°C; DO = 7.30±0.11 mg L-1; pH = 8.12±0.21; NH4
- = 0.14±0.13 mg L-1; NO2

- 

= 0.28±1.12 mg L-1), and they were fed to satiation daily with EWOS Microboost 2.2 mm 

commercial diet (Cargill) with 50% crude protein and 22% lipid. Ethical approval was obtained 

from the NMIT Animal Ethics Committee (NMIT-AEC-2017-NMIT-01). 

4.3.2 Fish blood sampling 

Fish were captured by scoop net, individually anaesthetised with AQUI-S® (25 mg L-1 of 

culture water for 2-3 min), and length/weight measurements quickly recorded. Approximately 1.4 

mL of peripheral blood was withdrawn via caudal vein puncture using a non-heparinised 3.0 mL 

syringe attached to a 20 gauge Terumo needle. Each sample was quickly distributed into three 

400 µL BD Microtainer® Lithium Heparin tubes (Becton Dickinson, USA). Blood was mixed by 

inverting the tube 10 times, as per the manufacturer’s recommendations, kept chilled at 4°C, and 

processed within 5-10 min for PBMC isolation.  
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4.3.2.1 Peripheral blood total cell count 

Serial dilutions of 1 in 20 were made by adding 10 µL of peripheral blood into 190 µL of 

diluting fluid in an Eppendorf tube to a final dilution of 8000. At each dilution, the suspension 

was mixed by vortexing for 20 s. Subsequently, a haemocytometer chamber was filled with 10 

µL using a micropipette and cells counted at 400x magnification, and recorded. Two replicate 

counts were conducted for each blood sample, and total cell counts were estimated for 10 

individuals according to the formula: 

𝐶𝑜𝑢𝑛𝑡 𝑝𝑒𝑟 𝐿𝑖𝑡𝑟𝑒 ൌ   ሾሺ𝑁𝑢𝑚𝑏𝑒𝑟 𝑐𝑜𝑢𝑛𝑡𝑒𝑑ሻ/ሺ𝑉𝑜𝑙𝑢𝑚𝑒 ሺµ𝑙ሻሿ  𝑥 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 𝑥 1,000,000 
4.3.2.2 Isolation of fish PBMCs 

Fish PBMCs were isolated using a modified protocol by Pierrard et al. (2012) with minor 

modifications. Briefly, all buffers and solutions were kept chilled at 4°C during isolations. A 

micro-heparinised blood volume of 284 µL was quickly diluted 1:1 with sterile filtered (40 µm) 

phosphate-buffered saline (PBS), pH 7.4. PBMCs were obtained by centrifuging (Heraeus 

Labofuge 200; Thermo Scientific) the mixture at 3000 rpm (971 g) for 20 min over a layer of 682 

µL Lymphoprep™ (1.077 g mL-1) (Stemcell Technologies, Australia) in a 1.5 mL Eppendorf 

tube. Cells at the interface were aspirated with a pipette and washed twice in 500 µL of sterile 

filtered PBS by centrifuging at 2500 rpm (674 g) for 7 min. The resulting cell pellet was re-

suspended to a final cell concentration of 105 - 106 cells mL-1 in sterile filtered PBS supplemented 

with 2% fetal calf serum (FCS) and kept at 4°C for further analysis. 

4.3.2.3 Peripheral blood and PBMC slide smear preparation 

To prepare fresh peripheral blood smears, approximately 10 µL of fresh non-heparinised 

sample were transferred to glass slides immediately after withdrawal; smears were made, and 

quickly stained with modified Giemsa Differential Quick Stain (Polysciences, Inc.). Briefly, 

slides were fixed by dipping in methanol for 10 s, quickly dipped five times in stain 1 (orange) 

and stain 2 (blue), immediately washed with distilled water and mounted with coverslips. Images 

were taken with a Nikon Digital Sight DS-Fi1camera (Nikon Corporation, Japan) attached to an 

inverted Nikon Eclipse TS100 microscope using NIS-Elements software at 400x magnification. 

Cell and nuclear size parameters (µm) were measured using an ImageJ version 1.52a Java 

application for cell size characterisation (Wayne, 2018). For differential cell counts, 10 µL of 

fresh heparinised blood was used to prepare slide smears, while isolated PBMC slides were 

prepared by adhering a monolayer of 10 µL cell suspension on glass slides. Slides were left to air 

dry overnight, fixed with methanol, and were subsequently stained with Giemsa. Peripheral blood 

stained slides were observed under a microscope at1000x magnification with oil immersion for 

white blood and red blood cell counts. Peripheral blood and PBMC slides were also observed, 

and targeted photographs taken under a 1000x magnification with oil immersion using an optical 

microscope (Leica ICC50 HD). In addition, the cellular composition of isolated PBMCs was 

compared with peripheral blood haematograms, using the Sysmex XT 2000i haematology 

analyser following the manufacturer’s protocol.  
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4.3.3 Stability of stained PBMCs 

The stability of isolated PBMCs stained with the Muse® Count and Viability Assay Kit 

stain (Merck KGaA, Darmstadt, Germany) and 0.4% Trypan blue (TB) assay stain (Sigma-

Aldrich, New Zealand) (Strober, 2001) was assessed over 1 h at room temperature (21°C). Fish 

PBMC suspensions at 106 cells mL-1 in sterile filtered PBS with 2% FCS from five biological 

replicates were separated into paired samples, and repeatedly measured for viability using the 

Muse® Cell Analyser and the haemocytometer chamber at 5, 15, 30, 45 and 60 min. Duplicate 

measurements (technical replicates) for each sample were taken. This protocol was repeated to 

determine the stability of fish PBMCs kept at 4°C using the Muse® Count and Viability Assay 

Kit only, with five additional PMBC samples. Repeated-measures ANOVA was performed for 

each time-series dataset to determine approximate limits for PBMC stability using Minitab 16 

statistical software at α = 0.05. 

4.3.4 Positive control for setting Muse® gate parameters  

4.3.4.1 Procedure for dead/live cell positive controls 

To establish correct Muse® gating parameters, fish PBMCs at 1x106 cells mL-1 from one 

fish were used. Dead cells were prepared via thermal stress induction at 100°C for 5 min, to obtain 

assay cell suspensions at high and low viability. The high and low viability cell samples were 

used to set the viability profile and gates for the Muse® Cell Analyser, Cell Count and Viability 

assay Kit. The haemocytometer chamber was used to verify the cell counts and viability profile 

of the two sample preparations at high and low viability.   

4.3.4.1.1 Estimating method accuracies 

Cell viability and cell count data obtained using the Muse® Cell Analyser and 

haemocytometer chamber were compared to determine congruence. A series of 57 PBMC 

samples at low, medium and high viability were prepared from 19 fish using proportions (100%, 

50% and 0%) of heat-killed cells at 100°C for 5 min from each individual. Duplicate 

measurements were taken for each method and data for mean cell viability and cell count for the 

haemocytometer chamber was plotted against data for the Muse® Cell Analyser. A scatter plot 

was generated with a line of best fit, and the R2 value was determined; while regression equations 

were established, and regression were tested for significance at α = 0.01. 

4.3.4.1.2 Method repeatability (assessing intra-assay precisions) 

Cell count and viability data obtained from 57 PBMC suspensions at low, medium and high 

viability from 19 fish were measured in duplicates using the Muse® Cell Analyser and the Trypan 

blue haemocytometer chamber technique. To assess intra-assay precisions, scatter plots of 

individual duplicate measurements for cell viability and live cell counts obtained at low, medium 

and high viability were produced separately for the two methods. A line of best fit was plotted, 

linear equations and R2 values were determined. The Muse® instrument specificity was tested by 

running blank sterile filtered PBS with 2% FCS. In addition, method repeatability was assessed 
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by determining the percentage coefficients of variation using the mean cell count and viability 

data at low, medium, and high viability profiles for both methods.  

4.4 Results 

4.4.1 Peripheral blood cellular characterization  

Five types of cells in Giemsa-stained peripheral blood were identified, comprising 

erythrocytes, lymphocytes, thrombocytes, monocytes and neutrophils. Neutrophils were 

observed, but not sufficiently quantifiable. Generally, erythrocytes dominated cell composition 

(Figure 4.1). The high dominance of erythrocytes was also confirmed via differential cell counts 

where total leucocytes accounted for less than 3%, and majority were lymphocytes (Table 4.1). 

Erythrocytes were the largest cells with ellipsoid, round to oval shape, and had the lowest 

nuclear to cytoplasmic (N: C) ratio (Table 4.1; Figure 4.1-Figure 4.2). Immature erythrocytes 

were more rounded with a larger circular nucleus, while mature cells were more ellipsoidal, with 

a centrally located round to ellipsoid nucleus that stained deep blue (basophilic) against a pinkish 

(eosinophilic) cytoplasm. Ellipsoid erythrocytes were the most common cell type in salmon 

peripheral blood. 

Table 4.1. Cellular profile of healthy Oncorhynchus tshawytscha smolt peripheral blood (mean ± 
SD; n = 10). 

Parameters Erythrocytes Thrombocytes Lymphocytes Monocytes
Composition (%) 97.18±1.67 0.67±0.92 2.03±1.36 0.09±0.29 
Cells µL-1 2,254,132±6,785 15,463±3,762 47,093±5,526 2,109±1,188 
Total cell count µL-1 2,319,500±407,041
Cell length (µm) 11.45±1.01 11.74±0.95 6.48±0.76 7.07±0.50 
Cell width (µm) 6.44±0.51 4.39±0.49 6.12±0.86 5.51±0.79 
Nuclear length (µm) 5.92±0.67 7.08±0.74 5.01±0.83 5.96±0.60 
Nuclear width (µm) 2.80±0.34 2.97±0.36 4.36±0.85 3.50±0.90 
Nuclear: Cytoplasm (N:C) ratio 0.21–0.24 0.39–0.42 0.49–0.60 0.45–0.61 

Figure 4.1. Giemsa stained Oncorhynchus tshawytscha yearling smolt heparinised peripheral 
blood cells taken with a Leica ICC50 HD camera attached to a Leica binocular at 1000x 
magnification. (A) thrombocyte, (B1-B2) lymphocytes, (C1-C2) mature nucleated erythrocytes, 
and (D) monocyte. 
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Thrombocytes were the second largest cells. They were ellipsoidal, spindle to oval, 

usually with a spine-like structure at one end of the cell. Ellipsoid and spike shaped thrombocytes 

were the most common in salmon blood. They had the second lowest N: C ratio after erythrocytes 

(Table 4.1). Like erythrocytes, the nucleus varied in shape from ellipsoid to oval, and stained 

basophilic, while the cytoplasm stained eosinophilic.  

Monocytes were the third largest blood cells and possessed an irregular macrophage-like 

structure and a kidney shaped nucleus that sits on one side of the cell. The nucleus stained 

basophilic with a violent blue cytoplasm and had a moderate to high N: C ratio after thrombocytes. 

Small and large monocytes were observed, with cell surfaces exhibiting cytoplasmic extensions 

or pseudopodia-like structures. 

Although lymphocytes were the most numerous of the leucocytes observed in peripheral 

blood, they were the smallest cells, had a circular or bell shaped structure, with a very thin 

cytoplasmic rim. Lymphocytes stained deeply basophilic and presented with the highest N: C 

ratio in most of the cells and commonly stained basophilic with a thin violent blue cytoplasm 

(Figure 4.1-Figure 4.2). By size, small and large cells were clearly visible in peripheral blood. 

Figure 4.2 Modified Giemsa differential quick stained Oncorhynchus tshawytscha yearling smolt 
fresh un-heparinised blood cells, taken with a Nikon Digital Sight DS-Fi1camera attached to an 
inverted Nikon Eclipse TS100 microscope at 400x magnification. (A1-A3) thrombocytes, (B1-
B3) lymphocytes, (C1-C3) mature erythrocytes, (D) monocyte, and (E1-E2) immature 
erythrocytes. This picture was specifically used to determine cell size. 
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Isolated PBMCs were predominantly composed of lymphocytes and monocytes (Figure 

4.3), with the composition being confirmed with a Sysmex XT 2000i haematology analyser 

scattergrams (Figure 4.4). Specifically, nucleated fish peripheral blood cells (Figure 4.4A) 

presented as a cluster of varying cellular complexity, while isolated PBMCs appeared in 

scattergrams as two populations composed of smaller and less complex lymphocytes (pink) and 

more complex monocytes (green) as indicated by side scatter (SSC) (internal organelles and 

granularity) on the x-axis vs. side fluorescence (SFL) (DNA/RNA) on y-axis (Figure 4.4B). Blue 

dots on the PBMC scattergram represent cellular debris or ghost cells.   

Figure 4.3 Giemsa stained Oncorhynchus tshawytscha smolt isolated PBMCs taken with a Leica 
ICC50 HD camera attached to a Leica binocular microscope at1000x magnification. 
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Figure 4.4 Sysmex XT 2000i differential scattergrams of fish peripheral blood, showing whole 
peripheral blood nucleated cells (A) and differential scattergrams of isolated fish PBMCs (B), 
lymphocytes are orange, monocytes are green, and blue are cellular debris or ghost cells. SFL: 
side fluorescence; SSC: side scatter; and DIFF: differential. 

4.4.2 Stability of stained PBMCs 

Regarding the stability of stained PBMCs, repeated measures ANOVA revealed 

approximate limits for PBMC stability at 45 min with the Muse® Count and Viability Assay Kit 

stain at 21°C and 4°C; while the Trypan blue assay stain showed stability limit up to 30 min of 

incubation at 21°C (Table 4.2). 

Table 4.2. Percent viability of stained PBMCs over time at 21°C and 4°C (data points are shown 
as mean ± SD, n = 5 fish). Repeated measures ANOVA tests were performed at α = 0.05. Values 
with the same superscript in a column are not significantly different. Values are an average of 
duplicate readings for both viability assessment techniques.  

Time (min)  Muse® Count and  Viability 
stain 21°C 

Trypan blue stain 21°C Muse® Count and  Viability 
stain 4°C 

5 92.07±4.16a 92.59±3.65a 88.40±5.44a 
15 90.66±5.58a 87.16±8.30ab 86.86±5.72a 
30 88.99±5.27a 85.54±7.18ab 85.15±4.86a 
45 86.50±4.20ab 82.41±7.43b 82.00±4.99ab 

60 82.50±5.30b 81.44±8.77b 77.57±6.19b 
F-value 5.85 3.69 6.22 
p-value 0.001 0.011 0.000 

4.4.3 Estimating method accuracies  

The accuracy of the Muse® Count and Viability Assay Kit was benchmarked against the 

traditional haemocytometer chamber with the Trypan blue exclusion assay. A linear regression 

model across a wide range of measurements, revealed that comparative method accuracies were 

good for cell viability (R2 = 0.87; p < 0.01), and reasonable for cell count (R2 = 0.74; p < 0.01) 

(Figure 4.5). 
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Figure 4.5 Linear regression of mean duplicate cell % viability (left) and viable cell count (right) 
profiles obtained via the haemocytometer chamber and Muse® Cell Analyser at low, medium and 
high viability cell suspensions (data comes from  57 samples and n = 19 fish). 

4.4.4 Method precision using intra-assay plots  

The ability of the Muse® Cell Analyser to consistently produce results was also assessed 

against the haemocytometer chamber over a wide range of viability profiles. Results of a linear 

intra assay regression revealed that the Muse® protocol performed with slightly better precision 

than the haemocytometer method in giving consistent results, as indicated by the higher R2 range 

of 0.85 - 0.92 compared to 0.71 - 0.85, respectively (Figure 4.6). 

Figure 4.6 Regression profiles of duplicate cell viability assessed by the haemocytometer 
chamber and Muse® Cell Analyser, at three target viabilities (high, medium and low, n = 19). 
Panel A-C are viability results with the Muse® Cell Analyser at (A) high viability, (B) medium 
viability, (C) low viability. Panel D-F are viability results with the haemocytometer chamber at 
(D) high viability, (E) medium viability, and (F) low viability.



Chapter 4. Case Study 1 

90 

The slightly better precision of the Muse® Cell Analyser in estimating cell viability in 

comparison to the haemocytometer chamber is further revealed by low % CV among results 

obtained with the Muse® Cell Analyser in comparison to the haemocytometer chamber (Table 

4.3). 

Table 4.3. Precision of haemocytometer chamber and Muse® Cell Analyser in assessing PBMC 
viability at low, medium and high viability samples (data are grand mean from duplicate readings 
from 19 fish). 

Method Target Viability (%) Grand mean measured 
viability (%) 

Standard deviation % 
CV/RSD 

Haemocytometer 100.00 91.87 1.25 1.41
50.00 56.31 3.09 5.82
0.00 7.90 1.43 21.24

Average 9.49
Muse® 100.00 93.27 0.81 0.87

50.00 38.99 1.90 6.14
0.00 6.53 0.82 12.60

Average 6.53

On the other hand, observations of cell counts at different viability profiles revealed that 

the Muse® Cell Analyser is comparable to the haemocytometer chamber in consistency as 

revealed with R2 range of 0.84 - 0.99 for the Muse® and  to 0.88 - 0.98 for the haemocytometer 

chamber (Figure 4.7). 

Figure 4.7 Regression profiles of duplicate viable cell counts assessed by haemocytometer 
chamber and Muse® Cell Analyser, at three target viabilities (high, medium and low, n = 19). 
Panel A-C are live cell count results with the Muse® at (A) high viability, (B) medium viability, 
(C) low viability. Panel D-F are count results with the haemocytometer at (D) high viability, (E)
medium viability, (F) low viability.

Comparing method repeatability in estimating live cell counts, results obtained with the 

Muse® Cell Analyser showed closer grand mean % CV to that obtained with the haemocytometer 

chamber results (Table 4.4).  
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Table 4.4. Repeatability of haemocytometer chamber and Muse® Cell Analyser in assessing 
PBMC cell counts (n = 19). 

Method  Cells mL-1 Mean cells mL-1 Standard deviation % CV/RSD 
Haemocytometer 1,200,000 1,199,605 104,019 7.69 
 600,000 624,868 48,939 10.85 
 72,000 60,394 7,629 12.12 
Average    10.22 
Muse® 1,200,000 1,389,038 116,941 7.69 
 600,000 676,804 41,624 7.59 
 72,000 93,782 16,845 19.34 
Average    11.40 

 
4.5 Discussion 

In this study, we characterised peripheral blood cells in O. tshawytscha yearling smolts using 

light microscopy and flow cytometry, we successfully established a micro blood volume (<300 

µL) density gradient centrifugation method to isolate and purify PBMCs, and validated an 

efficient assay kit to assess PBMC count and viability using a portable flow cytometry platform, 

the Muse® Cell Analyser. Differential cell count revealed five types of peripheral blood cells, 

consisting of erythrocytes, lymphocytes, thrombocytes, monocytes, and neutrophils, which is 

consistent with previous reports in juvenile O. tshawytscha from British Columbia, Canada 

(Ackerman et al., 2006). Since unstressed fish were used in our study, neutrophils were observed, 

but were not quantifiable in peripheral blood as their presence in circulation has been associated 

with immunological response (Neumann et al., 2001). Overall, erythrocytes were the most 

abundant cell types in peripheral blood, similar to previous reports in juvenile O. tshawytscha 

(Ackerman et al., 2006) and S. salar (Benfey & Sutterlin, 1984; Sandnes et al., 1988). The 

observed erythrocyte population in this study is within the range of 106 cells µL-1 for healthy S. 

salar (Sandnes et al., 1988; Vikeså et al., 2017) and O. mykiss (Morgan et al., 2008; Řehulka et 

al., 2004); although lower numbers of erythrocytes were observed in O. tshawytscha (Ackerman 

et al., 2006). Scientific evidence shows that fish erythrocyte counts can be influenced by several 

extrinsic factors (e.g., temperature, oxygen, salinity, pH, season, culture system, diet) and intrinsic 

ones  like age, sex, maturity, ploidy and metabolic activity [reviewed in Witeska (2013)].  

On the other hand, total leucocytes comprised around 3% and mostly consisted of 

lymphocytes, as previously reported in O. mykiss (Crippen et al., 2001) and other teleosts 

(Pierrard et al., 2012; Sha et al., 2017). Salmonid peripheral blood cellular profile has been 

reported to vary with species, age, season, photoperiod, sexual maturity and diet (Barnhart, 1969; 

Conroy, 1972; Härdig & Höglund, 1983; Jamalzadeh & Ghomi, 2009; Lane, 1979; Leonardi & 

Klempau, 2003; Pettersen et al., 2003; Řehulka, 2000). Lower leucocyte counts may indicate 

depressed immunity, while variations in circulating leucocyte to erythrocyte levels have been 

used to assess stress and disease susceptibility (Ackerman et al., 2006). For example, total 

leucocyte counts have been used to assess immune effects caused by physical (Cheng et al., 2009; 

Gallage et al., 2017; Ndong et al., 2007; Sadhu et al., 2014; Taylor et al., 2007; Wang et al., 

2018a); and  chemical (Arkoosh et al., 2018; El-Boshy et al., 2014; Kepka et al., 2015; 

Radhakrishnan, 2010; Xu et al., 2018) stressors. Furthermore, haematological parameters 
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combined with humoral, cellular immune responses and molecular techniques are routinely used 

to assess immunomodulatory effects of dietary supplements and immunostimulants in farmed fish 

(Biller-Takahashi et al., 2014; Brum et al., 2017; Furne et al., 2013; Mansour & Esteban, 2017; 

Van Doan, Hoseinifar, et al., 2016; Van Doan, Tapingkae, et al., 2016). This integrated approach 

has also been applied to investigate immunological effects of pathogen challenges and vaccine 

efficacy in aquaculture (Galeottia et al., 2013; Huang et al., 2014; Sha et al., 2017; Y. Shen et al., 

2018). 

For erythrocytes, mature and immature (erythroblasts) cells are observed with varied shapes, 

lowest N: C ratios, deeply basophilic nuclei and eosinophilic cytoplasm. A deeply basophilic 

nucleus is suggestive of chromatin richness, while an eosinophilic cytoplasm has been associated 

with haemoglobin richness in fish, and variations in morphology are associated with extrinsic and 

intrinsic factors [reviewed in Clauss et al. (2008)]. Although erythrocytes are respiratory cells 

with a primary gas-transport role, evidence of immunological function is accumulating. For 

example, expression of immune genes for toll-like receptors and/or interferon regulatory factors 

have been reported in Nile tilapia (Oreochromis niloticus) (Y. Shen et al., 2018), S. salar 

(Workenhe et al., 2008) and O. mykiss (Morera et al., 2011). In addition, fish erythrocytes appear 

to contain high numbers of lysosomes and mitochondria (Y. Shen et al., 2018), which further 

supports evidence of immunological function. 

Thrombocytes facilitate fast blood clotting after injury and control fluid loss (Clauss et al., 

2008). Elevated thrombocyte counts in fish have been associated with high clotting capacity and 

chronic stress (Espelid et al., 1996). Their observed cellular and nuclear shapes have been 

previously reported in several teleosts [reviewed in Clauss et al. (2008)] and D. labrax (Doggett 

& Harris, 1989; Esteban et al., 2000; Köllner et al., 2004; López‐Ruiz et al., 1992). Similar to the 

current study, thrombocyte cell widths of 3.0 to 4.5µm have been reported in goldfish (Carassius 

auratus) (Watson et al., 1963). Furthermore, spindle and spike shaped cells were the most 

frequent thrombocytes in the current study as previously reported in D. labrax (Esteban et al., 

2000), while spherical cells were the most common in C. auratus (Watson et al., 1963). The 

observed thrombocyte shapes in O.tshawytscha suggest possession of marginal microtubules and 

a surface canalicular system previously reported in other fish species (Cannon et al., 1980; 

Esteban et al., 2000; Savage, 1983), and has been associated with cell shape maintenance (Cannon 

et al., 1980). 

Morphological characteristics of monocytes or macrophages in our study have previously 

been noted in a review for teleost fishes by Clauss et al. (2008), irregular cell surfaces with 

protrusions or ridges reported in D. labrax (Esteban et al., 2000) and C. auratus (Watson et al., 

1963). Macrophages are a central component of the innate and adaptive immune responses in 

teleosts (Chaudhary et al., 2012). Macrophages are professional phagocytes, and have the 

potential to kill bacteria and protozoans via production of toxic reactive oxygen species and 

nitrogen intermediaries, lytic enzymes, and antimicrobial peptides (Neumann et al., 2001). The 
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production of cytotoxic compounds is facilitated via respiratory bursts (Grayfer et al., 2014; Sha 

et al., 2017) and phagocytosis (Mahmoud et al., 2018; Van Doan, Hoseinifar, et al., 2016; Van 

Doan, Tapingkae, et al., 2016). 

The dominance of the leucocyte population by lymphocytes, and their small size range was 

previously reported in coho salmon (Oncorhynchus kisutch) (Kawahara et al., 1990). A large 

nucleus that stains basophilic, with a thin cytoplasmic rim and an amoeboid cell shape have also 

been reported in several fish species (Doggett & Harris, 1989; Esteban et al., 2000). In the current 

study, we also observed small and large lymphocytes in O. tshawytscha, suggesting the need for 

marker assisted identification of T and B cells. While B lymphocytes with surface 

immunoglobulins have previously been reported in salmonids (Hedfors et al., 2012; Milston et 

al., 2003); non-immunoglobulin producing T lymphocytes were reported in S. salar (Dannevig et 

al., 1997). Additionally, some lymphocytes exhibit exterior cytoplasmic protrusions, an indicator 

of phagocytic capability, while their basophilic cytoplasm and nucleus stain uptake suggests 

acidic content. Generally, lymphocytes serve immunological functions and can triple their size 

(plasma cells) following activation in response to antigens (Clauss et al., 2008; Mumford et al., 

2007). 

Slide smears of purified PBMCs in O. tshawytscha confirmed that cells were dominated by 

lymphocytes, which is consistent with PBMC composition previously reported in several 

salmonids and other fish species (Blaxhall, 1981; Kalgraff et al., 2011; Kawahara et al., 1990; 

Sakai, 1981). Isolated PBMC composition was also confirmed by peripheral blood and PBMC 

scattergram comparisons for which SSC, clearly illustrated two populations, consistent with 

results reported in several studies (Crippen et al., 2001; Esteban et al., 2000; Pierrard et al., 2012). 

PBMC haematograms suggested that monocytes are more complex in structure, possibly due to 

higher nuclear protein content and presence of cytoplasmic organelles, as they emitted more 

fluorescence compared to the less complex lymphocytes. 

In Giemsa-stained PBMCs, monocyte and lymphocyte nuclei stained deeply basophilic, 

probably due to chromatin richness, which has been associated with innate immune responses in 

previous studies among salmonids (Dügenci et al., 2003; Gross et al., 2004; Kawahara et al., 1990; 

Korytář et al., 2013; Pettersen et al., 1995) and other fish species (Huang et al., 2014; Pierrard et 

al., 2012; Roland et al., 2013; Sha et al., 2017). To the best of our knowledge, the present 

contribution is the first to report on the isolation of O. tshawytscha PBMCs for characterization, 

which is the first step towards effective in vitro immunological and physiological studies. 

Despite the successful isolation of PBMCs, we experienced challenges, during preliminary 

laboratory work (results not shown) on isolating fish PBMCs using anticoagulated blood 

couriered to our lab and used 24 h after sampling. The aim was to isolate fish PBMCs by density 

gradient centrifugation following the protocol by (Pierrard et al., 2012) and the SepMate™ tubes 

(Stemcell Technologies, Australia). Overall, we noted that anticoagulant-treated blood processed 

24 h after sampling failed to separate into PBMCs. Furthermore, anticoagulant treated fish 
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peripheral blood stored for an hour and samples with coagulation particles also failed to isolate 

into PBMCs. Only freshly taken and quickly heparinised or EDTA preserved blood successfully 

separated into PBMCs without delay, hence the need to run samples as quickly as possible 

following draw from fish. Using less than 300 µL of fish blood, the technique enables collection 

of 1.0 -1.5 mL of PBMCs at 105-106 cells mL-1, sufficient to conduct common immunological 

assays, e.g., phagocytosis, ROS and nitric oxide (NO) production. This is a huge sampling 

advantage as it does not require fish euthanisation, and presents benefits for on-farm individual 

fish sampling for longitudinal experiments. 

With respect to PBMC stability, cells stained with the Muse® Count and Viability Assay Kit 

stain remained significantly stable within 45 min at 21°C and 4°C; while Trypan blue assay 

stained cells were significantly stable within 30 min at 21°C. These findings provide important 

insights into practical handling of fish PBMCs during laboratory assays, and reveal an important 

time range within which results can be reliably obtained. Overall, reliable measurements of cell 

viability can be obtained when working with fish PBMCs within the first 45 min following 

staining, irrespective of storage conditions. However, it is highly recommended that cell viability 

assessments are made on fresh samples that have been stained for 10 min when possible to 

minimize the potential for compromising results. 

Meanwhile, validation findings showed that the accuracy and precision of the semi-

automated Muse® Count and Viability assay Kit was similar or better than the manual Trypan 

blue and the haemocytometer chamber method for fish PBMC viability and cell count analysis. 

These results align with other validation studies using this platform and kit for different cell types 

from humans, hamsters, insects, and microalgae (Gillis et al., 2016; Millipore, 2012). In the 

current study, lower grand mean % CV values for viability results were obtained with the Muse® 

Cell Analyser in comparison to the improved haemocytometer, while cell count overall mean % 

CV values were close for both methods. However, the Muse® Cell Analyser is a portable and cost-

effective bench top flow cytometer engineered with a precise microcapillary system that uses 

fluorescence to accurately, and precisely quantify multiple cell parameters at once, helping to 

save time. The Muse® Cell Analyser also uses micro sample volumes, requires minimal sample 

preparation, and works with adherent and non-adherent cells over a wide size range from 2 to 60 

µm diameter. The instrument is very robust and has higher sample throughput than using a 

traditional manual haemocytometer chamber since it provides results and produces cell 

population profile plots in only 1 - 2 min, compared to 5 - 7 min per sample for haemocytometer. 

These findings underscore the strength of using the semi-automated Muse® Cell Analyser to 

quickly process fish PBMC samples using only 20 µL of biofluid. 

The use of fish PBMCs and the Muse® Cell Analyser provides a highly improved method to 

elucidate immune responses in fish, and can be easily deployed to the field for monitoring and 

performing health assessments in farmed fish without killing stocks. The Muse® Cell Analyser 

can be used with a range of cell health assessment kits, including the Muse® Oxidative Stress Kit 
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for quantification of ROS, the Muse® Nitric Oxide Kit for intracellular NO activity, the Muse® 

MultiCaspase Assay Kit for rapid and quantitative measurements of cell death, and the Muse® 

MitoPotential Assay Kit for simultaneous measurement of changes in mitochondrial potential and 

cell death. Other kits include the Muse® Caspase-3/7 Kit to quantify cellular apoptosis and cellular 

plasma membrane permeabilization, and the Muse® Annexin V and Dead Cell Assay to quantify 

live cells, early and late apoptosis and cell death. Some of these kits have been earmarked for 

further immunological studies with O. tshawytscha. 

4.6 Conclusions and recommendations 

 In this study, we demonstrated that O. tshawytscha yearling smolts peripheral blood is 

dominated by erythrocytes, while lymphocytes were the most common leucocytes. In addition, 

differential cell count revealed five cell types including erythrocytes, thrombocytes, lymphocytes, 

monocytes and unquantifiable neutrophils. The study also provides a micro-volume method to 

successfully isolate fish PBMCs through density gradient centrifugation.  Using the isolated 

PBMCs, we validated a microcapillary flow cytometry Muse® Cell Count & Viability Assay Kit 

against the traditional manual haemocytometer chamber Trypan blue assay method for cell 

viability. We conclude that we successfully characterised fish peripheral blood cellular 

composition; and that the portable Muse® Cell Analyser can accurately and precisely be used to 

assess O. tshawytscha PBMC health in field or laboratory conditions. The protocol is easy-to-use, 

fast, cheap, and may be used to monitor fish health or assess physiological responses in vitro using 

a high throughput Muse® Cell Analyser. 
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5 Chapter 5. Case study 2: In vitro Immune Response of Chinook salmon (Oncorhynchus 

tshawytscha) Peripheral Blood Mononuclear Cells Stimulated by Bacterial 

Lipopolysaccharides.      
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immune response of chinook salmon (Oncorhynchus tshawytscha) peripheral blood mononuclear 

cells stimulated by bacterial lipopolysaccharide. Fish & shellfish immunology, 94, 190-198. 
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5.1 Prelude to case study  2 

A method for isolating Chinook salmon (Oncorhynchus tshawytscha) PBMCs by density 

gradient centrifugation was successfully developed from chapter 4. Employing the developed 

PBMC isolation technique in chapter 4, chapter 5 focussed on using the obtained cellular 

suspensions to model O. tshawytscha cellular functional and targeted immune cytokine mRNA 

transcript responses in vitro to Gram-negative bacterial LPS products from Escherichia coli (E. 

coli) serotypes O111: B4 and O55: B5 over a 24 h period. LPS is a well-conserved Gram-negative 

bacterial PAMP that forms a major part of the outer cell wall membrane, which is recognised by 

the vertebrate immune system to orchestrate a defence response. Consequently, LPS is commonly 

used to modulate teleost immunity in aquaculture. With limited literature on New Zealand farmed 

O. tshawytscha immunology, this was the first study to unravel LPS induced immunomodulatory

mechanisms in PBMCs in vitro. Results will aid future studies aimed at understanding emerging

and future O. tshawytscha bacterial pathogens in vitro.
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5.2 Introduction 

Salmonids are the third most farmed finfish species after cyprinids and tilapines, and they 

accounted for 6% of global finfish production in 2016, mostly from Atlantic salmon (Salmo 

salar), and rainbow trout (Oncorhynchus mykiss) (FAO, 2018c). Norway, Chile, Scotland, 

Canada, and the Faroe Islands are the major S. salar producers (Asche et al., 2013; Irarrázaval & 

Bustos-Gallardo, 2019). Norway and Scotland farm S. salar and O. mykiss (Munro & Wallace, 

2018; Norwegian Veterinary Institute, 2016), and the Faroe Islands only farm S. salar (Faroe Fish 

Farmers Association, 2012). In Chile, production comes from S. salar, O. mykiss, Coho salmon 

(Oncorhynchus kisutch) [reviewed in Miranda et al. (2018)] and O. tshawytscha (Lozano et al., 

2018) in order of production volume. Canada has the most diverse salmon industry composed of 

S. salar, O. kisutch, O. tshawytscha, brown trout (Salmo trutta), Lake trout  (Salvelinus

namaycush), brook trout  (Salvelinus fontinalis) and O. mykiss (Statistics Canada, 2017). New

Zealand leads in global O. tshawytscha farming, and produced up to 13,000 ton in 2016 worth

over US$ 176 million (FAO, 2018b). Fifty percent of this production is marketed internationally

under the trade name King salmon, and constitutes about half of the global supply chain.

New Zealand’s current O. tshawytscha stock was successfully established in 1904 as 

Chinook salmon, after initial introductions in 1870s failed (McDowall, 1994). The species is 

currently New Zealand’s main farmed finfish after the Greenshell™ mussels (Perna canaliculus) 

(FAO, 2018b). The New Zealand aquaculture industry is also known for its sustainable practices, 

partly making salmon farming relatively disease free. However, we understand that farmed fish 

co-exist with bacteria, viruses, fungi, and parasites, which rapidly proliferate following deviations 

from optimal culture conditions and compromise the innate immune system. Consequently, 

disease outbreaks routinely lead to heavy industry losses in aquaculture [reviewed in Fazio 

(2019)]. Indeed, there have been recent reports of Tenacibaculum maritimum associated with 

summer mortality (Brosnahan et al., 2019b; Brosnahan et al., 2019a) and New Zealand rickettsia-

like organism (NZ-RLO) (Brosnahan et al., 2017). The situation may be complicated with 

challenges posed by climate change (e.g., rising seawater temperatures and ocean acidification). 

The above scenarios, thus make fish immunology understanding an indispensable asset to allow 

routine detection and monitoring of health problems [reviewed in Uribe et al. (2011)]. 

The fish immune system consists of the innate or nonspecific (physical, cellular and humoral) 

components, and acts as the first line of defence [reviewed in Ángeles Esteban (2012); Martin 

and Król (2017)]. The adaptive or specific immune components rely on humoral and cellular 

responses, and is characterized by specific antigen recognition, which invokes a quick secondary 

pathogen specific response (Martin & Król, 2017). Fish rely on the innate and adaptive immune 

components for defence (Sahoo et al., 2021; Whyte, 2007). Evolutionally, pathogenic Gram-

negative bacteria and viruses have common conserved pathogen associated molecular patterns 

(PAMPs) (Castro & Tafalla, 2015). They include viral double stranded ribonucleic acid (dsRNA) 

and bacterial deoxyribonucleic acid (DNA), fungal β1, 3-glucans (β-glucan), bacterial cell wall 
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peptidoglycans, polysaccharides and Gram-negative bacterial endotoxin or lipopolysaccharides 

(LPS) (Elward & Gasque, 2003). 

These PAMPs can be recognised by the vertebrate immune system through pattern 

recognition receptors (PRRs) on cell surfaces, following breach of physical barriers (e.g. cellular 

epithelia and the skin). The binding of the host cellular PRRs and the PAMPs initiates cellular 

responses specifically designed to kill and eliminate the microbial pathogen (Rieger & Barreda, 

2011). Endotoxic bacterial LPS, a cell wall component of gram-negative bacteria, is widely used 

in aquaculture immunological investigations (Anderson, 1992; Kadowaki et al., 2009; 

Magnadottir, 2010; Nya & Austin, 2010; Salati et al., 1987). Structurally, LPS consists of lipid 

A, a polysaccharide core, and an O-polysaccharide of variable length. Lipid A confers the 

endotoxic effects that lead to innate immune responses [reviewed in Sepulcre et al. (2009)]. 

Bacterial LPS induces reactive oxygen species (ROS) production via activation and 

induction of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, and the suppression 

of anti-oxidative enzymes involved in ROS clearance (L. Li et al., 2010). The enzyme NADPH 

oxidase facilitates transfer of electrons to molecular oxygen resulting in superoxide anion 

production (Briggs et al., 1975). In teleosts, the process of ROS production has been reviewed 

thoroughly by several authors (Grayfer et al., 2014; Neumann et al., 2001), and ROS progression 

explained in a review by Grayfer et al. (2014). Also, genes for the enzyme NADPH oxidase have 

been linked with ROS production in O. mykiss, S. salar; have been cloned and sequenced in O. 

mykiss (Grayfer et al., 2014; Grayfer et al., 2018). Earlier work showed that O. mykiss leucocytes 

isolated from head kidney (HK), thymus (TH), peripheral blood (PB) and spleen (S), responded 

to LPS and concanavalin A (con A) in vitro (Warr & Simon, 1983). 

At the molecular level, LPS induced expression of interleukin-1 (il-1) like compounds in 

channel catfish (Ictalurus punctatus) (Clem et al., 1985), and upregulated interleukin-1β (il-1β) 

and tumor necrosis factor alpha (tnf-α) in HK leucocytes (Holen et al., 2011). LPS also induced 

expression of macrophage stimulating factor 1 receptor (M-CSFR), major histocompatibility 

complexity II (MHC-II), and interleukin-6 (il-6) in half smooth tongue sole (Cynoglossus 

semilaevis) PB leucocytes (Sha et al., 2017). In established S. salar TO cell line, LPS induced 

significant upregulation of cluster of differentiation 88 (CD83) gene transcript, indicative of 

dendritic cell (DC) origin (Pettersen et al., 2008). Symbiotically, β-glucan and bacterial LPS 

administration enhanced accumulation of lysozyme gene transcripts in S. salar HK macrophages 

(Paulsen et al., 2001). In addition, S. salar HK macrophage in vitro stimulation with bacterial LPS 

and β-glucan highly induced gene expression for arginase‐1 and IL‐1β (Ulvestad et al., 2018). 

In previous immunological studies on O. tshawytscha, researchers mostly used LPS in vitro 

to assess HK and SP immunocompetence following fish exposure to environmental chemical 

stressors (Arkoosh et al., 1991; Arkoosh et al., 1994; Misumi et al., 2005; Misumi et al., 2009). 

Done in vitro, Milston et al. (2003) investigated the effect of cortisol on O. tshawytscha HK and 

SP leucocytes immunocompetence via blastogenesis and surface IgM positive cells activation 
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using LPS. In addition, Slater and Schreck (1993) used HK leucocytes to study effects of steroid 

hormones on fish immunocompetence via plaque forming cells, following LPS activation. In this 

study, we isolated peripheral blood mononuclear cells (PBMCs) from health animals to 

demonstrate immunocompetence against Gram-negative bacterial LPS products in vitro. The 

study characterised the cellular functional and molecular immunomodulatory responses of farmed 

O. tshawytscha PBMCs in vitro using LPS from Escherichia coli (E. coli) serotypes O111: B4 

and O55: B5 plus PMA. These findings contribute towards the understanding of 

immunocompetence in O. tshawytscha under different conditions. 

5.3 Materials and methods 

5.3.1 Fish husbandry and blood sampling  

Captive two year old O. tshawytscha postsmolt (weight = 480.00±119.11 g; total length = 

36.67±2.02 cm) were obtained from the Nelson Marlborough Institute of Technology (NMIT) 

aquaculture facility (Glenduan, Nelson, New Zealand). Fish had been maintained in a saltwater 

recirculating system (temp = 16.02±0.94°C; DO = 7.34±0.32 mg L-1; pH = 8.18±0.17; NH4
+ = 

0.17±0.12 mg L-1; NO2
- = <0.01 mg L-1) at NMIT aquaculture facility at 16°C and fed to satiation 

with Orient 3.0 mm commercial diet (Skretting, Australia) containing 44% crude protein and 28% 

lipid. Fish were randomly taken by scoop net from the culture tank and individually euthanized 

by Ikijime for isolation of PBMCs. All fish included in the study were free of physical 

abnormality, had intact skin, without lesions and tail rub. Approximately 2.5 mL of blood were 

collected from each fish via caudal vein puncture using a chilled non-heparinised 3.0 mL syringe 

attached to a 20 gauge Terumo needle. Blood was quickly distributed into six 400 μL BD 

Microtainer® Lithium Heparin tubes (Becton Dickinson, USA) and used for PBMC processing as 

illustrated below. Ethical approval was obtained from the NMIT Animal Ethics Committee 

(NMIT-AEC-2018-NMIT-03). 

5.3.2 PBMC isolation 

Fish PBMCs were isolated from blood following a protocol from our previous work 

(Lulijwa et al., 2019a) using Ficoll-Paque Premium density gradient medium (1.077 g mL-1) 

(Sigma-Aldrich, New Zealand). Briefly, 284 µL of heparinized blood were quickly diluted 1:1 

with sterile filtered (40 µm) phosphate-buffered saline (PBS) (pH 7.4) in triplicates. PBMCs were 

obtained by centrifuging the diluted blood samples at 971 g for 20 min over a layer of 682 µL of 

Ficoll-Paque. Cells at the interface were aspirated with a precision pipette, pooled together and 

gently washed twice with 1 mL of sterile PBS at 674 g for 7 min. The cell pellet was resuspended 

to a final concentration of 1×105 cells mL-1 in 2 mL of PBS supplemented with 2% fetal calf 

serum (FCS). This working cell suspension was kept chilled at 4C for further analysis. Cell 

viability was determined using the Muse® Count and Viability Assay Kit as previously described 

(Lulijwa et al., 2019a).  
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5.3.3 Preparation of bacterial LPS and PMA 

Bacterial LPS products from E. coli 0111: B4, E. coli serotype O 55:B5 previously used 

on O. tshawytscha (Arkoosh et al., 1991; Milston et al., 2003; Misumi et al., 2009) and PMA were 

obtained from Sigma Aldrich, New Zealand. These LPS products were prepared by suspending 

the solute in sterile filtered PBS (pH 7.4) to a concentration of 1 mg mL-1 and stored in small 

aliquots at −20°C. Similarly, a PMA solution was prepared in DMSO (1mg mL-1) and brought to 

a final concentration of 200 ng mL-1 in sterile PBS (pH 7.4) and kept at −20°C until further use.  

5.3.4 In vitro LPS and PMA challenge 

Fish PBMCs isolated from 3 fish were divided into four 450 µL aliquots, centrifuged at 

(16,250 g; 4 min), and resuspended in an equivalent volume of PBS containing 10 µg mL-1 of 

LPS E. coli serotype 0111: B4, E. coli serotype O 55:B5 and 200 ng mL-1 of PMA according to 

Solem et al. (1995). Cells were incubated at room temperature (18°C) and monitored for ROS 

production, and phagocytosis activity at 0, 0.5, 1, 2, 3, 6, 12 and 24 h. After 24 h, the remaining 

cells were centrifuged in cryo-vials at (16,250 g; 4 min), the pellet snap frozen in liquid nitrogen 

and stored at −80°C for gene expression analysis. 

5.3.5 Reactive oxygen species (ROS) assay 

Intracellular ROS production in PBMCs was measured using the Muse® Oxidative Stress 

Kit protocol (Merck KGaA, Darmstadt, Germany), with the Muse® Cell Analyzer at 0, 0.5, 1, 2, 

3, 6, 12 and 24 h. At each time point, 20 μL of PBMC suspension were incubated with 180 μL of 

Muse® Oxidative Stress working solution following the manufacturer’s procedures. 

Subsequently, the samples were mixed thoroughly and run on the Muse® Cell Analyzer and 

monitored for ROS production using the Muse® Oxidative Stress Kit (Merck KGaA, Darmstadt, 

Germany) at the specified time points.  

5.3.6 Phagocytic activity and phagocytic index determination 

Isolated PBMCs were also monitored for phagocytosis activity at 0, 0.5, 1, 2, 3, 6, 12 and 

24 h. Ten microliters of PBMC suspension (1×105 cells mL-1) were pipetted onto sterile glass 

microscope slides and incubated at room temperature for 1 h. Non-adherent cells were washed 

off using sterile filtered PBS with 2% FCS. Then, 10 µL of fluorescent latex beads (1×105 mL-1) 

amine-modified polystyrene suspension (1.0–1.3 μm in diameter, Sigma-Aldrich, New Zealand) 

were added and incubated for another 2 h at room temperature. Non engulfed latex beads were 

washed off using sterile filtered PBS with 2% FCS. The slides were subsequently fixed with 

absolute methanol and later Giemsa stained. Exactly 100 cells were counted microscopically at 

400x magnification and the percent phagocytic activity (PA) and phagocytic index determined 

according to the following equations: 

Phagocytosis ൌ ሺNumber of phagocytic leucocytesሻ/ሺNumber of total leucocytesሻ x 100  
While the phagocytic index was determined by the following equation: 

Phagocytic index ൌ ሺNumber of latex beads per cellሻ/ሺNumber of phagocytic cellsሻ 
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5.3.7 Molecular assessment of immune genes 

5.3.7.1 Analysis of mRNA expression in PBMCs 

Total RNA was extracted from each PBMC sample using the Roche MagNA Pure LC 2 

instrument with the MagNA Pure LC RNA Isolation Kit – High Performance (Roche Life 

Sciences, New Zealand). Subsequently, 100 L of eluted mRNA were collected and stored at 

−80C prior to gene expression analysis. Relative quantification of gene expression by one step 

reverse transcriptase polymerase chain reaction (RT-PCR) was performed (LightCycler 480 

instrument II [Roche Diagnostics, Auckland, New Zealand]).  

Table 5.1. Primer sequences used for PBMC cytokine salmon gene expression. 

Genes Sequence (5’–3’) Product 
size (bp) 

Gene function  Species & 
GenBank 
Accession no. 

Reference 

Actb (F)- GTCACCAACTGGGACGACAT 
(R)- GTACATGGCAGGGGTGTTGA 

175 ATP binding, determines 
cell shape and controls 
motility 

O. tshawytscha 
FJ890357.1 

(Monjo et al., 2017) 

Ifnγ (F)- CAACATAGACAAACTGAAAGTCCA 
(R)- ACATCCAGAACCACACTCATCA 

129 Triggers  cellular response 
to viral and microbial 
infections 

O. tshawytscha 
GT897806 

(Bjork et al., 2014) 

il-1β (F)- ACCGAGTTCAAGGACAAGGA 
(R)- CATTCATCAGGACCCAGCAC 

181 Potent pro-inflammatory 
cytokine 

O. tshawytscha 
DQ778946 

(Bjork et al., 2014) 

il-6 (F)- CAGTTTGTGGAGGAGTTTCAGA 
(R)- TGTTGTAGTTTGAGGTGGAGCA 

118 Potent pleiotropic cytokine O. mykiss 
NM_001124657 

(Bjork et al., 2014) 

tnf-α (F)- ACCAAGAGCCAAGAGTTTGAAC 
(R)- CCACACAGCCTCCATAGCCA 

154 Multifunctional pro-
inflammatory cytokine 

O. tshawytscha 
DQ778945 

(Bjork et al., 2014) 

il-10 (F)- CTACGAGGCTAATGACGAGC 
(R)- GATGCTGTCCATAGCGTGAC 

97 Anti-inflammatory roles; 
limits excessive tissue 
damage caused by 
inflammation 

O. mykiss 
AB118099 

(Bjork et al., 2014) 

F: forward primer, and R:  reverse primer. 

Primers (Integrated DNA Technologies, Inc., Singapore) at a working concentration of 0.9 

µmol L-1 and RNA in a final volume of 20 µL were used. The reactions were performed using the 

following thermocycling conditions: 60C for 15 min (reverse transcription/cDNA synthesis), 

95C for 10 min (transcriptase inactivation and initial denaturation step) and 40 cycles of 

amplification (95C for 15 s for denaturation and 60C for 1 min for annealing and extension). 

Upon completion, dissociation/melting curve analyses were performed to reveal and exclude 

nonspecific amplification or primer-dimer issues (all melting analyses in this study presented 

single reproducible peaks for each target gene suggesting amplification of a single product). The 

housekeeping gene used for mRNA expression analysis was β-actin (actb) due to its stability 

within mitogen-stimulated PBMCs. Primer sequences used in this study are provided in Table 

5.1. Relative gene expression levels were calculated using the comparative Ct (△△Ct) equation 

(Schmittgen & Livak, 2008). Gene expression was calculated as 2-△△Ct and expressed as a fold-

change. The mRNA transcripts for all target genes were normalised to the reference gene (actb) 

within the same sample, condition and time point, and to a calibrator (control with PBS). 

5.3.8 Data processing and statistical analysis  

Data from fish PBMC cellular functional characterisation for ROS production, phagocytosis 

and phagocytic index were processed to assess the effect of in vitro PMA and LPS from E. coli 

serotype 0111: B4 and E. coli serotype 055: B5 on fish immune system by one-way time series 
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ANOVA using Minitab 17 statistical software at 95% confidence interval. Data for immune genes 

were expressed as relative gene expression using the “delta-delta method”(Schmittgen & Livak, 

2008), and graphical presentation in Microsoft Office Excel 2016. One-way ANOVA was used 

to detect differences induced by PAMPs and PMA using Minitab 17 statistical software at 95% 

confidence interval.    

5.4 Results 

5.4.1 Fish PBMC cellular functional characterisation 

In this study, we assessed the immunological response of primary O. tshawytscha PBMCs 

to LPS from E. coli serotype 0111: B4 and E. coli serotype 055: B5 and PMA in vitro 24 h post 

challenge at 18 °C. Cellular functional parameters of ROS production, phagocytosis and 

phagocytic index, and targeted immune gene expression were determined.   

5.4.1.1 Reactive oxygen species (ROS) production  

Following in vitro stimulation with PMA, O. tshawytscha primary PBMCs exhibited 

significantly (p < 0.05) high peak ROS production 30 min post induction. Twenty-four hours post 

stimulation, ROS production reduced below initial levels, with a general biphasic trend (Figure 

5.1).  

 

Figure 5.1 In vitro induction of ROS production in Oncorhynchus tshawytscha PBMCs by 200 
ng mL-1 of PMA over 24 h incubation at 18°C. Data points are mean±SEM from duplicate 
technical readings of three biological triplicates at each time point. Data points with different 
superscripts are significantly different, One-way time series ANOVA at p = 0.05. 

Similarly, bacterial LPS from E. coli serotype 0111:B4, induced a biphasic ROS response 

that significantly (p < 0.05) peaked after 2 h, followed by a second major but nonsignificant peak 

(p > 0.05) after 12 h and remained elevated above initial levels 24 h later (Figure 5.2). 
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Figure 5.2 In vitro induction of ROS production in Oncorhynchus tshawytscha PBMCs by 10 µg 
mL-1 of LPS from E. coli serotype 0111: B4 over 24 h incubation at 18°C. Data points are 
mean±SEM from duplicate technical readings of three biological triplicates at each time point. 
Data points with different superscripts are significantly different, One-way time series ANOVA 
at p = 0.05. 

Likewise, bacterial LPS from E. coli serotype 055:B5, induced low bimodal ROS 

production in O. tshawytscha primary PBMCs that significantly (p < 0.05) peaked after 2 h 

following induction, followed by a second peak (p > 0.05) at 12 h, and remained above initial 

levels 24 h later (Figure 5.3).   

 

Figure 5.3 In vitro induction of ROS production in Oncorhynchus tshawytscha PBMCs by 10 µg 
mL-1 of LPS from E. coli serotype 055: B5 over 24 h incubation at 18°C. Data points are 
mean±SEM from duplicate technical readings of three biological triplicates at each time point. 
Data points with different superscripts are significantly different, One-way time series ANOVA 
at p = 0.05. 

5.4.1.2 Phagocytosis activity 

Also, bacterial LPS and PMA significantly (p < 0.05) enhanced O. tshawytscha primary 

PBMCs latex bead phagocytosis; particularly at 1 h post PMA incubation and at 2 h following 

incubation with LPS from E. coli serotype 0111:B4. Conversely, LPS from E. coli serotype 



Chapter 5. Case Study 2 

105 

055:B5 did not significantly (p > 0.05) induce phagocytosis in the fish PBMCs for the entire 

experimental period (Table 5.2).  

Table 5.2. In vitro phagocytosis (%) of latex beds in Oncorhynchus tshawytscha PBMCs using 
PMA and two bacterial PAMPs over a 24 h incubation period at 18°C. Data are mean±StDev 
from duplicate readings of three fish at each time point. Values in a column with different 
superscripts are significantly different, One-way time series ANOVA at p = 0.05. 

Time (h) PMA LPS serotype 0111:B4 LPS serotype 055:B5 

0 9.00±6.00b 9.00±6.00c 9.00±6.00a 

0.5 18.33±6.35ab 18.33±2.08abc 13.00±3.00a 

1.0 22.67±2.52a 22.00±2.65ab 13.00±5.00a 

2.0 15.67±2.08ab 25.33±9.07a 12.67±0.57a 

3.0 16.67±0.58ab 17.00±1.73abc 17.67±2.08a 

6.0 - 16.67±0.58abc 16.67±2.52a 

12.0 - 12.67±1.53bc 16.00±3.46a 

24.0 - 13.33±3.06abc 16.00±6.56a 

F-value 4.22 4.56 1.43
P-value 0.029 0.006 0.260

5.4.1.3 Phagocytic index 

Although PMA and LPS significantly (p < 0.05) enhanced O. tshawytscha primary 

PBMCs latex bead phagocytosis, the phagocytic index was not significantly (p > 0.05) affected 

by the LPS and PMA in fish PBMCs for the entire experimental period (Table 5.3).  

Table 5.3. In vitro phagocytic index in Oncorhynchus tshawytscha PBMCs following challenge 
with a macrophage activating factor PMA and two bacterial PAMPs over a 24 h incubation period 
at 18°C. Data are mean±StDev from duplicate readings of three fish at each time point. Values in 
a column with different superscripts are significantly different, One-way time series ANOVA at 
p = 0.05. 

Time (h) PMA LPS serotype 0111:B4 LPS serotype 055:B5 

0.0 1.80±1.06a 1.80±1.06a 1.80±1.06a 

0.5 2.59±0.43a 2.13±0.17a 2.25±0.80a 

1.0 2.93±0.06a 2.11±0.40a 2.21±0.30a 

2.0 2.60±0.33a 1.92±0.68a 2.14±0.34a 

3.0 2.73±0.46a 1.96±0.34a 2.16±0.21a 

6.0 - 2.07±0.45a 2.19±0.22a 

12.0 - 2.05±0.39a 2.07±0.16a 

24.0 - 2.49±0.05a 1.80±0.17a 

F-value 1.71 0.44 0.37

P-value 0.225 0.865 0.908

5.4.2 Fish PBMC immune gene expression  

When challenged with bacterial LPS from E. coli serotype 055:B5 and E. coli serotype 

0111:B4, the expression levels for pro-inflammatory cytokines ifnγ and tnf-α, plus anti-

inflammatory il-10 were significantly upregulated in O. tshawytscha primary PBMCs 24 h post-

challenge (Figure 5.4). 
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Figure 5.4 Relative expression of mRNA PBMC cytokines by RT-qPCR following in vitro 
challenge of Oncorhynchus tshawytscha PBMCs by 10 µg mL-1 of LPS from E. coli serotype 055: 
B5, LPS from E. coli serotype 0111: B4 over 24 h incubation at 18°C. Data are mean±SEM of 
three technical replicates of three fish 24 h post-challenge, One-way time series ANOVA at p = 
0.05. 

Comparatively, PBMCs challenged with PMA significantly (p < 0.05) induced over 90, 

30 and 70 fold increase in pro-inflammatory ifnγ, tnf-α and anti-inflammatory il-10  expression. 

Cytokine levels for il-1β were significantly (P < 0.05) downregulated in treated fish PBMCs while 

il-6 was not affected in O. tshawytscha primary PBMCs 24 h post challenge (Figure 5.5). 
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Figure 5.5 Relative expression of mRNA PBMC cytokines by RT-qPCR following in vitro 
challenge of Oncorhynchus tshawytscha PBMCs by 200 ng mL-1 of PMA over 24 h incubation at 
18°C. Data are mean ± SEM of three technical replications from three fish 24 h post-challenge, 
One-way time series ANOVA at p = 0.05. 

5.5 Discussion 

In the current study, we investigated in vitro immunomodulatory effects of two bacterial LPS 

products and PMA on captive O. tshawytscha primary PBMCs via cellular functional parameters 

of ROS production, phagocytosis and phagocytic index, plus targeted mRNA immune gene 

expression.  

Phorbol ester PMA mimics diacyl glycerol (DAG) to activate the enzyme protein kinase C 

(PKC) (Garcia et al., 2012) in cells initiating, protein biosynthesis, DNA, polyamine, cell 

differentiation, and gene expression activities (Goel et al., 2007). Also, PMA induces cellular 

differentiation via enhanced cellular surface adherence, phagocytosis and superoxide production 

(Garcia et al., 2012). Data in the current study revealed that in vitro administration of PMA, 

significantly (p < 0.05) induced a rapid and substantial increase in ROS production within 30 min 

of stimulation in primary PBMCs (Figure 5.1). Similarly, previous studies have demonstrated in 

O. mykiss HK macrophages that PMA induces ROS (Chung & Secombes, 1988) and a greater

respiratory burst activity compared to stimulation with PAMPs (Novoa et al., 1996). PMA targets

cellular membrane phospholipid receptors for attachment and interaction to augment uptake of 2-

deoxyglucose, induces arachidonic acid (ARA) release and prostaglandin production, alters

cellular receptor activities, obstructs cellular surface receptor binding of epidermal growth factor

(EGF), and affects lipid metabolism [reviewed in Goel et al. (2007)]. The rapid induction of ROS

production by PMA as observed in this study could be attributed to surface binding and damage

that PMA induces during interaction with cellular membranes (Weinstein et al., 1979; Weissmann
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et al., 1968). This process is facilitated by enhanced release of proteases, cytokines, and activation 

of NADPH oxidase (Goel et al., 2007), which damages cells. This theory is supported by the 

elevated expression of ifnγ and tnf-α cytokines in PMA treated PBMCs. In particular, tnf-α has 

been linked with cellular necrosis and/or apoptosis (Idriss & Naismith, 2000).  

LPS from E. coli serotype 0111:B4, and E. coli serotype 055:B5 also induced high ROS 

production 2 h post stimulation. Similar findings have been reported previously among salmonids 

as LPS in vitro enhanced cellular functions and ability to kill an avirulent A-layer lacking strain 

of Aeromonas salmonicida in S. salar HK macrophages (Solem et al., 1995) and activated 

respiratory burst in O. mykiss HK macrophages (Jang et al., 1995). In addition, supplementary 

LPS in vivo enhanced cellular functions, and bactericidal effects against pathogenic Aeromonas 

hydrophila in O. mykiss (Nya & Austin, 2010). Overall, O. tshawytscha PBMCs exhibited the 

ability to recognise bacterial LPS as in other vertebrates. These results provide invaluable 

information as to the mechanisms by which the host interacts with bacterial pathogens (Rieger & 

Barreda, 2011), via strong respiratory burst activity facilitated by the NADPH oxidase complex 

(Boltana et al., 2009). 

In addition, a biphasic ROS production trend was observed following stimulation with PMA 

and bacterial LPS with a second, but nonsignificant (p > 0.05) ROS peak after 12 h. The initial 

ROS peak is due to direct cellular LPS and PMA response facilitated by the NADPH oxidase 

complex, followed by a temporal ROS clearance after 6 h, probably due to cellular anti-

inflammatory cytokine production to abate damage. However, the second strong ROS peak is due 

to PMA and LPS induced pro-inflammatory tnf-α and IFN-inducible ifnγ cytokine production 

(Bussolati et al., 1997). While ROS levels remained elevated above basal levels 24 h later  for 

LPS (Figure 5.2 and Figure 5.3), lower than initial levels were observed with PMA after 24 h 

(Figure 5.1), probably due to cellular damage (Repine et al., 1974; Weissmann et al., 1968). This 

is evidenced by the over expression of pro-inflammatory ifnγ and tnf-α in PMA challenged PBCs, 

which probably resulted into cellular necrosis and/or apoptosis (Idriss & Naismith, 2000). In 

addition, PMA as a DAG analogue reportedly hyper activates PKC, and unlike DAG, PMA is 

hardly metabolised by cells, which induces cellular proliferation, and carcinogenic effects. 

Similarly, longer PMA incubation results into PKC down regulation (Goel et al., 2007), 

corresponding with the observed results. 

Phagocytosis is the most important innate immune defence mechanisms in fish due to its 

limited disturbance by temperature [reviewed in Uribe et al. (2011)]. The phagocytic process 

involves uptake of pathogens by engulfment into phagosomes (Øverland et al., 2010). In this 

study, PAMPs and PMA significantly (p < 0.05) enhanced O. tshawytscha primary PBMCs latex 

bead phagocytosis; 1 h post PMA incubation and at 2 h after LPS from E. coli serotype 0111:B4 

stimulation (Table 5.2). Similarly in vitro LPS exposure enhanced phagocytic activity in S. salar 

HK macrophages (Solem et al., 1995). In vivo, supplementary LPS enhanced HK leucocyte 

phagocytosis, and bactericidal effects against pathogenic A. hydrophila in O. mykiss (Nya & 



Chapter 5. Case Study 2 

109 
 

Austin, 2010). In PMA challenged PBMCs, cellular damage (Repine et al., 1974; Weissmann et 

al., 1968), observed as aggregations resulted into phagocytosis and phagocytic index 

determination up to only 3 h post stimulation. This is further suggestive that PMA may have 

induced O. tshawytscha primary PBMC apoptosis and or necrosis (Idriss & Naismith, 2000). 

The above findings are supported by the significant (p < 0.05) enhancement of pro-

inflammatory cytokines ifnγ and tnf-α by PAMPs and PMA (Figure 5.4), which are quick 

responders to infection (Bjork et al., 2014). Comparably, the magnitude of pro-inflammatory 

cytokine expression was considerably higher with PMA than in both PAMPs probably due to 

PMA’s strong inflammatory action in PBMCs. This is supported by the rapid PMA induced ROS 

production, making this agent extremely potent. Previous findings show that PMA binds and 

damages cellular surfaces during membrane interaction (Weinstein et al., 1979; Weissmann et al., 

1968), while LPS binds cell surfaces via specific Toll-like receptors (TLRs) including TLR4, 

TLR1 and TLR2, which are not universal to all fish [reviewed in Zhang et al. (2014)]. Several 

studies have demonstrated that teleost fish TLRs can immunologically detect LPS (Han et al., 

2018; Palti et al., 2010; Wu et al., 2018), and bacterial PAMPs (Gong et al., 2017; Lai et al., 2016; 

Wu et al., 2018; Zhang et al., 2014; Zhang et al., 2017). As strong upregulation of pro-

inflammatory cytokines were observed with the PAMPs and PMA in this study, the associated 

TLRs could probably be involved in the myeloid differentiation primary response gene 88 

(MyD88) and the Toll-interleukin-1 receptor (TIR) domain containing adaptor inducing 

interferon-β (TRIF) signalling pathways (Basu et al., 2013). The MyD88 pathway activates 

nuclear factor kappa (NF-κB) to produce pro-inflammatory genes observed in this study. The TIR 

domain pathway activates IFN-regulatory factor 3 (IRF3) and the expression of IFN-β and IFN-

inducible genes [reviewed in (Basu et al., 2013), also detected in the current study. Since TLR4 

orthologues were reported for salmonids during an in-depth blast survey using catfish and 

zebrafish TLR4 as baits (Quiniou et al., 2013), the discovery helps to elucidate the salmonid 

immune system recognition mechanism of LPS, which has been previously unclear (Palti et al., 

2010). 

Also, ifnγ and tnf-α expression were concurrently upregulated following stimulation with 

bacterial LPS and PMA, and remained relatively high 24 h post stimulation. This is suggestive of 

a synergistic action of the two cytokines, as demonstrated by their concurrent expression with il-

10. Concurrently, the high expression of anti-inflammatory il-10  observed in challenged O. 

tshawytscha primary PBMCs with PAMPs and PMA 24 h post incubation confirms the 

suppressive effect of this cytokine against cellular damage by the highly expressed anti-

inflammatory cytokines previously reported in S. salar and O. mykiss HK and SP leucocytes 

(Sangrador‐Vegas et al., 2000; Sugamata et al., 2009). The extremely low levels of pro-

inflammatory il-6 and il-1β, 24 h post LPS and PMA stimulation confirms the anti-inflammatory 

effect of il-10 and suggestive of possible earlier upregulation of il-6 and il-1β, as previously 

reported in S. salar HK macrophages (Ulvestad et al., 2018). This is in line with previous studies 
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with mrigal (Cirrhinus mrigala) and Indian major carp (Catla catla), where LPS induced il-10 

expression to suppress il-1β through TLR4 signalling and activation of  NF-κB via the MyD88 

pathway (Basu et al., 2013; Swain et al., 2012).  

Administration of LPS in vitro has been reported to induce expression of immune related 

genes in O. mykiss HK leucocytes (Goetz et al., 2004; Zou et al., 1999). Also, LPS in vitro induced 

increased trout (ttnf-α) expression in S. trutta  HK leucocytes (MacKenzie et al., 2003), tnf-α in 

O. mykiss HK leucocytes (Qin et al., 2001; Zou et al., 2002), and il-1β and tnf-α in S. salar HK 

leucocytes (Holen et al., 2011). Thus, we postulate that LPS induced immune stimulation in O. 

tshawytscha could be regulated via TLR4, or synergistic TLR1 and TLR2 most probably via the 

MyD88 and TRIF pathways. However, further studies will have to be conducted to confirm the 

exact bacterial LPS TLRs in this species. These findings improve our understanding of LPS 

signalling in O. tshawytscha immune cells and provide the foundation for further investigations 

on immunomodulatory effects that may be induced due to environmental influences, farm-related 

stresses, pathogenic exposures and dietary manipulations. The research also contribute towards 

development of sustainable strategies for improving farmed fish health.    

5.5.1 Conclusions and recommendations 

The response of O. tshawytscha primary PBMCs to two E. coli LPS products were 

investigated via cellular functional ROS production and phagocytosis, plus targeted immune gene 

expression. Findings demonstrate significant induction of cellular ROS production and 

phagocytic ability, in O. tshawytscha primary PBMCs in vitro. The results also suggest that LPS 

significantly (p < 0.05) induced upregulation of pro-inflammatory ifnγ, tnf-α and anti-

inflammatory il-10 in vitro. We suggest that immune related cytokine release could be regulated 

via candidate TLR4, or synergistic TLR1 and TLR2 ligands most probably via the MyD88 and 

TRIF pathways. This is the first report to illustrate in vitro LPS effects in farmed O. tshawytscha 

PBMCs. The findings provide valuable information for studying physiological and immune 

related effects in farmed fish stocks. Further long term in vitro and in vivo studies are 

recommended to model bacterial pathogenic effects.  
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6 Chapter 6. Case Study 3: Metabolic and Immune Responses of Chinook salmon 

(Oncorhynchus tshawytscha) Smolts to a Short-term Poly (I: C) Challenge.  

This chapter has been published:  

Lulijwa, R., Alfaro, A. C., Merien, F., Burdass, M., Meyer, J., Venter, L., & Young, T. (2020). 
Metabolic and immune responses of Chinook salmon (Oncorhynchus tshawytscha) smolts to a 
short‐term poly (I: C) challenge. Journal of Fish Biology, 96(3), 731-746. 
https://onlinelibrary.wiley.com/doi/full/10.1111/jfb.14266  
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6.1 Prelude to case study  3 

Currently, the New Zealand Chinook salmon (Oncorhynchus tshawytscha) industry 

remains free from major viral pathogens that have characterised salmon production in the northern 

and some southern hemisphere countries. However, a viral infection remains a priority threat to 

the country’s niche primary industry, driven by climate change, confinement stress, and other 

anthropogenic variables. Like bacterial challenges, viral-related immuno-metabolic literature in 

New Zealand farmed O. tshawytscha remains scanty. This chapter used an integrated approach 

using PB haematological microscopic characterisation, PBMC isolation in chapter 4, molecular 

techniques employed in chapter 5, and Gas chromatography-mass spectrometry (GC-MS) based 

metabolomics. The chapter applied an integrated immuno-metabolic approach to unravel O. 

tshawytscha response mechanisms to in vivo poly (I:C) 24 h post-intraperitoneal (i.p) 

administration at haematological, metabolic, and molecular levels. Poly (I:C) is a synthetic 

double-stranded ribonucleic acid (dsRNA) analogue. It is commonly used in immunological 

studies to mimic a viral infection to induce antiviral immune responses in vivo and in vitro. Results 

from this experiment were discussed in the manuscript and may potentially aid the development 

of amelioration strategies against potential future viral pathogens. 
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6.2 Introduction 

Aquaculture is considered to be one of the fastest growing food production sectors 

worldwide and contributed 11.79% of global animal-sourced food in 2015 (Edwards et al., 2019; 

Joffre & Verdegem, 2019). This has been partly fuelled by the decline in global fisheries and an 

increasing demand for seafood. To meet demands, aquaculture farms aim to produce high 

quantities of healthy and fast-growing fish, under optimal husbandry and management practices 

in limited water volumes (Martinez et al., 2016). However, the practice of intensive aquaculture 

leads to water quality deterioration, which provides a conducive environment for disease 

outbreaks by viruses, bacteria, and parasites. Health challenges from such pathogens have been 

associated with heavy industry losses [reviewed in Fazio (2019)]. Farmed chinook salmon 

(Oncorhynchus tshawytscha) is New Zealand’s main farmed finfish species, making the country 

a major global supplier. Although salmon farming in New Zealand is currently considered ‘virus 

free’, continued industry growth combined with climate change challenges necessitate that 

species-specific immunological information is acquired to develop mitigation strategies against 

future pathogen threats. Consequently, studying antiviral mechanisms in this species provides 

critical information that contributes to the sustainable development of this important sector.  

Various strategies aimed at boosting host immunity have been used to counter disease-related 

economic losses in aquaculture (Magnadottir, 2010). In some instances, immunostimulants such 

as nucleotides, β-glucans (Magnadottir, 2010; Uribe et al., 2011), lipopolysaccharide (LPS) 

(Anderson, 1992), and polyinosinic: polycytidylic acid (poly [I:C]) (Jensen et al., 2002a; Zhou et 

al., 2014) are administered to stimulate the immune system. Poly (I:C) is a synthetic double-

stranded ribonucleic acid (dsRNA) analogue, which mimics a viral infection to induce antiviral 

immune responses. When administered, the innate defence system acts as if challenged with a 

viral pathogen and initiates molecular mechanisms designed to fight the aetiological agent. Poly 

(I:C) effects its antiviral properties through a broadly expressed and well-conserved toll-like 

receptor 3 (tlr3) (Kitao et al., 2009; Tanekhy, 2016; Zhou et al., 2014), retinoic acid-inducible 

gene I (rig-I) and melanoma differentiation-associated protein 5 (Mda5), both termed RIG-I-like 

receptors (RLRs), and class A scavenger receptors (SR-As) (Brisse & Ly, 2019; Semple et al., 

2018; Zhou et al., 2014). 

After poly (I:C) stimulation, RLRs transmit signals through the interferon-β  (ifn-β) promotor 

stimulator 1 and tlr3 uses the toll-interleukin 1 receptor domain-containing adapter-inducing ifn-

β (Zhou et al., 2014). In mammals, dsRNA binding to both adaptors signal downstream 

development of an antiviral state via activation of interferon (IFN) regulatory transcription factors 

(IRF3 and IRF7), production of type I interferons (I IFN), pro-inflammatory cytokines and IFN 

stimulated genes (ISGs) (Monjo et al., 2017; Zhou et al., 2014). Majority of ISGs enhance host 

cellular antiviral defence (Zhang & Gui, 2012). The antiviral ISGs are mostly stimulated by type 

I [interferon alpha (ifn-α) and interferon beta (ifn-β)], type III interferon lambda (ifnλ) and 

partially by type II interferon gamma (ifnγ) which collaboratively target viral replication 
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(Schoggins & Rice, 2011). The response also generates pro-inflammatory reactions via activation 

of pro-inflammatory and pro-survival transcription factors, nuclear factor kappa (NF-κB), 

activator protein 1 and induction of apoptosis in a caspase-8-dependent fashion via receptor-

interacting protein 1 (Zhou et al., 2014). In teleosts, mammalian tlr3 orthologues have been 

profiled in fugu (Takifugu rubripes) (Oshiumi et al., 2003), zebrafish (Danio rerio) (Phelan et al., 

2005), channel catfish (Ictalurus punctatus) (Baoprasertkul et al., 2006), Japanese flounder 

(Paralichthys olivaceus) (Hwang et al., 2012), rainbow trout (Oncorhynchus mykiss) (Rebl et al., 

2007; Rodriguez et al., 2005), and Atlantic salmon (Salmo salar) (Arnemo et al., 2014; Lee et al., 

2013; Svingerud et al., 2012). 

Poly (I:C) administration in teleosts induced type 1IFNs and subsequent production of 

antiviral Mx protein in S. salar  and O. mykiss in vivo (Das et al., 2009; Lockhart et al., 2004a; 

Purcell et al., 2004), and S. salar in vitro (Arnemo et al., 2014). Teleostian immune cells cloned 

with Mx protein inhibited infectious pancreatic necrosis virus (IPNV) replication in S. salar 

(Larsen et al., 2004) and rhabdoviruses replication in P. olivaceus in vitro (Caipang et al., 2003). 

Administered in vivo, poly (I: C) induced antiviral Mx protein against infectious salmon anaemia 

virus (ISAV) in S. salar (Jensen et al., 2002a), infectious haematopoietic necrosis virus (IHNV) 

in O. mykiss (Kim et al., 2009), and channel catfish virus infection in I. punctatus (Plant et al., 

2005). Poly (I:C) in vivo also induced antiviral protection against red-spotted grouper nervous 

necrosis virus (RGNNV) in sevenband grouper (Epinephelus septemfasciatus) (Nishizawa et al., 

2009), viral haemorrhagic septicaemia (VHS) and megalocytivirus in P. olivaceus (Takami et al., 

2010; Zhou et al., 2014). Stabilised in chitosan, poly (I:C) induced antiviral state against VHS in 

D. rerio (Kavaliauskis et al., 2015). Conversely, poly (I:C) induced protection was temporary in 

IPNV carrier S. salar adults (Lockhart et al., 2004b). Using viral vaccines, antiviral activity was 

activated in IPNV injected O. mykiss (Kim et al., 2009), in S. salar post-smolts, but not carrier 

adults (Lockhart et al., 2004b), and in IHNV injection of O. mykiss (Purcell et al., 2004). 

At the molecular level, poly (I:C) acts on tlr3 to induce the expression of cytokine producing 

genes in common carp (Cyprinus carpio) (Kitao et al., 2009; Tanekhy, 2016), ifnγ in goldfish 

(Carassius auratus) (Grayfer & Belosevic, 2009), type I IFNs and ifnγ in S. salar (in synergy with 

CpG oligodeoxynucleotides) (Strandskog et al., 2011; Thim et al., 2012), interferon regulatory 

factors (IRF 1-5, 9) and tlr3 in Nile tilapia (Oreochromis niloticus) (Y. Shen et al., 2018), and 

tlr3 and Mda5 in P. olivaceus (Zhou et al., 2014). Furthermore, virally infected fish (Lockhart et 

al., 2007; McBeath et al., 2007) and poly (I:C) treated fish expressed gene transcripts for type 1 

IFNs and Mx protein expression (Arnemo et al., 2014; Das et al., 2009; Lockhart et al., 2004a; 

McBeath et al., 2007). At cellular level, repeated poly (I:C) stimulation enhanced reactive oxygen 

species (ROS) production in O. mykiss HK macrophages (Boltana et al., 2009). Furthermore, ifnγ 

induced nitric oxide (NO) production, to facilitate intracellular pathogen destruction (Stafford et 

al., 1999), and ifnγ enhanced respiratory burst, phagocytosis and intracellular NO production in 

vitro (Grayfer & Belosevic, 2009) and in vivo (Zhou et al., 2014). 
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In addition, metabolomics is one of the omic techniques which has been identified as vital in 

the near future improvement of aquaculture (Alfaro & Young, 2018), and can be employed to for 

instance assess farmed fish immunology (Browdy et al., 2012). Metabolomics, involves the study 

of chemical processes mediated by metabolites, and with the help of analytical techniques, 

statistical differences can be observed among samples and metabolic signatures identified as 

biomarkers for specific challenges (Alfaro & Young, 2018). Among salmonids, past metabolomic 

studies have focussed on nutrition (Berntssen et al., 2016; Jasour et al., 2017; Roques et al., 2018a; 

Wagner et al., 2014) and providing metabolic effects of contaminants (Olsvik et al., 2015; Olsvik 

et al., 2017a; Olsvik & Søfteland, 2018; Softeland et al., 2016; Softeland et al., 2014), among 

others. Of recent, metabolomics has been used to demonstrate effects of pre-sampling handling 

and sedation practices on O. tshawytscha biochemistry (Young et al., 2019).  

Now, limited information exists on O. tshawytscha immunology following in vivo poly (I:C) 

administration. The only available studies are in vitro, and demonstrated protective benefits 

against viral infections in poly (I:C) transfected O. tshawytscha embryonic cells CHSE-214 

(Jensen et al., 2002b; Monjo et al., 2017) and triploid O. tshawytscha  spleen epithelia derived 

cells CHSS (Semple et al., 2018). Nonetheless, untransfected O. tshawytscha embryonic cells 

CHSE-214 lack cell surface receptors for dsRNA, while CHSS cells do (Semple et al., 2018). 

Furthermore, the effects of poly (I:C) on haematological parameters, peripheral blood 

mononuclear cells (PBMC) functional parameters of phagocytosis, ROS and NO production, and 

tissue-specific biochemical profiles remain entirely unknown in O. tshawytscha. Thus, the present 

study aims to provide insights into the mechanisms by which O. tshawytscha responds to in vivo 

poly (I:C) 24 h post exposure. A multidisciplinary approach was used to measure fish responses, 

including: classical haematology; PBMC latex bead phagocytosis; flow cytometry (PBMC 

viability, ROS and NO production); gas chromatography-mass spectrometry (GC-MS) 

metabolomics (serum biochemical profiles); and qRT-PCR targeted immune cytokine expression 

in fish red blood cells (RBCs), spleen (SP) and  head kidney (HK) samples. 

6.3 Materials and methods 

6.3.1 Fish husbandry  

Two-year-old O. tshawytscha post-smolts (weight = 363.29±66.21 g; total length = 

30.11±1.68 cm) were obtained from the Nelson Marlborough Institute of Technology (NMIT) 

aquaculture facility (Glenduan, Nelson, New Zealand). Fish had been cultured in a saltwater 

recirculating system (temp = 16.02±0.94°C; DO =  7.34±0.32 mg L-1; pH = 8.18±0.17; NH4
+ = 

0.17±0.12 mg L-1; NO2
- ≤ 0.01 mg L-1), being fed to satiation daily with Orient 3.0 mm  

commercial diet (Skretting) (44% crude protein; 28% lipid). Ethical approval was obtained from 

the NMIT Animal Ethics Committee (NMIT-AEC-2018-NMIT-03). 

6.3.2 Poly (I:C) challenge and sampling 

Fish were captured by scoop net and individually anaesthetised with AQUI-S® (25 mg L-1 

of culture water for 2-3 min). Fish total length (cm) and wet weight (g) were recorded quickly 
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and individual weights used to calculate the required poly (I:C) injection volumes. Five control 

fish were intraperitoneally (i.p.) injected with 5 µL g-1 fish of sterile filtered (40 µm) phosphate-

buffered saline (PBS), and five fish i.p. injected with 10 µg g-1 fish body weight poly (I:C) (P1530-

100MG, Sigma-Aldrich, New Zealand) dissolved in PBS following previous procedures in S. 

salar (Jensen et al., 2002a; Robertsen et al., 2003). 

Twenty-four hours post-injection, fish were individually taken by scoop net from the 

culture tank and immediately euthanised by Ikijime without sedation to minimise pre-sampling 

influences on plasma biochemistry (Young et al., 2019). Approximately 4 mL of blood were 

quickly taken via caudal vein puncture using non-heparinised 3.0 mL syringes attached to 20-

gauge Terumo needles (SH177, Amtech Medical Limited, New Zealand). For metabolomics, 1 

mL  of unheparinised blood was quickly taken and 600 µL of serum were obtained by centrifuging 

at 16,250 g; 8 min. Serum and the resultant blood pellet (400 µL) were transferred to 2 mL 

cryovials (BS20NA-PS, BioStorTM, Interlab, New Zealand), snap frozen in liquid nitrogen and 

stored at –80°C. Unheparinised blood was also used for differential cell counts. The remaining 3 

mL of blood were immediately preserved in BD lithium heparin microtainer (BD 365966, 

Phoenix Pharm Distributors, New Zealand) and used for haematocrit value and processing 

PBMC. Fish were quickly dissected and ~ 500 mg of HK and SP transferred separately to 2 mL 

cryovials, snap frozen in liquid nitrogen, and stored at –80°C until serum metabolite profiling and 

targeted immune gene expression analysis (RBC, HK, and SP). 

6.3.3 Peripheral blood differential cell counts  

For differential cell counts, 10 µL of fresh unheparinised blood was used to prepare slide 

smears. Slides were left to air dry overnight, fixed with methanol, and stained with Giemsa 

(51811826, Sigma-Aldrich, New Zealand). Peripheral blood stained slides were observed under 

a microscope at 400x magnification for white and red blood cell counts. A total of 200 cells were 

randomly counted in duplicate and the cellular composition recorded for erythrocytes, 

thrombocytes, monocytes, lymphocytes, and neutrophils. For differential leucocyte counts, 200 

white blood cells were counted in triplicate and composition recorded for thrombocytes, 

lymphocytes, monocytes, and neutrophils.  

6.3.4 Haematocrit value assessment 

Lithium heparin preserved blood was drawn into unheparinised capillary tubes and 

centrifuged in a Haematokrit 210 Hettich Zentrifugen at 6081 g for 10 min (Kortet et al., 2003) 

to obtain the packed cell volume.   

6.3.5 Isolation of fish PBMCs 

Fish PBMCs were isolated from 284 µL of blood as previously described (Lulijwa et al., 

2019a) using Histopaque sterile filtered density gradient medium (1.077 g mL-1) (10771-

6X100ML, Sigma-Aldrich, New Zealand). The 284 µL of heparinised blood were quickly diluted 

1:1 with sterile filtered (40 µm) PBS (pH 7.4) in triplicate. PBMCs were obtained from blood 

samples by centrifuging at 971 g for 20 min over a layer of 682 µL Histopaque. Cells at the 
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interface were aspirated with a pipette, pooled together, washed twice into 1 mL of sterile filtered 

PBS at 674 g for 7 min. The resultant cell pellet was re-suspended to a final cell concentration of 

1×106 cells mL-1 in 1.5 mL PBS supplemented with 2% fetal bovine serum (FBS) (MG-FBS0820-

500ML, Mediray, New Zealand). This working cell suspension was kept chilled at 4°C for further 

analysis. 

6.3.6 PBMC cell count and viability assessment  

A sub-sample of 20 µL of the working PBMC cell suspension at 1×106 mL-1 was taken and 

transferred into microcentrifuge tubes. Exactly 380 µL of the Muse® Count and Viability Assay 

Kit (MPMCH100102, Abacus Dx, New Zealand) reagents were added, and vortexed briefly. The 

mixture was incubated for 5 min at room temperature (18°C). The viability profile of the isolated 

mononuclear cells was determined with the Muse® Count & Viability Assay Kit on the Muse® 

Cell Analyzer in duplicate readings as previously described (Lulijwa et al., 2019a). For the 

positive control, dead cells were prepared via thermal treatment at 100°C for 5 min and viability 

determined with the Muse® Count & Viability Assay protocols to set the gates for live and dead 

cells prior to sample analysis. 

6.3.7 ROS production assay 

Intracellular PBMC ROS production was measured using the Muse® Oxidative Stress 

Assay Kit (MPMCH100111, Abacus Dx, New Zealand) protocol, with the Muse® Cell Analyzer. 

Approximately 10 μL of PBMC suspension was incubated with 190 μL of Muse® Oxidative Stress 

working solution following the manufacturer protocols. The sample was mixed thoroughly and 

run on the Muse® Cell Analyzer to determine basal ROS production in control and treatment fish. 

A positive control (Figure 6.2b) sample was prepared to validate correct Muse® flow cytometer 

gate and threshold settings: ROS production was primed by concentrating 100 µL of PBMCs 

(1×106 mL-1) and re-suspending the pellet in 100 µL of LPS from E. coli serotype O 111: B4 (10 

µg mL-1) in L-15 Medium (L1518-500ML, Leibovitz, Sigma-Aldrich, New Zealand) 

supplemented with 10% FBS and incubated at room temperature (18°C) for 20 min, and ROS 

production analysed according to previous work (Lulijwa et al., 2019b).  

6.3.8 NO production assay 

Isolated PBMC nitric oxide (NO) production was determined following a standard Muse® 

intracellular NO production protocol (MPMCH100112, Abacus Dx, New Zealand) and run on the 

Muse® Cell Analyzer. For the positive control (Figure 6.2d), NO production was primed by 

concentrating 100 µL of PBMCs (1×106 cells mL-1) and re-suspending the pellet in 100 µL of 200 

ng mL-1 of PMA in L-15 Medium (Leibovitz) (Jørgensen & Robertsen, 1995; Solem et al., 1995) 

supplemented with 10% FBS and incubated at room temperature for 20 min.  

6.3.9 Phagocytic activity determination 

This was accomplished following a modified protocol by Sakai et al. (1995) and previous 

work (Lulijwa et al., 2019b). Ten microliters of PBMC suspension (1×106 mL-1) were pipetted 

into sterile glass microscope slides and incubated at room temperature for 1 h. Non-adherent cells 
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were washed off using PBS with 2% FBS. Then, 10 µL of Fluorescent latex beads (1×106 mL-1) 

amine-modified polystyrene suspension (L9654-1ML, 1.0–1.3 μm, Sigma-Aldrich, New 

Zealand) were added and incubated for 2 h at room temperature. Non phagocytosed latex beads 

were washed off using PBS with 2% FBS. The slides were fixed with absolute methanol and 

stained with Giemsa. A total of 100 cells were counted at 400x magnification and percentage 

phagocytic activity (PA) determined according to the following equation: 

𝑃ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑜𝑠𝑖𝑠 ൌ ሺ𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑖𝑐 𝑃𝐵𝑀𝐶𝑠ሻ/ሺ𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑃𝐵𝑀𝐶𝑠ሻ 𝑥 100  
The phagocytic index was determined by the following equation: 
𝑃ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑖𝑐 𝐼𝑛𝑑𝑒𝑥 ൌ ሺ𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑡𝑒𝑥 𝑏𝑒𝑎𝑑𝑠 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙ሻ/ሺ𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑖𝑐 𝑐𝑒𝑙𝑙𝑠ሻ 

6.3.10 Metabolite extractions  

Fish serum metabolites were extracted following standard protocols (Young et al., 2019). 

Briefly, ice thawed serum (100 µL) samples were co-extracted with 20 µL L-alanine-2,3,3,3-d4 

(d4 alanine 10 mM for methyl chloroformate [MCF] derivatisation) and ribitol (10 mM for 

trimethylsilyl [TMS] derivatisation) as internal standards in a cold methanol: water (MeOH:H2O) 

solution. Keeping samples on dry ice, metabolites within serum, and pooled quality control (QC) 

samples were extracted first with 500 μL of 50% cold methanol: water (MeOH:H2O) solution, 

vortexed vigorously in 1.5 mL  microcentrifuge tubes on ice. The resulting slurry was centrifuged 

in a –9°C pre-cooled centrifuge at 3500 g for 5 min. Supernatants (0.4–0.5 mL) were transferred 

to 2 mL microcentrifuge tubes and kept on dry ice. The pellets were taken through a second 

extraction process with 500 μL of 80% cold MeOH:H2O, vortexed, centrifuged as above, and the 

supernatants transferred to the respective 2 mL microcentrifuge tubes on dry ice. Sample extracts 

were freeze dried in a speedvac for 4 h at 0.8 HPa, ramp 3-5, prior to alkylation (MCF) and 

silylation (TMS) derivatisation. 

6.3.10.1 Methyl chloroformate derivatisation   

Extracted metabolites were derivatised following standard protocols (Villas-Boas et al., 

2011). Sample extracts, blanks and a standard amino acid (AA) mix were dissolved in 400 μL of 

1M sodium hydroxide (NaOH). The mixture was vortexed until resuspended.  Methanol (334 μL) 

and pyridine (68 μL) were added to a series of 5 mL salinised tubes, then samples added. Two 40 

μL MCF aliquots were sequentially added into the reagent mixture at 30 s intervals with vortexing 

in between. 

A positive displacement pipette was used to saturate chloroform in the head space, 400 μL of 

chloroform were pipetted into the mixture and vortexed for 10 sec. Then 800 μL of sodium 

bicarbonate (NaHCO3) (50 mM) were added and the mixture vortexed for another 10 secs. The 

mixture was centrifuged at 2500 g for 5 min. The upper aqueous layer was removed and discarded 

with the help of a glass Pasteur pipette and bung. Anhydrous sodium sulfate (Na2SO4) (100 mg) 

was added to remove residual moisture. Derivatised extracts were transferred to GC vials for GC-

MS analysis. 
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6.3.10.2 Trimethylsilyl derivatisation  

Extracted metabolites were TMS derivatised following standard protocols (Villas-Boas 

et al., 2011). Extracted QC, serum samples, blank and standard AA mix were kept in a desiccator 

overnight prior to TMS derivatisation. To each sample vial, 80 μL of methoxyamine 

hydrochloride in pyridine (2 g 100 mL-1) were added to re-suspend extracts and vortexed for 60 

sec. The resulting suspension was pipetted into GC vial inserts, and incubated at 28°C for 90 min. 

Subsequently, 80 μL of MSTFA (N-methyl -N-(trimethylsilyltrifluoroacetamide) were added and 

the mixture incubated for a further 30 min at 37°C. After the second incubation, samples were 

analysed by GC-MS. 

6.3.11 GC-MS analysis 

Serum metabolite extracts were analysed using a GC7890-MS5970 system (Agilent 

Technologies, California, United States) equipped with a ZB-1701 GC capillary column 

(Phenomenex) and a quadrupole analyser with an electron impact (EI) ion source operated at 70 

eV. Metabolite spectra data were deconvoluted using Automated Mass Spectral Deconvolution 

and Identification System (AMDIS) v2.66 software integrated with the MassOmics R-based script 

to interrogate an in-house library of derivatised compounds (Aggio et al., 2011). The intensities 

of the internal standards were used to normalise data and compensate for technical variation prior 

to statistical analysis. 

6.3.12 Fish head kidney and spleen mRNA immune gene expression analysis  

For total RNA isolation, 10 mg of RNAlater-ICE (AM7030, Life Technologies, New 

Zealand) stabilised HK, SP samples, and RBC pellet were processed in 600 µL and 900 µL of 

tissue lysis buffer (3604721001, MagNA Pure LC RNA Isolation Tissue Lysis Buffer, Roche 

Diagnostics NZ Ltd) respectively. The lysates were homogenised in a microcentrifuge tube for 

several times and vortexed. Lysates were incubated at room temperature for 30 min and 

centrifuged for 2 min at 21130 g in a 5424R Eppendorf centrifuge. Total RNA was extracted from 

200 µL of lysate supernatant using the Roche MagNA Pure LC2 instrument with the MagNA 

Pure LC RNA isolation Kit – High Performance (03542394001, Roche Life Sciences, New 

Zealand). 

After total RNA purification, 100 µL of eluted RNA were collected. Cytokine transcript 

expression was quantified by one step reverse-transcription polymerase chain reaction (RT-PCR) 

on the LightCycler 480 Instrument II (Roche Diagnostics, New Zealand) using the LightCycler® 

EvoScript RNA SYBR® Green I Master Kit (07800134001, Roche Life Sciences, New Zealand). 

Reactions were performed using primers (Integrated DNA Technologies, Inc., Singapore) at a 

concentration of 0.9 µmol l-1 and RNA in a final volume of 20 µL. The reactions were performed 

under the following thermocycling conditions: 60C for 15 min (reverse transcription/cDNA 

synthesis), 95°C for 10 min (transcriptase inactivation and initial denaturation step) and 40 cycles 

of amplification (95C for 15 s for denaturation and 60C for 1 min for annealing and extension). 
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Upon completion, melting curve analyses were performed to reveal and exclude 

nonspecific amplification or primer-dimer issues (all melting analyses in this study presented 

single reproducible peaks for each target gene suggesting amplification of a single product). The 

housekeeping gene used for mRNA expression analysis was β-actin (actb). All primer sequences 

(Table 6.1) were acquired from previously published sources (Bjork et al., 2014; Monjo et al., 

2017). Cytokine transcript expression levels were calculated using the comparative Ct (△△Ct) 

equation (Schmittgen & Livak, 2008). Cytokine transcript expression was calculated as 2-△△Ct 

and expressed as a fold-change. The mRNA transcripts for all target genes were normalised to the 

reference gene (actb) within the same sample, condition and time point, and presented as fold 

change with respect to the control group. 

Table 6.1. Primers used to amplify Oncorhynchus tshawytscha genes. 

Genes  Sequence (5’–3’) Product 
size (bp) 

Gene function Reference, gene bank 
accession number  

Actb (F)- GTCACCAACTGGGACGACAT 
(R)- GTACATGGCAGGGGTGTTGA 

175 ATP binding, determines 
cell shape and controls 
motility 

O. tshawytscha 
FJ890357.1 
(Monjo et al., 2017) 

Type I 
interferon 1 
(ifn1) 

(F)- AAACTGTTTGATGGGAATATGAAA 
(R)- CGTTTCAGTCTCCTCTCAGGTT 

140 Activate intracellular
antimicrobial programmes 
and elicit development of 
innate and adaptive 
immunity 

O. mykiss 
AJ580911 
(Monjo et al., 2017) 

Mx1 protein 
(mx1) 

(F)- CGGAGTTCGTCTCAACGTCT 
(R)-  CCCTTCCACGGTACGTCTTC 

140 Interferon-induced
dynamin-like GTPase with 
antiviral activity against a 
wide range of RNA viruses 
and some DNA viruses 

O. mykiss 
U30253.1 
(Monjo et al., 2017) 

Ifnγ (F)- CAACATAGACAAACTGAAAGTCCA 
(R)- ACATCCAGAACCACACTCATCA 

129 Triggers  cellular response 
to viral and microbial 
infections 

O. tshawytscha 
GT897806 
(Bjork et al., 2014) 

Interleukin-
1β (il-1β) 

(F)- ACCGAGTTCAAGGACAAGGA 
(R)- CATTCATCAGGACCCAGCAC 

181 Potent pro-inflammatory
cytokine 

O. tshawytscha 
DQ778946 
(Bjork et al., 2014) 

Interleukin-6 
(il-6) 

(F)- CAGTTTGTGGAGGAGTTTCAGA 
(R)- TGTTGTAGTTTGAGGTGGAGCA 

118 Potent pleiotropic cytokine O. mykiss 
NM_001124657 
(Bjork et al., 2014) 

Tumor 
necrosis 
factor-alpha 
(tnf-α) 

(F)- ACCAAGAGCCAAGAGTTTGAAC 
(R)- CCACACAGCCTCCATAGCCA 

154 Multifunctional pro-
inflammatory cytokine 

O. tshawytscha 
DQ778945 
(Bjork et al., 2014) 

Interleukin-
10 (il-10)  

(F)- CTACGAGGCTAATGACGAGC 
(R)- GATGCTGTCCATAGCGTGAC 

97 Plays anti-inflammatory
roles, helping to limit 
excessive tissue damage 
caused by inflammation 

O. mykiss 
AB118099 
(Bjork et al., 2014) 

Note: F: forward primer; R: reverse primer; bp: base pair. 

6.3.13 Statistical analyses 

Data from peripheral blood cellular counts, differential leucocyte counts and fish PBMC 

cellular functional characterisation were processed to assess the effect of in vivo poly (I:C) i.p. 

injection on fish immune system using an independent two sample student t-test with Minitab 17 

statistical software at p = 0.05. Cytokine transcript expression data were analysed via independent 

two sample t-test at p = 0.05. 

Metabolomics data were auto scaled and processed using MetaboAnalyst 4.0, a web-

based tool for metabolomics data analysis (Chong et al., 2018)  (MetaboAnalyst, 

https://www.metaboanalyst.ca/). Significance analysis of microarray (and metabolites) (SAM) 

was used to detect differences between control and treated fish at a Delta value of 0.1 to set the 

False Discovery Rate cut-off at <10%. Univariate fold change (FC) analysis was used to acquire 
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absolute change in metabolites between the treated and control group at a threshold of 1.0, and 

data presented as log2 (FC). Heat map with combined hierarchical cluster analysis of metabolites 

was used to visualise metabolites identified as being significantly altered by SAM. For functional 

assessment, pathway enrichment and topology analysis (PETA) was used to extract biological 

information within relevant networks of metabolic pathways contained within the Kyoto 

Encyclopaedia of Genes and Genomes (KEGG, https://www.genome.jp/kegg/) database, and 

identify pathways most likely affected by poly (I:C) treatment. Excluding unidentified or without 

matching KEGG ID metabolic features, PETA was performed using a global test and a relative 

betweenness centrality measure, and the D. rerio model fish pathway library. Criteria for 

considering pathways as being affected by the treatment required identification of two or more 

metabolites within the pathway set, that pathways had a global test p-value < 0.05 with combined 

FDR ≤ 0.2 and a pathway impact score of ≥ 0.05.  

6.4 Results  

6.4.1 Peripheral blood haematological parameters  

Short term poly (I:C) administration did not significantly (p > 0.05) alter peripheral blood 

cellular parameters (Figure 6.1a), although slight increases were observed in haematocrit value in 

the treated fish group compared to the control (Table 6.2).  

 

Figure 6.1 (a) Oncorhynchus tshawytscha peripheral blood cell counts, (b) leucocyte differential 
cell counts, (c) peripheral blood mononuclear cell (PBMC) functional characteristics, and (d) 
PBMC latex bead phagocytosis, following in vivo intraperitoneal injection with 10 µg g-1 fish of 
poly (I:C). Peripheral blood cell count percentage data are mean±SEM of duplicate count of 200 
cells, and leucocyte differential percentage data are mean±SEM of triplicate counts of 200 cells 
on Giemsa-stained slides. Data are obtained from five control and five treatment fish. Bars 
without an asterisk are not significantly different, two independent sample t-test at p = 0.05 and 
8 degrees of freedom. Yellow and white arrows indicate phagocytosed and opsonised beads, 
respectively.  
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6.4.2 Differential leucocyte counts 

Poly (I:C) administration did not significantly (p > 0.05) affect fish differential leucocyte 

counts between the control and treated groups (Figure 6.1b). 

Table 6.2. Peripheral blood haematocrit value and peripheral blood mononuclear cellular 
phagocytic index.  

Parameter Haematocrit value (%) Phagocytic Index 
Control 36.70±2.50 2.44±0.15

Treatment 39.70±1.70 2.56±0.19
t-value -0.98 -0.51
p-value 0.357 0.622

Note: Data are mean± SEM of duplicate readings from five control and five treatment fish for haematocrit value and 
from phagocytic cells for phagocytic index. Values in a column without asterisks are not significantly different, two 
independent sample t-test at p = 0.05 and 8 degrees of freedom.   

6.4.3 Fish PBMC cellular functional characterisation 

With reference to the immunological effects of short term in vivo i.p. injection 

administration of poly (I:C) in O. tshawytscha, cellular functional assessment of isolated PBMCs 

showed no significant (p>0.05) differences between the control and treated fish. No significant 

differences were observed for cellular viability, ROS and NO production, phagocytosis (Figure 

6.2c and Figure 6.2d) and phagocytic index (Table 6.2) 24 h post in vivo poly (I:C) administration. 

Figure 6.2 Histograms showing (a) Muse flow cytometer gate and threshold settings for ROS 
negative control, (b) lipopolysaccharide (LPS)-induced ROS positive peripheral blood 
mononuclear cells (PBMCs), (c) NO negative control and (d) PMA-induced NO positive PBMCs 
(d). LPS induced ROS production was primed by incubating PBMCs in 100 µL of LPS (10 µg 
mL-1) in L-15 medium, and NO production primed by incubating PBMCs in 100 µL of 200 ng 
mL-1 of PMA in L-15 medium.   
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6.4.4 Fish serum univariate metabolite analysis 

A total of 186 metabolites were detected in fish serum samples, respectively, following 

GC-MS analysis. Of these, 141 metabolites were reliably identified, while 45 metabolites did not 

match with the in-house mass spectral database (currently listed as unknowns). 

Table 6.3. List of serum-altered metabolites identified by significance analysis of microarray (and 
metabolites (Delta = 0.1, FDR = 0.0757, p < 0.05 and q < 0.1) and fold change (threshold: 1) 
following in vivo intraperitoneal injection of Oncorhynchus tshawytscha with 10 µg g-1 fish of 
poly (I:C).  

 SAM Log2 Fold change 
Metabolites d.value Up/Dw p-value q-value (FC) 
2-Oxobutyric acid 1.621 + 0.001 0.022 1.227 
D-Glucose -1.621 - 0.001 0.022 -1.005 
Arabinose 1.510 + 0.003 0.041 0.708 
1-Aminocyclopropanecarboxylic acid 1.493 + 0.003 0.041 0.835 
2-Hydroxyisobutyric acid 1.410 + 0.005 0.053 0.811 
Beta-D-Glucopyranose -1.371 - 0.006 0.055 -0.878 
2-Aminobutyric acid 1.267 + 0.011 0.082 0.735 
S-Adenosylhomocysteine 1.255 + 0.012 0.082 2.520 
Malonic acid 1.202 + 0.015 0.089 0.736 
Ethanolamine 1.180 + 0.017 0.089 1.370 
Methyl 6-deoxy-beta-L-
Galactopyranoside -1.172 

- 
0.018 0.089 

-0.987 

1H-Indole-1-acetic acid 1.144 + 0.021 0.093 0.605 
Lignoceric acid 1.136 + 0.022 0.093 0.681 
Aspartic acid 1.111 + 0.025 0.094 0.755 
Caproic acid 1.106 + 0.026 0.094 1.370 
Unknown  119100 14796.0 10153.9 1.087 + 0.028 0.094 0.732 
Cysteine 1.076 + 0.030 0.094 0.530 
2-Amino-3-phenylpropanamide -1.066 - 0.031 0.094 -0.473 
Unknown 059100 8140.5 9134.4 -1.060 - 0.033 0.094 -0.583 
4-Methyl-2-oxopentanoic acid 1.035 + 0.038 0.094 0.963 
Methionine 1.025 + 0.040 0.094 0.662 
n-Pentadecane 1.024 + 0.040 0.094 0.669 
3-Methyl-2-oxopentanoic acid 0.992 + 0.048 0.094 0.745 
Arachidic acid 0.990 + 0.049 0.094 0.536 
Stearic acid 0.990 + 0.049 0.094 0.551 

Note: Data are from five control and five treatment fish 24 h post-challenge. SAM: significance analysis of microarray 
(and metabolites); FC: fold change; while +: upregulated (Up) and -: downregulated (Dw) metabolites in the treated 
group. 

SAM identified 25 metabolites as being significantly altered in fish serum 24 h post poly 

(I:C) treatment with a global FDR of 7.6% (Table 6.3, Table 6.5S and Table 6.6S). Heat map 

analysis of these metabolites show sample groupings between the treated and control fish (Figure 

6.3a). Of the 25 metabolites altered, five metabolites were downregulated in the poly (I:C) treated 

group, and 20 metabolites were upregulated in the poly (I:C) treated group (Table 6.3 and Figure 

6.3). 
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Figure 6.3 Serum metabolite analysis following in vivo intraperitoneal injection of Oncorhynchus 
tshawytscha with 10 µg g-1 fish of poly (I:C). Heat map (a) of the top 25 altered metabolites 
detected by significance analysis of microarray (and metabolites). Secondary bioinformatics (b) 
of the profiled metabolites indicating topology-based pathway analysis of detected networks in 
fish plasma following poly (I:C) in vivo challenge. The most affected pathways are indicated in 
colour with yellow as least relevant and red most relevant, grouped by their statistical relevance. 
Six pathways: 1. starch and sucrose metabolism, 2. galactose metabolism, 3. cysteine and 
methionine metabolism, 4. pentose and glucuronate interconversions, 5. glycolysis or 
gluconeogenesis, 6. valine, leucine and isoleucine biosynthesis contain some of the highest 
relevant metabolite coverage. 

6.4.5 Functional analysis  

Pathway enrichment and topology analysis identified 57 biochemical pathways relevant 

to the serum metabolite profiles. Six primary pathways of interest which passed the analysis 

selection criteria were screened as being likely affected by poly (I:C) administration (Table 6.4, 

Table 6.7S and Figure 6.7S).  

Table 6.4. List of serum metabolic pathways altered (p < 0.05 and FDR ≤ 0.2) following in vivo 
intraperitoneal injection of Oncorhychus tshawytscha with 10 µg g-1 fish of poly (I:C).  

Altered pathways Total metabolites Hits Raw p FDR Impact 

Starch and sucrose metabolism 22 4 0.004 0.112 0.059
Galactose metabolism 26 6 0.006 0.112 0.109
Cysteine and methionine metabolism 29 8 0.015 0.166 0.674
Pentose and glucuronate interconversions 15 2 0.019 0.166 0.083
Glycolysis or Gluconeogenesis 26 3 0.022 0.166 0.100
Valine, leucine, and isoleucine biosynthesis 13 7 0.023 0.166 1.000

Note: Data comes from five control and five treatment fish 24 h post-challenge. Abbreviations: FDR, false discovery 
rate. 

6.4.6 Fish immune gene expression 

The expression levels for the target cytokine transcripts in HK, SP and RBC pellets of O. 

tshawytscha are illustrated (Figure 6.4). Expression levels for pro-inflammatory ifnγ and anti-

inflammatory il-10 were significantly (p < 0.05) up-regulated in O. tshawytscha HK samples 24 

h post-poly (I:C) challenge up to 8-fold and 11-fold, respectively, compared to controls (Figure 
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6.4a). In SP tissue, only anti-inflammatory il-10 was significantly (p < 0.05) up-regulated (Figure 

6.4c), and none in fish RBC pellet, despite a boost in some cytokines (Figure 6.4b).   

 

Figure 6.4 Expression mRNA sample cytokines by reverse-transcriptase polymerase chain 
reaction following in vivo intraperitoneal injection of Oncorhynchus tshawytscha with 10 µg g-1 
fish of poly (I:C). Data are obtained from mean±SEM of five fish 24 h post-challenge. (a) Head 
Kidney, (b) RBC pellet, (c) spleen and (d) indicates mRNA Mx1 protein transcripts in control and 
treated fish samples (Mx1, HK = head kidney; Mx1, SP = spleen; and Mx1, RBCs = RBC pellet). 
Data bars with * are significantly different at p = 0.05, two independent sample t-test, 8 degrees 
of freedom. 

Expression levels for antiviral Mx1 protein 24 h post-stimulation were significantly (p < 

0.05) and highly up-regulated in all sample types, with fold-changes for HK, SP and RBC of 527, 

123, and 73-fold, respectively, in the poly (I:C) challenged fish (Figure 6.4d).  

6.5 Discussion  

The present study investigated the immunomodulatory effects of in vivo poly (I:C) i.p. 

injection administration on farmed O. tshawytscha. Data were collected on peripheral blood 

haematological parameters, PBMC ROS and NO production, phagocytosis and phagocytic index. 

In addition, the effects of poly (I:C) on HK, SP and RBC pellet mRNA cytokine transcript 

expression, and serum metabolomics were assessed. 

Since, poly (I:C) administration did not induce significant alterations in fish peripheral blood 

haematological parameters, the current findings may suggest that a longer incubation period is 

required to elicit cellular population alterations, as evidenced by a general increase in haematocrit 

value and leucocyte differential monocyte counts. The observed increase in leucocyte differential 

monocyte counts, is suggestive of induced cellular proliferation to enhance fish capacity to mount 

an immune response. However, a larger sample size would benefit detection of statistical 

differences.  

At the cellular functional level, poly (I:C) in vivo administration did not significantly affect 

PBMC cellular viability, ROS and NO production, phagocytosis and phagocytic index, despite a 
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general increase in ROS, NO and phagocytosis in the treated fish. The observed delay in 

significant ROS production in treated fish could be linked with individual variations in responses, 

as P. olivaceus HK macrophages, in vivo treated with poly (I:C) at 10 µg g-1 fish body weight 

induced ROS production after 24 h (Zhou et al., 2014). Interestingly, the general increase in NO 

and ROS production is suggestive of cellular functional activation, as evidenced by upregulation 

of metabolites indicative of oxidative stress and induction of pro-inflammatory ifnγ in fish HK  

and SP samples. At the cellular level, ifnγ has been reported to facilitate ROS and NO production, 

to enhance defence against intracellular infections (Stafford et al., 1999). In line with the present 

study, work in teleosts demonstrated that poly (I:C) induced ifnγ to stimulate respiratory burst 

activity in vitro (Grayfer & Belosevic, 2009) and in vivo (Zhou et al., 2014; Zhu et al., 2019).  

Metabolite profiling and characterisation following poly (I:C) in vivo administration is a 

critical step towards the elucidation of mechanisms by which poly (I:C) mediates fish innate 

immune defences. Fish serum is an important biofluid as it can reveal cellular physiological 

processes and immunity. In this study, the immunomodulatory effects of poly (I:C) in O. 

tshawytscha serum included the alteration in levels of 25 metabolites. Metabolites associated with 

the valine, leucine, and isoleucine biosynthesis pathway were upregulated in fish serum (Figure 

6.5). The three branched chain amino acids (BCAA) are essential amino acids (AAs) for fish 

(Halver et al., 1957; National Research Council, 2011; Wilson, 2003), and are involved in energy 

metabolism (Roques et al., 2018c; Wagner et al., 2014). 

 

Figure 6.5 Schematic of serum-altered metabolites involved in branched-chain amino acid 
metabolism following in vivo intraperitoneal injection of Oncorhynchus tshawytscha with 10 µg 
g-1 fish of poly (I:C). Upregulated metabolites or pathways are indicated in red and downregulated 
pathways are indicated in light yellow. For enzymes: BCAT is branched-chain amino acid 
aminotransferase; BCKD is branched-chain alpha-keto acid dehydrogenase. 

Under the BCAA pathway, 4-methyl-2-oxopentanoic acid and 3-methyl-2-oxopentanoic 

acid are direct precursor intermediates of leucine and isoleucine biosynthesis, respectively. Serum 
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levels of both intermediates were elevated by poly (I:C) treatment. The degradation of leucine 

and isoleucine has been linked with elevation of branched chain by-products (ketoacids) in blood 

plasma, with a series of negative effects on energy metabolism and protein synthesis (Yudkoff et 

al., 2005). Observed upregulation of 2-aminobutyric acid is a non-proteinogenic AA which results 

from transamination of 2-oxobutyric acid, (Wishart et al., 2018) an important isoleucine 

biosynthesis intermediate. In addition, isoleucine and valine metabolites were observed in fish 

serum, but these were not significantly altered by poly (I:C) administration, suggesting that 

BCAA catabolism in fish may have been activated to probably support enhanced energy 

requirements or increased protein synthesis (Brestenský et al., 2015). 

 

Figure 6.6 Schematic of serum-altered metabolite profile for methionine and cysteine metabolism 
following in vivo intraperitoneal injection of Oncorhynchus tshawytscha with 10 µg g-1 fish of 
poly (I:C). Upregulated metabolites are indicated in red. For enzymes: BHMT is betaine-
homocysteine S-methyltransferase; MS is methionine synthase, and vitamin B12. SAM is S-
adenosyl-L-methionine and SAH is S-adenosylhomocysteine.  

Furthermore, poly (I:C) influenced methionine metabolism and cysteine (the 

transsulphuration pathway) (Figure 6.6), which supplies cysteine for glutathione synthesis during 

mild stress (Elmada et al., 2016; Séité et al., 2018). In this pathway, methionine is a methyl donor 

following conversion to S-adenosyl-L-methionine (SAM), a precursor for S-

adenosylhomocysteine (SAH), which may be hydrolysed to homocysteine, needed for cysteine 

formation (D’Mello, 2003). Upregulated levels of SAH in poly (I:C)-treated fish were observed. 

This is suggestive of reduced SAH use to form glutathione, and consequent conversion back to 

methionine via methylation by betaine or methylated folic acid pathways (Olsvik et al., 2017a). 

Also, upregulation of SAH potentially suggests that poly (I:C) together with DNA, proteins, 

phospholipids, neurotransmitters and hormones, compete for the methyl moiety from SAM, a 

precursor for SAH, post methyl donation (Cavallaro et al., 2016). Indeed, levels of cysteine and 
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methionine were upregulated in the poly (I:C) treated fish. This suggests enhanced immune 

response to supply these metabolites for the transsulphuration and glutathione pathways in 

response to increases in ROS production in the treated fish, as previously demonstrated elsewhere 

(Levine et al., 1999; Séité et al., 2018; Wu et al., 2012). Although this study did not report 

methylation data, poly (I:C) stimulation in a vertebrate model induced methylation to favour 

expression of immune related genes (Wang et al., 2017). It is probable that poly (I:C) induced 

DNA methylation in this study, a hypothesis for future investigations. 

Levels of 2-hydroxyisobutyric acid, a metabolite of methionine catabolism and glutathione 

anabolism (Gall et al., 2010) were also elevated in poly (I:C) treated fish (Gall et al., 2010). 

Enhanced biosynthesis of 2-hydroxyisobutyric acid (Figure 6.6) is suggestive of increased ROS 

induction to detoxify xenobiotics (Wishart et al., 2018) such as poly (I:C). In higher vertebrates 

2-hydroxyisobutyric acid is a biomarker for impaired glucose regulation resulting from increased

lipid oxidation and oxidative stress (Gall et al., 2010). Although the glutathione pathway itself

was seemingly not perturbed by poly (I:C) after 24 h, these findings are suggestive of an early

mild stress response to poly (I:C) administration, affecting important immune related metabolic

pathways in fish. In addition, poly (I:C) upregulated aspartic acid levels in fish serum, a non-

essential AA, important in asparagine, arginine, methionine, lysine and isoleucine biosynthesis;

and also used in the citric acid and urea cycles (Johnson, 2017). Aspartic acid serves a glucogenic

role in fish (Ballantyne, 2001; Costas et al., 2011). Accumulation of metabolites indicative of

mild oxidative stress induction is supported by upregulation of pro-inflammatory cytokine

expression at the cytokine transcript level. In particular, ifnγ is a well-documented antiviral

cytokine in teleosts, which also promotes immune cells differentiation to enhance immunity

(Langevin et al., 2019) and known to induce ROS production (Stafford et al., 1999).

Other metabolites involved in energy metabolism were significantly downregulated 24 h 

post-poly (I:C) in vivo challenge included D-glucose, beta-D-glucose, and methyl 6-deoxy-beta-

L-galactopyranoside. These metabolites are important in the pathway topologies of galactose

metabolism, starch and sucrose metabolism, and the glycolysis/gluconeogenesis pathway.

Overall, poly (I:C) administration appears to enhance energy requirements 24 h post-stimulation,

as has been reported in proliferating cells (Fritsch & Weichhart, 2016). This could be due to

increased energy requirements by enzymes involved in BCAA/glutathione synthesis and

transsulphuration pathways, glycolysis, and the cellular nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase complex immune response. In aquatic invertebrates, poly (I:C) and

viral infections enhanced energy requirements (Li et al., 2014; Saray et al., 2018). Based on these

results, it appears that poly (I:C) induces Warburg-like metabolic effects in treated fish, similar

to conditions observed during intracellular viral replication (Eisenreich et al., 2019). These results

are in line with those observed at transcript level, as pro-inflammatory ifnγ-driven immune cells

differentiation to enhance immunity (Langevin et al., 2019) require elevated energy (Fritsch &
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Weichhart, 2016) for several biochemical processes. In agreement, monocyte counts increased in 

treated fish, suggestive of enhanced cellular proliferation. 

Furthermore, saturated free fatty acid metabolites were upregulated in poly (I:C) treated 

fish. These include long chain fatty acids such as, arachidic acid, stearic acid, and lignoceric acid. 

Upregulation of these metabolites may suggest changes in hydrolysis of triglycerides (Olsvik et 

al., 2015) in poly (I:C) treated fish. In addition, proliferating cells synthesise new phospholipids 

from diacylglycerols and polar groups like choline or ethanolamine (van Meer et al., 2008). In 

this respect, the observed upregulation of ethanolamine in poly (I:C) treated fish may suggest 

lower levels of diacylglycerols, and alterations in phospholipid membrane composition. Indeed, 

upregulation of ethanolamine in fish plasma is a precursor and a metabolite associated with 

phospholipid membrane catabolism in mammals (Podo, 1999; Swanson et al., 2008). In addition, 

upregulation was observed for organic acid metabolites such as, 1H-Indole-1-acetic acid, malonic 

acid, caproic acid; acyclic hydrocarbon n-pentadecane; a non-proteinogenic 1-

aminocyclopropanecarboxylic acid; a sugar arabinose and downregulation observed for 2-amino-

3-phenylpropanamide in treated fish. However, the immunoregulatory mechanisms associated 

with these metabolites remain unclear at the moment, and thus deserve future targeted 

investigations.  

In support of the observed poly (I:C) induced mild oxidative stress, enhanced energy 

requirements at a metabolic level, and increased monocyte proliferation, cytokine transcript 

results show that poly (I:C) upregulated antiviral ifnγ in HK and SP and Mx1 protein in all fish 

samples 24 h post-challenge. However, ifnγ transcript expression was only significantly 

upregulated in HK of poly (I:C) treated fish, and the same organ exhibited higher Mx1 protein 

expression levels. Observed differential cytokine transcript expression could probably be 

explained by the fact that induction of IFN initially occur in HK and SP, followed by a systemic 

spread (Jørgensen et al., 2003). Cytokine transcript expression differences could also be due to 

the fact that HK compared to SP and RBC pellet is the main source of immune cells and hence 

the center for antigen processing (Rauta et al., 2012). In addition, HK are richer in natural killer 

(NK) cells and CD4+ or T-helper (Th1) lymphocytes, responsible for ifnγ production during the 

innate immune response (McNab et al., 2015; Shtrichman & Samuel, 2001) and antiviral activities 

(Zou et al., 2005). ifnγ is also produced by immune cells and is more important in later adaptive 

immunity (Schroder et al., 2004). During adaptive immune responses, ifnγ is produced by T-

helper lymphocytes and CD8+ or cytotoxic T lymphocytes (Biron & Sen, 2001). The current 

findings on poly (I:C) induced effects are in agreement with existing studies in which poly (I:C) 

stimulated antiviral state via ifnγ induction following infection with for example ISAV in S. salar 

(Arnemo et al., 2014), and Mx protein expression in S. salar (Salinas et al., 2004). Poly (I:C) 

induced antiviral effects in vitro in O. tshawytscha transfected embryonic cells CHSE-214 (Jensen 

et al., 2002b; Monjo et al., 2017), and in triploid O. tshawytscha spleen epithelia derived cells 

CHSS (Semple et al., 2018). Mechanistically, poly (I:C) is a TLR3, SR-As and RLRs ligand and 



Chapter 6. Case Study 3 

130 

binds to the receptors to stimulate IFN production and Mx proteins to elicit antiviral defence in 

salmonids and other teleosts (Arnemo et al., 2014; Das et al., 2009; Semple et al., 2018; Zhu et 

al., 2019). Similar results have been reported in salmonids following viral infections (Kim et al., 

2009; Lockhart et al., 2004a; Lockhart et al., 2007; McBeath et al., 2007). Nonetheless, elevated 

Mx1 protein expression, and lower ifn1 transcript levels observed, suggest earlier ifn1 induction 

post poly (I:C) treatment. Indeed, ifn1 was highly expressed in O. tshawytscha CHSS cells, at 6 

h (Semple et al., 2018), and in S. salar HK at 14 hr, HK leucocytes at 12 h, diminishing 24 and 

48 h afterwards (Robertsen et al., 2003). Working with S. salar in vitro, ifnγ partially stimulated 

Mx protein (Sun et al., 2011) suggesting that ifnγ probably synergised with earlier effects of ifn1 

activity to maintain the antiviral Mx1 protein levels observed.  

The strong up-regulation of anti-inflammatory il-10 in the treated fish HK and SP is 

commensurate with the need to suppress the production of pro-inflammatory il-1β, tnf-α, and il-

6, which remained at low levels similar to those in the control fish samples to avoid cellular 

damage, particularly in the HK and SP (Aste-Amezaga et al., 1998). Although in the RBC pellet, 

il-10 levels were not significantly upregulated, il-10 expression levels increased in the treated fish 

corresponding with the trend for tnf-α, il-6, and ifn1. These findings add to the growing body of 

knowledge indicating that erythrocytes may be respiratory cells, but also supplement vertebrate 

immune function since they expressed immune  cytokine transcripts for toll-like receptors and/or 

interferon regulatory factors in Nile tilapia (Oreochromis niloticus) (Y. Shen et al., 2018), S. salar 

(Workenhe et al., 2008) and O. mykiss (Morera et al., 2011). 

6.5.1 Conclusions and recommendations  

Poly (I:C) did not significantly alter fish haematological and cellular PBMC functional 

parameters 24 h post-stimulation, although increases were observed in leucocyte monocyte counts 

and cellular functional phagocytosis, ROS and NO production. At a metabolic level, poly (I:C) 

downregulated metabolites involved in the glycolytic and energy metabolism pathways. Poly 

(I:C) also upregulated biosynthesis of intermediate metabolites within the BCAA/glutathione and 

transsulphuration pathways and induced accumulation of metabolites involved in phospholipid 

metabolism. Genomically, poly (I:C) induced ifnγ transcripts in fish HK and SP and anti-viral 

Mx1 protein in HK, SP and RBC pellet. These results provide insights into biomarkers for poly 

(I:C) induced immune related stimulation in farmed O. tshawytscha in vivo at  haematological, 

innate immunity and metabolic levels, essential in future studies. 
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6.6 Appendices 
Table 6.5S List of serum fold change metabolites 

Number Metabolites Fold Change log2(FC) Number Metabolites Fold Change log2(FC) 
1. S-Adenosylhomocysteine 0.174 -2.520 54. 1H-Indole-1-acetic acid 0.658 -0.605
2. 2-Butyne-1,4-diol 0.242 -2.049 55. Unknown  115100 11895.4 8669.3 0.663 -0.593 
3. Caproic acid 0.387 -1.370 56. E-heptadec-10-enoic acid 0.664 -0.591
4. Ethanolamine 0.393 -1.347 57. Vitamin E 0.666 -0.586 
5. 2-Oxobutyric acid 0.427 -1.227 58. Citraconic acid 0.666 -0.585
6. Scyllo-Inositol 0.440 -1.185 59. Unknown  059100 8140.5 9134.4 1.498 0.583 
7. 2-Oxovaleric acid 0.448 -1.160 60. Glycerol 0.669 -0.580
8. 4-Hydroxybutanoic acid 0.459 -1.125 61. Heptadecanoic acid 0.669 -0.580
9. D-Xylose 0.478 -1.065 62. Unknown  102100 10326.6 4419.0 0.670 -0.578 
10. Unknown  135100 18028.0 7719.9 0.483 -1.050 63. Guanine 0.673 -0.572
11. Glutamine 0.494 -1.019 64. n-Tricosane 0.674 -0.569
12. Glutaric acid 2.022 1.016 65. Proline 0.679 -0.559
13. D-Glucose 2.007 1.005 66. 2-Aminobutanoic acid 0.682 -0.552
14. Methyl 6-deoxy-beta-L-Galactopyranoside 1.982 0.987 67. alpha-Hydroxyglutarate 0.682 -0.551
15. Myo-Inositol 0.510 -0.970 68. Stearic acid 0.682 -0.551
16. 4-Methyl-2-oxopentanoic acid 0.513 -0.963 69. Unknown  091100 10654.7 10521.8 0.684 -0.548 
17. Malic acid 0.524 -0.931 70. Docosapentaenoic acid 0.684 -0.547
18. DL-3-Aminoisobutyric acid 0.532 -0.912 71. Unknown  081100 13651.6 15242.5 0.686 -0.545 
19. Unknown  201100 11789.6 11986.2 0.542 -0.884 72. Adrenic acid 0.686 -0.544
20. Beta-D-Glucopyranose 1.838 0.878 73. Unknown  043100 5916.5 7415.0 0.687 -0.542 
21. Caprylic acid 0.555 -0.850 74. Arachidic acid 0.690 -0.536
22. 1-Aminocyclopropanecarboxylic acid 0.560 -0.835 75. D-Fructose 0.690 -0.536
23. 2-Hydroxyisobutyric acid 0.570 -0.811 76. Unknown  113100 8548.1 5921.2 0.690 -0.534 
24. 2-2-hydroxyethyl-1-isoquinolinone 1.753 0.810 77. Z-Docos-13-enamide 0.691 -0.534
25. Raffinose 0.575 -0.799 78. Unknown  102100 580.86 590.75 1.444 0.530 
26. Threonine 0.576 -0.796 79. Cysteine 0.692 -0.530
27. Itaconic acid 0.592 -0.757 80. Homocysteine 0.698 -0.518
28. Aspartic acid 0.593 -0.755 81. Lysine 0.699 -0.517
29. 3-Methyl-2-oxopentanoic acid 0.597 -0.745 82. Unknown  149100 16732.8 5717.4 0.701 -0.513 
30. Unknown  071100 5794.4 8572.9 0.598 -0.741 83. Unknown  071100 5792.3 4375.3 0.702 -0.510 
31. Urea 1.666 0.736 84. Gamma-Linolenic acid 0.710 -0.495
32. Malonic acid 0.600 -0.736 85. Glycine 0.711 -0.493
33. 2-Aminobutyric acid 0.601 -0.735 86. Unknown  082100 15390.1 5665.2 0.714 -0.486 
34. Unknown  119100 14796.0 10153.9 0.602 -0.732 87. Linoleic acid 0.719 -0.475
35. Asparagine 0.609 -0.715 88. 2-Amino-3-phenylpropanamide 1.388 0.473
36. Arabinose 0.612 -0.708 89. Nervonic acid 0.723 -0.469
37. Unknown  198100 13861.7 16640.8 0.615 -0.701 90. Unknown  114100 14731.9 11527.2 0.726 -0.463 
38. Lignoceric acid 0.624 -0.681 91. Conjugated linoleic acid 0.727 -0.460
39. Pyroglutamic acid 0.625 -0.679 92. Citramalic acid 0.727 -0.460
40. D-Ribose 0.628 -0.671 93. Unknown  059100 14844.7 4333.8 0.730 -0.454 
41. N-PENTADECANE 0.629 -0.669 94. D-Mannose 1.366 0.450
42. Methionine 0.632 -0.662 95. Unknown  074100 8768.8 5533.1 0.732 -0.450 
43. Dodecanoic acid 0.634 -0.658 96. Tryptophan 0.733 -0.448
44. Beta-Alanine 0.643 -0.637 97. Benzoic acid 0.736 -0.442
45. Unknown  056100 5924.8 11510.8 0.643 -0.637 98. Fumaric acid 0.741 -0.432
46. Ornithine 0.648 -0.626 99. Arachidonic acid 0.741 -0.432
47. Dihomo-gamma-Linolenic acid 0.649 -0.625 100. Putrescine 1.348 0.431
48. Cis-4-Hydroxyproline 0.649 -0.625 101. Unknown  115100 10070.4 5660.1 0.744 -0.427 
49. Nonadecanoic acid 0.649 -0.624 102. Myristic acid 0.746 -0.423
50. NADPH 0.649 -0.623 103. Dodecane 0.747 -0.420
51. 11,14-Eicosadienoic acid 0.650 -0.622 104. Palmitelaidic acid 0.749 -0.417
52. Oxalic acid 0.657 -0.606 105. Unknown  114100 5961.6 14633.7 0.749 -0.417 
53. 11Z,14Z,17Z-Eicosa-11,14,17-trienoic acid 0.658 -0.605 106. Pentadecanoic acid 0.752 -0.411
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Number Metabolites Fold Change log2(FC) Number Metabolites Fold Change log2(FC) 
107. Isocitric acid 0.755 -0.405 158. Unknown  088100 5753.2 5945.8 1.136 0.184 
108. 9E-heptadecenoic acid 0.757 -0.402 159. Unknown  088100 4430.3 5919.6 1.135 0.183 
109. Unknown  074100 4621.3 590.97 1.318 0.399 160. Trans-Vaccenic acid 0.882 -0.182
110. Dehydroascorbic acid 0.760 -0.397 161. 2-Hydroxybutyric acid 0.882 -0.182
111. dimethyl 2-aminopropanedioatehydrochloride 0.761 -0.394 162. Unknown  156100 9636.6 12831.0 0.892 -0.165 
112. Unknown  115100 5965.5 18950.1 0.763 -0.391 163. D-Galactose 0.895 -0.159
113. Pyruvic acid 0.766 -0.384 164. Succinic acid 0.896 -0.158
114. Unknown  249100 5731.8 26422.9 0.767 -0.383 165. Unknown   070100 4228.5   698.0 0.897 -0.157 
115. Isopropanolamine 0.769 -0.380 166. Trans-4-Hydroxyproline 0.902 -0.150
116. Cis-Aconitic acid 0.769 -0.379 167. Unknown  125100 18490.5 9654.3 0.903 -0.148 
117. Unknown  142100 5919.9 14117.0 0.769 -0.378 168. Glutathione 0.906 -0.142
118. Unknown   045100 5989.0  7467.8 0.770 -0.377 169. Azelaic acid 0.914 -0.130
119. Beta-Citryl-L-glutamic acid 0.771 -0.375 170. Unknown  112100 4360.3 11549.2 1.094 0.130 
120. Alpha-Linolenic acid 0.772 -0.374 171. n-Heptadecane 0.919 -0.122
121. Serine 0.777 -0.364 172. Propanoic acid 0.921 -0.119
122. Valine 0.780 -0.358 173. Glutamic acid 0.925 -0.113
123. Citric acid 0.781 -0.357 174. Unknown  114100 5915.3 8214.4 0.935 -0.097 
124. Adipic acid 1.281 0.357 175. Cystathionine 1.066 0.092
125. Tyrosine 0.787 -0.346 176. Nicotinic acid 1.052 0.073
126. Unknown  128100 13921.1 4219.1 0.788 -0.344 177. Unknown  126100 12746.7 5933.2 1.048 0.067 
127. Sucrose 1.267 0.342 178. N-Acetylglutamic acid 1.047 0.067
128. 4-Hydroxyphenylacetic acid 0.792 -0.337 179. Lactic acid 0.961 -0.057
129. Decanoic acid 0.793 -0.334 180. Salicylic acid 0.964 -0.053
130. Tert-Butylpentamethyldisiloxane 0.794 -0.333 181. 2,2,8-Trimethyl-4,5-dihydro-2H-cyclopentadechromene 0.973 -0.040
131. 2-Oxoglutaric acid 1.254 0.326 182. Unknown  142100 15351.8 5922.0 1.026 0.037 
132. Eicosapentaenoic acid 0.803 -0.317 183. Unknown  232100 12872.0 15651.0 1.025 0.035 
133. Phenylalanine 0.807 -0.309 184. Unknown  082100 14256.8 11042.6 0.987 -0.019 
134. Isoleucine 0.812 -0.301 185. Unknown  131100 7189.6 10388.8 0.992 -0.011 
135. beta-D-Arabinopyranose 0.812 -0.300 186. Pyrimidin-2-yl trifluoromethanesulfonate 1.007 0.010 
136. Docosahexaenoic acid 0.813 -0.298
137. 1,2,7,8-Tetrahydro-thiino2,3-f-1-benzopyran-2,8-dione 0.813 -0.298
138. Leucine 0.818 -0.290
139. Palmitic Acid 0.818 -0.290
140. Alanine 0.821 -0.284
141. Unknown  128100 4210.5 1296.8 0.826 -0.277 
142. Unknown  086100   5956.6 12839.3 1.205 0.269 
143. Unknown  101100 11980.5 7435.3 0.834 -0.263 
144. 2-Aminoadipic acid 0.835 -0.261
145. Cholesterol 0.838 -0.255
146. 2-Methyloctadecanoic acid 1.186 0.246
147. Unknown  160100 5943.4 11622.7 0.846 -0.241 
148. Glyoxylic acid 0.850 -0.235
149. Histidine 0.850 -0.234
150. L-5-Oxoproline 0.851 -0.234
151. Glyceric acid 0.860 -0.218
152. Creatinine 0.862 -0.215
153. Phosphate 0.864 -0.212
154. 4-Aminobutyric acid 0.866 -0.208
155. Tridecane 0.870 -0.202
156. Nicotinamide 1.149 0.200
157. Unknown  059100 7369.3 7745.8 0.879 -0.185 
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Table 6.6S Serum significant metabolites identified by significant analysis of microarray (and metabolites) (SAM). 

Number Metabolite d.value Stdev Rawp Q.value Number Metabolite d.value Stdev Rawp Q.value
1. 2-Oxobutyric acid 1.621 0.339 0.001 0.022 48. Benzoic acid 0.868 0.555 0.088 0.097
2. D-Glucose -1.621 0.339 0.001 0.022 49. Nonadecanoic acid 0.864 0.556 0.089 0.097
3. Arabinose 1.51 0.373 0.003 0.041 50. Pyruvic acid 0.863 0.556 0.09 0.097
4. 1-Aminocyclopropanecarboxylic acid 1.493 0.379 0.003 0.041 51. Adrenic acid 0.861 0.557 0.09 0.097
5. 2-Hydroxyisobutyric acid 1.41 0.404 0.005 0.053 52. Dodecanoic acid 0.851 0.56 0.094 0.097
6. Beta-D-Glucopyranose -1.371 0.416 0.006 0.055 53. Unknown  056100 5924.8 11510.8 0.85 0.56 0.094 0.097 
7. 2-Aminobutyric acid 1.267 0.447 0.011 0.082 54. Tryptophan 0.846 0.561 0.095 0.097
8. S-Adenosylhomocysteine 1.255 0.45 0.012 0.082 55. Ornithine 0.836 0.563 0.1 0.098
9. Malonic acid 1.202 0.466 0.015 0.089 56. Fumaric acid 0.831 0.564 0.102 0.098
10. Ethanolamine 1.18 0.472 0.017 0.089 57. Asparagine 0.824 0.566 0.105 0.098
11. Methyl 6-deoxy-beta-L-Galactopyranoside -1.172 0.474 0.018 0.089 58. Oxalic acid 0.823 0.566 0.105 0.098
12. 1H-Indole-1-acetic acid 1.144 0.482 0.021 0.093 59. Beta-Citryl-L-glutamic acid 0.821 0.567 0.107 0.098
13. Lignoceric acid 1.136 0.484 0.022 0.093 60. Unknown  198100 13861.7 16640.8 0.802 0.571 0.115 0.102 
14. Aspartic acid 1.111 0.492 0.025 0.094 61. Unknown  102100 10326.6 4419.0 0.801 0.571 0.116 0.102 
15. Caproic acid 1.106 0.493 0.026 0.094 62. Unknown  059100 14844.7 4333.8 0.79 0.574 0.121 0.103 
16. Unknown  119100 14796.0 10153.9 1.087 0.498 0.028 0.094 63. Arachidonic acid 0.789 0.574 0.121 0.103
17. Cysteine 1.076 0.501 0.03 0.094 64. D-Xylose 0.774 0.577 0.128 0.108
18. 2-Amino-3-phenylpropanamide -1.066 0.504 0.031 0.094 65. DL-3-Aminoisobutyric acid 0.767 0.579 0.131 0.108
19. Unknown  059100 8140.5 9134.4 -1.06 0.506 0.033 0.094 66. Docosapentaenoic acid 0.766 0.579 0.132 0.108
20. 4-Methyl-2-oxopentanoic acid 1.035 0.512 0.038 0.094 67. Citraconic acid 0.762 0.58 0.134 0.108
21. Methionine 1.025 0.515 0.04 0.094 68. Linoleic acid 0.756 0.581 0.138 0.109
22. N-PENTADECANE 1.024 0.515 0.04 0.094 69. Unknown  082100 15390.1 5665.2 0.754 0.582 0.138 0.109 
23. 3-Methyl-2-oxopentanoic acid 0.992 0.524 0.048 0.094 70. Unknown  149100 16732.8 5717.4 0.749 0.583 0.141 0.109 
24. Arachidic acid 0.99 0.524 0.049 0.094 71. Dodecane 0.74 0.585 0.146 0.109
25. Stearic acid 0.99 0.524 0.049 0.094 72. Unknown  081100 13651.6 15242.5 0.733 0.586 0.149 0.109 
26. Nervonic acid 0.984 0.526 0.05 0.094 73. Glycine 0.733 0.586 0.15 0.109
27. Unknown   045100 5989.0  7467.8 0.975 0.528 0.052 0.094 74. 2-Butyne-1,4-diol 0.728 0.587 0.152 0.109
28. Unknown  135100 18028.0 7719.9 0.968 0.53 0.055 0.094 75. Leucine 0.724 0.588 0.154 0.109
29. Z-Docos-13-enamide 0.962 0.532 0.056 0.094 76. Unknown  115100 11895.4 8669.3 0.724 0.588 0.154 0.109 
30. Unknown  201100 11789.6 11986.2 0.956 0.533 0.057 0.094 77. Trans-Vaccenic acid 0.716 0.59 0.159 0.109
31. Glutamine 0.955 0.534 0.057 0.094 78. Pentadecanoic acid 0.712 0.591 0.162 0.109
32. Phenylalanine 0.95 0.535 0.059 0.094 79. Dehydroascorbic acid 0.712 0.591 0.162 0.109
33. Heptadecanoic acid 0.945 0.536 0.06 0.094 80. Isoleucine 0.711 0.591 0.162 0.109
34. Glycerol 0.94 0.537 0.061 0.094 81. Docosahexaenoic acid 0.71 0.591 0.163 0.109
35. D-Mannose -0.939 0.538 0.062 0.094 82. Unknown  114100 5961.6 14633.7 0.706 0.592 0.166 0.109 
36. Threonine 0.933 0.539 0.064 0.094 83. Myristic acid 0.7 0.593 0.169 0.109
37. 11Z,14Z,17Z-Eicosa-11,14,17-trienoic acid 0.933 0.539 0.064 0.094 84. Unknown  114100 14731.9 11527.2 0.697 0.594 0.171 0.109 
38. 2-2-hydroxyethyl-1-isoquinolinone -0.925 0.541 0.065 0.094 85. Palmitic Acid 0.696 0.594 0.172 0.109
39. 2-Oxovaleric acid 0.922 0.542 0.067 0.094 86. Proline 0.695 0.594 0.173 0.109
40. Dihomo-gamma-Linolenic acid 0.917 0.543 0.069 0.095 87. Gamma-Linolenic acid 0.685 0.597 0.178 0.11
41. Valine 0.909 0.545 0.072 0.095 88. Lysine 0.683 0.597 0.179 0.11
42. 2-Aminoadipic acid 0.898 0.548 0.076 0.095 89. Itaconic acid 0.657 0.602 0.197 0.119
43. Malic acid 0.896 0.548 0.077 0.095 90. Citramalic acid 0.655 0.603 0.198 0.119
44. 11,14-Eicosadienoic acid 0.896 0.549 0.077 0.095 91. Vitamin E 0.649 0.604 0.203 0.12 
45. Pyroglutamic acid 0.894 0.549 0.078 0.095 92. dimethyl 2-aminopropanedioatehydrochloride 0.648 0.604 0.204 0.12
46. E-heptadec-10-enoic acid 0.884 0.551 0.082 0.097 93. D-Ribose 0.646 0.604 0.205 0.12
47. 2-Aminobutanoic acid 0.874 0.554 0.085 0.097
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Table 6.7S. Serum pathway results 

Number Pathways Total Compound Hits Raw p #NAME? Holm adjust FDR Impact 
1. Pentose phosphate pathway 19 2 0.004 5.596 0.212 0.112 0.000
2. Starch and sucrose metabolism 22 4 0.004 5.409 0.251 0.112 0.059 
3. Galactose metabolism 26 6 0.006 5.131 0.325 0.112 0.109
4. Cysteine and methionine metabolism 29 8 0.015 4.198 0.811 0.166 0.674 
5. Pentose and glucuronate interconversions 15 2 0.019 3.962 1.000 0.166 0.083 
6. Glycerophospholipid metabolism 28 1 0.021 3.854 1.000 0.166 0.000 
7. Glycolysis or Gluconeogenesis 26 3 0.022 3.803 1.000 0.166 0.100
8. Valine, leucine and isoleucine biosynthesis 13 7 0.023 3.757 1.000 0.166 1.000
9. Pantothenate and CoA biosynthesis 15 3 0.032 3.458 1.000 0.171 0.000
10. Sulfur metabolism 9 1 0.036 3.324 1.000 0.171 0.042
11. Taurine and hypotaurine metabolism 7 1 0.036 3.324 1.000 0.171 0.000 
12. Thiamine metabolism 7 1 0.036 3.324 1.000 0.171 0.000
13. Glycine, serine and threonine metabolism 31 9 0.067 2.703 1.000 0.219 0.570 
14. Fructose and mannose metabolism 21 1 0.068 2.692 1.000 0.219 0.000 
15. Purine metabolism 66 3 0.070 2.665 1.000 0.219 0.011
16. Aminoacyl-tRNA biosynthesis 67 19 0.075 2.584 1.000 0.219 0.103
17. Valine, leucine and isoleucine degradation 38 4 0.077 2.568 1.000 0.219 0.012
18. beta-Alanine metabolism 16 2 0.079 2.537 1.000 0.219 0.395 
19. Lysine degradation 18 1 0.081 2.513 1.000 0.219 0.000
20. Biosynthesis of unsaturated fatty acids 42 15 0.087 2.443 1.000 0.219 0.000 
21. Pyrimidine metabolism 41 3 0.089 2.419 1.000 0.219 0.000 
22. Arginine and proline metabolism 43 11 0.097 2.333 1.000 0.219 0.473 
23. Phenylalanine, tyrosine and tryptophan biosynthesis 4 2 0.099 2.315 1.000 0.219 1.000
24. Phenylalanine metabolism 11 2 0.099 2.315 1.000 0.219 0.407 
25. Propanoate metabolism 20 5 0.099 2.314 1.000 0.219 0.000 
26. Tryptophan metabolism 39 1 0.100 2.302 1.000 0.219 0.153 
27. Amino sugar and nucleotide sugar metabolism 37 2 0.108 2.223 1.000 0.229 0.000 
28. Arachidonic acid metabolism 31 1 0.125 2.078 1.000 0.255 0.329 
29. Alanine, aspartate and glutamate metabolism 24 10 0.130 2.040 1.000 0.255 0.783 
30. Linoleic acid metabolism 7 1 0.142 1.949 1.000 0.271 1.000 
31. Histidine metabolism 14 3 0.155 1.865 1.000 0.285 0.238
32. Fatty acid biosynthesis 38 2 0.170 1.769 1.000 0.285 0.000
33. Glycerolipid metabolism 18 2 0.173 1.757 1.000 0.285 0.386 
34. Fatty acid elongation in mitochondria 27 1 0.177 1.733 1.000 0.285 0.000 
35. Fatty acid metabolism 38 1 0.177 1.733 1.000 0.285 0.000
36. Tyrosine metabolism 44 3 0.180 1.713 1.000 0.285 0.137
37. Biotin metabolism 5 1 0.185 1.689 1.000 0.285 0.000
38. Glutathione metabolism 26 8 0.196 1.628 1.000 0.291 0.466 
39. Methane metabolism 9 2 0.204 1.590 1.000 0.291 0.400
40. Cyanoamino acid metabolism 6 2 0.204 1.590 1.000 0.291 0.000 
41. Nicotinate and nicotinamide metabolism 14 3 0.229 1.475 1.000 0.318 0.128 
42. Pyruvate metabolism 22 2 0.245 1.406 1.000 0.331 0.174
43. Citrate cycle (TCA cycle) 20 7 0.249 1.389 1.000 0.331 0.325
44. Sphingolipid metabolism 21 1 0.290 1.239 1.000 0.370 0.000 
45. D-Glutamine and D-glutamate metabolism 5 3 0.297 1.213 1.000 0.370 1.000 
46. Nitrogen metabolism 9 5 0.298 1.209 1.000 0.370 0.000
47. Ubiquinone and other terpenoid-quinone biosynthesis 3 1 0.318 1.146 1.000 0.386 0.000
48. Porphyrin and chlorophyll metabolism 27 2 0.339 1.082 1.000 0.402 0.000 
49. Glyoxylate and dicarboxylate metabolism 18 5 0.367 1.002 1.000 0.427 0.444 
50. Selenoamino acid metabolism 17 1 0.388 0.946 1.000 0.443 0.000 
51. Primary bile acid biosynthesis 36 1 0.426 0.853 1.000 0.458 0.254
52. Steroid biosynthesis 33 1 0.426 0.853 1.000 0.458 0.054
53. Steroid hormone biosynthesis 56 1 0.426 0.853 1.000 0.458 0.002
54. alpha-Linolenic acid metabolism 9 1 0.505 0.684 1.000 0.519 1.000 
55. Butanoate metabolism 22 5 0.506 0.681 1.000 0.519 0.029
56. Inositol phosphate metabolism 27 1 0.519 0.656 1.000 0.519 0.088 
57. Ascorbate and aldarate metabolism 6 1 0.519 0.656 1.000 0.519 0.000 
58. Arachidonic acid metabolism 31 1 0.125 2.078 1.000 0.255 0.329 
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Figure 6.7S Secondary bioinformatics of the profiled metabolites. (A) Topology-based pathway 
analysis indicating detected networks in fish serum following poly (I: C) in vivo challenge. The 
most affected metabolites are indicated in colour with yellow as least relevant and red most 
relevant, grouped by their pathway impact and statistical relevance. Five pathways (B, C, D, E 
and F) of the six containing some of the highest relevant metabolite coverage are indicated above. 
Boxes in yellow to red represent metabolites within the KEGG database ID codes that were 
detected and annotated in this analysis. The box colours signify significance, as light yellow (p > 
0.05), and orange to red (p < 0.05) from unpaired t-statistic of the control versus treatment group. 
A box plot indicates each significant metabolite in a pathway. Light blue boxes indicate 
metabolites not detected, but were used as background information for pathway analysis to 
calculate the proportion of identified compounds within each pathway, to determine the position 
(relative-betweeness centrality) and importance of each metabolite. 
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Chinook salmon (Oncorhynchus tshawytscha) Immunity and Alters the Fish 

Metabolome. 
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Polyinosinic: polycytidylic acid (poly I:C) in vivo enhances Chinook salmon (Oncorhynchus 
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2463.  
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7.1 Prelude to case study 4 

Building on the results and observations obtained from the short-term poly (I:C) in vivo 

exposure in chapter 6, this study characterised the immuno-metabolic response mechanisms over 

a five-day post intraperitoneal (i.p) administration. An integrated approach involving assessment 

of effects on cellular haematology, peripheral blood mononuclear cells (PBMCs) functional 

parameters, gas chromatography mass spectrometry (GC-MS) serum and liver metabolomics, 

spleen and head kidney targeted RT-PCR immune cytokine expression were assessed. Findings 

from this study were discussed in the manuscript and demonstrate poly (I:C) induced innate 

immune responses through multiple mechanisms and at different levels. 
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7.2 Introduction 

The New Zealand aquaculture sector was valued at over US$ 820 million in 2017, of which 

Chinook salmon (Oncorhynchus tshawytscha) contributed 24% and 13% by value and production 

volume respectively (FAO, 2019). New Zealand is the leading producer and supplier of farmed 

O. tshawytscha in the world. As the country’s aquaculture industry is founded on sustainable

practices, O. tshawytscha production is considered to be “virus free” (Diggles, 2016) and the

current strategy targets US$ 3 billion by 2035 in annual sales (MPI, 2019). However, it is well

established that disease outbreaks caused by viruses, bacteria, and parasites, routinely result in

significant losses in aquaculture facilities [reviewed in Fazio (2019)]. Viral pathogens are

inevitable and present a daunting challenge to aquaculture developments due to the high particle

density (107mL-1 of seawater), fast replication and persistence in the aquatic environment

(Oidtmann et al., 2018; Semple et al., 2018). Due to continued industry growth and a changing

aquatic environment (e.g., ocean acidification, rising sea temperatures, spreading of marine

diseases), a better understanding of the species’ antiviral mechanisms is essential.

Fish possess pattern recognition receptors (PRRs), which recognise and initiate appropriate 

responses to conserved pathogen-associated molecular patterns (PAMPs) (Castro & Tafalla, 

2015; Elward & Gasque, 2003). A common viral PAMP is double stranded ribonucleic acid 

(dsRNA) (DeWitte-Orr et al., 2010). Vertebrates also possess a multitude of nucleic acid binding 

PRRs, including surface toll-like receptors (TLRs), class A scavenger receptors (SR-As), and 

cytosolic PRRs (e.g., melanoma differentiation-associated protein 5 (MDA5),  retinoic acid-

inducible gene 1 [RIG-I] receptors [RLRs] to recognise dsRNA) (Semple et al., 2018). Following 

recognition and specific binding by PRR, dsRNA molecules such as polyinosinic: polycytidylic 

acid (poly [I:C]) initiate signal production of type I interferons (I  IFNs) and interferon-stimulated 

genes (ISGs) to limit viral replication (Monjo et al., 2017). Majority of ISGs enhance host cellular 

antiviral defence (Zhang & Gui, 2012). The antiviral ISGs are mostly stimulated by type I 

[interferon alpha (ifn-α) and interferon beta (ifn-β)], type III interferon lambda (ifnλ) and partially 

by type II interferon gamma (ifnγ) which collaboratively target viral replication (Schoggins & 

Rice, 2011). 

Type I IFNs are induced by viruses in most cells (Samuel, 2001), while ifnγ is produced by 

immune cells and is more important in later adaptive immune responses (Schroder et al., 2004). 

During adaptive immune responses, ifnγ is produced by CD4+ or T-helper (Th1) lymphocytes and 

CD8+ or cytotoxic T lymphocytes (Biron & Sen, 2001). During innate immune responses, ifnγ is 

produced by natural killer cells (NK cells) and CD4+ cells in response to interleukin-12 (il-12), il-

18, mitogens or antigens (Samuel, 2001) or il-12 and il-18 secreted by mononuclear cells and 

antigen presenting cells infected with intracellular pathogens (Shtrichman & Samuel, 2001). Poly 

(I:C) is a synthetic dsRNA analogue, which mimics a viral infection to induce antiviral immune 

responses. Following stimulation, the innate immune system acts as if challenged with a viral 

pathogen and initiates mechanisms designed to fight the aetiological agent. Thus, poly (I:C) is 
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used for immunological studies in aquaculture (Jensen et al., 2002a; Zhou et al., 2014); and 

orchestrates its antiviral effect via a broadly expressed and well-conserved toll-like receptor 3 

(tlr3) (Kitao et al., 2009; Tanekhy, 2016; Zhou et al., 2014), RIG-I and MDA5, both termed RIG-

I-like receptors (RLRs), and SR-As (Brisse & Ly, 2019; Semple et al., 2018; Zhou et al., 2014). 

For instance, poly (I:C) induced the expression of cytokine-producing genes in common carp 

(Cyprinus carpio) (Kitao et al., 2009). Administration induced ifnγ in goldfish (Carassius 

auratus) (Grayfer & Belosevic, 2009), type I and ifnγ in Atlantic salmon (Salmo salar) in synergy 

with cytosine-phosphate-guanosine-oligodeoxynucleotides (CpG-ODNs) (Strandskog et al., 

2011; Thim et al., 2012), interferon regulatory factors (IRF 1-5, 9) and tlr3 in Nile tilapia 

(Oreochromis niloticus) (Y. Shen et al., 2018). In addition, several studies reported expression of 

gene transcripts for type 1 IFNs and Mx proteins in viral-infected and poly (I:C) treated fish 

(Arnemo et al., 2014; Das et al., 2009; Lockhart et al., 2007; McBeath et al., 2007). Poly (I:C) 

vaccination also induced antiviral activity, in Japanese flounder (Paralichthys olivaceus) infected 

with megalocytivirus (Zhou et al., 2014), and in viral hemorrhagic septicemia (VHS) virus-

infected zebrafish (Danio rerio) (Kavaliauskis et al., 2015). 

Poly (I:C) is widely applied as an immunostimulant in salmonids due to its type 1 IFN 

induced antiviral activity in treated fish (Eaton, 1990; Jensen et al., 2002a; Lockhart et al., 2004a; 

Salinas et al., 2004). For example, supplementary poly (I:C) conferred antiviral protection against 

various viral infections in S. salar (Jensen et al., 2002a; Jensen & Robertsen, 2002; Larsen et al., 

2004; Nygaard et al., 2000; Robertsen et al., 1997; Strandskog et al., 2011; Thim et al., 2012). 

Antiviral activity was also reported in poly (I:C) transfected O. tshawytscha  embryonic cells 

CHSE-214 (Jensen et al., 2002b; Monjo et al., 2017), and in triploid O. tshawytscha spleen (SP) 

epithelia derived cells CHSS cells (Semple et al., 2018). In addition, variation in optimal 

expression of Mx protein following poly (I:C) treatment was observed in S. salar (Jensen et al., 

2002a; Jensen & Robertsen, 2002; Robertsen et al., 1997; Saint-Jean & Pérez-Prieto, 2007; 

Salinas et al., 2004).  

Assessment of fish peripheral blood cellular composition, differential leucocyte counts and 

cellular functional parameters are routinely used to illustrate immunological responses in 

aquaculture (Lulijwa et al., 2019c). This makes the assessment of cellular parameters and their 

responses in poly (I:C) treated fish essential. Leucocytes attempt to eliminate pathogens such as 

viruses via reactive oxygen species (ROS) production (Uribe et al., 2011). Using leucocytes, pro-

inflammatory ifnγ was reported to facilitate intracellular pathogen destruction through nitric oxide 

(NO) production to enhance respiratory burst (Stafford et al., 1999). Interestingly, ifnγ induced 

activities were demonstrated in poly (I:C) treated C. auratus primary head kidney (HK) in vitro 

(Grayfer & Belosevic, 2009) and in P. olivaceus HK macrophages and peripheral blood 

leucocytes following in vivo poly (I:C) treatment (Zhou et al., 2014).  

Comprehensive metabolite profiling is another approach that has recently attracted attention 

in aquaculture research (Alfaro & Young, 2018). This omic technology can for example be 
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applied in farmed fish immunology assessment (Browdy et al., 2012). Metabolomics can allow 

the identification of sample specific biomarkers following exposure to specific stressors (Alfaro 

& Young, 2018). Metabolomics studies on salmonids previously focussed on nutrition (Berntssen 

et al., 2016; Jasour et al., 2017; Roques et al., 2018a; Wagner et al., 2014), alterations induced by 

contaminants (Olsvik et al., 2015; Olsvik et al., 2017a; Olsvik & Søfteland, 2018; Softeland et 

al., 2016; Softeland et al., 2014), pre-sampling handling and sedation practices (Young et al., 

2019), and following poly (I:C) short-term exposure (Lulijwa et al., 2020a).  

At the moment, very few studies have investigated the immuno-metabolic effects of in vivo 

poly (I:C) administration in O. tshawytscha. Of the few studies, antiviral state has been 

demonstrated in vitro, in poly (I:C) transfected O. tshawytscha embryonic cells CHSE-214 

(Jensen et al., 2002b; Monjo et al., 2017); triploid O. tshawytscha  SP epithelia derived cells 

CHSS (Semple et al., 2018) and in vivo in O. tshawytscha post-smolts (Lulijwa et al., 2020a). 

Although Lulijwa et al. (2020a) showed that short-term poly (I:C) exposure altered 

haematological parameters, cellular functions of peripheral blood mononuclear cells (PBMC), the 

serum metabolome, and levels of organ immune gene expressions, the long-term effects remain 

unknown. Thus, the present study profiled the immuno-metabolic responses of O. tshawytscha to 

in vivo poly (I:C), over a five-day period post-exposure via integrated assessment of effects on 

cellular haematology, PBMC functional ROS and latex bead phagocytosis, gas chromatography-

mass spectrometry (GC-MS) serum and liver metabolite profiles, and reverse transcription 

polymerase chain reaction (RT-PCR) targeted cytokine expression in HK and SP samples. 

7.3 Materials and methods 

7.3.1 Fish samples and husbandry  

Two-year-old O. tshawytscha post-smolt (weight = 414.56±52.32 g; total length = 

31.06±1.12 cm) were obtained from the Nelson Marlborough Institute of Technology (NMIT) 

aquaculture facility (Glenduan, Nelson, New Zealand). Fish were previously maintained on a 

saltwater recirculating system (temp = 16.02±0.94°C; DO =  7.34±0.32 mg L-1; pH = 8.18±0.17; 

NH4
+ = 0.17±0.12 mg L-1; NO2

- ≤ 0.01 mg L-1) at the NMIT aquaculture facility at 16°C and fed 

to satiation once daily with Orient 3.0 mm commercial diet (Skretting) (44% crude protein; 28% 

lipid). The system consisted of three 1.6 m3 cylindrical tanks with a central drain, a flow rate of 

1.4 l s-1 and aerated at 3.0 l s-1.   

7.3.2 Five-day poly (I:C) exposure 

Prior to intraperitoneal (i.p.) injection, experimental fish were captured by scoop net and 

individually anaesthetised with AQUI-S (AQUI-S New Zealand Ltd, Wellington, New Zealand) 

at 25 mg L-1 of culture water for 2-3 min. Fish total length (cm) and wet weight (g) were quickly 

taken and data recorded. Fish wet weight were used to determine the volume of poly (I:C) for 

injection. Fifteen experimental fish were i.p. injected with 2.5 µL g-1 fish, of sterile filtered (40 

µm) phosphate buffered saline (PBS) containing 2 mg mL-1 of poly (I:C) (P1530-100MG, Sigma-

Aldrich, Auckland, New Zealand). The injection dosage was given at half the dose previously 
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used by several authors for S. salar (Jensen et al., 2002b; Robertsen et al., 2003). Three 

unstimulated baseline profiles (control fish) were taken and euthanised by Ikijime without 

sedation to reduce changes in serum metabolome (Young et al., 2019) at day zero. All study fish 

were free from skin lesions, skeletal deformities and had intact skin. 

Three fish were taken daily from the tank by scoop net, and euthanised by Ikijime without 

sedation. Approximately 4 mL of blood were collected from each fish via caudal vein puncture 

using non-heparinised 3.0 mL syringes attached to 20-gauge Terumo needles (SH177, Amtech 

Medical Limited, Auckland, New Zealand). One millilitre of blood was quickly taken for serum 

metabolomics, and 10 µL used to prepare slide smears. The remaining 3 mL of blood was 

preserved in lithium heparin tubes (BD 365966, Phoenix Pharm Distributors, Auckland, New 

Zealand) and used for haematocrit value determination and PBMC processing. Fish were quickly 

dissected, and approximately 500 mg of liver, HK and SP sampled into separate 2 mL cryovials 

(BS20NA-PS, BioStorTM, Interlab, Auckland, New Zealand), snap frozen in liquid nitrogen and 

stored at −80°C, until metabolite (serum and liver) and immune cytokine transcript expression 

analysis (HK and SP). 

7.3.3 Isolation of fish PBMCs 

Fish PBMCs were isolated from 284 µL of blood following a protocol previously 

published (Lulijwa et al., 2019a) using Histopaque sterile filtered density gradient medium (1.077 

g mL-1) (10771-6X100ML, Sigma-Aldrich, Auckland, New Zealand). The 284 µL of heparinised 

blood was quickly diluted 1:1 with sterile PBS pH 7.4 in duplicate. PBMCs were obtained from 

blood samples by centrifuging at 971 g for 20 min over a layer of 682 µL Histopaque. Cells at the 

interface were aspirated with a pipette, pooled and washed twice in 500 µL of sterile PBS by 

centrifuging at 674 g for 7 min. The resultant cell pellet was re-suspended to a final cell 

concentration of 1×105 cells mL-1 in 3 mL PBS supplemented with 2% foetal bovine serum (FBS) 

(MG-FBS0820-500ML, Mediray, Auckland, New Zealand). This working PBMC suspension was 

used to monitor for cellular ROS production and phagocytosis. 

7.3.4 Differential cell counts  

Exactly 10 µL of fresh unheparinised blood was used to prepare slide smears. Slides were 

left to air dry overnight, fixed with methanol and stained with Giemsa (51811826, Sigma-Aldrich, 

Auckland, New Zealand). Stained slides were observed under a light microscope at 400× 

magnification for differential cell counts. Two hundred cells were counted in duplicate and the 

cellular composition recorded for erythrocytes, thrombocytes, monocytes, lymphocytes and 

neutrophils. For leucocyte differentials, two hundred cells were counted in duplicate and their 

composition for lymphocytes, monocytes, thrombocytes, and neutrophils recorded. 

7.3.5 Haematocrit value 

Lithium heparin preserved blood was drawn into un-heparinised capillary tubes and 

centrifuged in a Haematokrit 210 Hettich Zentrifugen at 6081 g for 10 min (Kortet et al., 2003) 

to obtain the packed cell volume. 
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7.3.6 Fish serum processing 

Peripheral blood serum was obtained from 1 mL of blood sample for metabolomics 

analysis. Blood was centrifuged at 16,250 g for 8 min. Serum supernatant (600 µL) was recovered, 

transferred into 2 mL cryovials, snap frozen in liquid nitrogen and stored at –80°C until further 

analysis. 

7.3.7 PBMC cell count and viability assessment  

A sub-sample of 40 µL of the working cell suspension at 1×105 cells mL-1 was taken and 

transferred into 1.5 mL microcentrifuge tube, thereafter, 360 µL of the Muse™ Count and 

Viability reagent (MPMCH100102, Abacus Dx, Auckland, New Zealand) was added. The 

mixture was incubated for 5 min at room temperature. The viability profile of the isolated 

mononuclear cells was determined with a Muse® Count & Viability assay protocol on the Muse® 

Cell Analyzer in duplicates (Lulijwa et al., 2019a). 

7.3.8 ROS production assay 

Isolated PBMC intracellular ROS production was measured using the Muse® Oxidative 

Stress Kit protocol, on the Muse® Cell Analyzer (Abacus Dx, Auckland, New Zealand). A PBMC 

cell suspension of 20 µL was incubated with 180 µL of Muse® Oxidative Stress working solution 

following the manufacturer protocols. The sample was mixed thoroughly and run on the Muse® 

Cell Analyzer to determine ROS production. For the positive control, ROS production was primed 

by pelleting 100 µL of PBMCs (1×105 cells mL-1) suspension. The pellet was resuspended in 100 

µL of bacterial lipopolysaccharide (LPS) from Escherichia coli serotype O111:B4 (L4391, 

Sigma-Aldrich, Auckland, New Zealand) solution (10 µg mL-1) in L-15 Medium (Leibovitz, 

L1518, Sigma-Aldrich, Auckland, New Zealand) (Jørgensen & Robertsen, 1995; Solem et al., 

1995) supplemented with 10% FBS and incubated at room temperature for 20 min. Production of 

ROS was accomplished using the Muse® Oxidative Stress Kit (MPMCH100111, Abacus Dx, 

Auckland, New Zealand) according to previous work (Lulijwa et al., 2019b).  

7.3.9 Phagocytic activity determination 

This was accomplished following a modified protocol by Sakai et al. (1995) and previous 

work (Lulijwa et al., 2019b). Exactly 10 µL of PBMC suspension (1×105 cells mL-1) were pipetted 

into sterile glass microscope slides and incubated at room temperature for 1 h. Non-adherent cells 

were washed off using PBS with 2% FBS. Then, 10 µL of fluorescent latex beads (1×105 mL-1) 

amine-modified polystyrene suspension (1.0-1.3 μm, L9654, Sigma-Aldrich, Auckland, New 

Zealand) was added and incubated for 2 h at room temperature. Non-phagocytosed latex beads 

were washed off using PBS with 2% FBS. The slides were subsequently fixed with absolute 

methanol and later stained with Giemsa at AUT. Around 100 cells were counted microscopically 

at 400× magnification and the % phagocytic activity (PA) determined according to the equation: 

𝑃ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑜𝑠𝑖𝑠 ൌ ሺ𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑖𝑐 𝑃𝐵𝑀𝐶𝑠ሻ/ሺ𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑃𝐵𝑀𝐶𝑠ሻ 𝑥 100  

The phagocytic index was determined by the equation: 

𝑃ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑖𝑐 𝐼𝑛𝑑𝑒𝑥 ൌ ሺ𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑡𝑒𝑥 𝑏𝑒𝑎𝑑𝑠 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙 ሻ/ሺ𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑖𝑐 𝑐𝑒𝑙𝑙𝑠ሻ 
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7.3.10 Metabolite extraction, derivatisation, analysis and spectral processing   

Fish serum and liver metabolites were extracted and derivatised according to standard 

protocols (Villas-Boas et al., 2011; Young et al., 2019). Briefly, metabolites were co-extracted 

with 20 µL L-alanine-2,3,3,3-d4 (d4 alanine 10 mM for methyl chloroformate [MCF] 

derivatisation) and ribitol (10 mM for trimethylsilyl [TMS] derivatisation) as internal standards 

in a cold methanol: water (MeOH:H2O) solution in series of 50% and 80% methanol. One sample 

set was derivatised by MCF and a second set by TMS. Derivatised samples were transferred to 

GC vials for analysis on GC7890-MS5970 system (Agilent Technologies, CA, USA) equipped 

with a ZB-1701 GC capillary column (Phenomenex) and a quadrupole analyser with an electron 

impact ion source operated at 70 eV. Metabolite spectra data were deconvulated using a version 

2.66 Automated Mass Spectral Deconvolution and Identification System (AMDIS) software 

integrated with the MassOmics R-based script to interrogate an in-house library of derivatised 

compounds (Aggio et al., 2011). The internal standards and liver weight were used to normalise 

for peak intensity and compensate for technical variation prior to statistical analysis. 

7.3.11 Molecular assessment of immune genes 

7.3.11.1 Organ mRNA expression analysis  

For total RNA isolation, 10 mg of RNAlater-ICE (AM7030, Life Technologies, 

Auckland, New Zealand) stabilised sample was immersed in 350 µL of tissue lysis buffer 

(3604721001, MagNA Pure LC RNA Isolation Tissue Lysis Buffer, Roche Diagnostics, 

Auckland, New Zealand). The lysates were homogenised in a microcentrifuge tube with a pipette 

tip to disaggregate tissues for 5–10 times and vortexed. The lysates were incubated at room 

temperature for 30 min, and centrifuged at maximum speed (21130 g) for 2 min in an Eppendorf 

centrifuge 5424R, and the supernatant (200 µL) was carefully collected with a precision pipette 

into a microcentrifuge tube for RNA extraction. Total RNA was extracted from 200 µL of lysate 

using the Roche MagNA Pure LC2 instrument with the MagNA Pure LC RNA isolation kit–High 

Performance (03542394001, Roche Life Sciences, Auckland, New Zealand).  

After purification, 100 µL of eluted RNA was collected. Relative quantification of 

cytokine transcript expression by one-step RT-PCR was performed on the LightCycler 480 

instrument II (Roche Diagnostics, Auckland, New Zealand) using the LightCycler® EvoScript 

RNA SYBR® Green I Master Kit (07800134001, Roche Life Sciences, Auckland, New Zealand), 

primers (Integrated DNA Technologies, Inc., Singapore) at a working concentration of 0.9 µmol 

l-1 and RNA in a final volume of 20 µL. The reactions were performed using the following

thermocycling conditions; 60C for 15 min (reverse transcription/cDNA synthesis), 95C for 10

min (transcriptase inactivation and initial denaturation step) and 40 cycles of amplification (95C

for 15 s for denaturation and 60C for 1 min for annealing and extension).

Upon completion, dissociation/melting curve analyses were performed to reveal and 

exclude nonspecific amplification or primer-dimer issues (all melting analyses in this study 

presented single reproducible peaks for each target cytokine transcript suggesting amplification 
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of a single product). The housekeeping gene used for mRNA expression analysis was β-actin 

(actb) due to its stability within fish tissues. All primer sequences were acquired from previously 

published sources and can be referred to in (Table 7.1). The relative cytokine transcript expression 

levels were calculated using the comparative Ct (△△Ct) equation (Schmittgen & Livak, 2008). 

Organ relative cytokine transcript expression was calculated as 2-△△Ct and expressed as a fold-

change. The mRNA transcripts for all target cytokine transcripts were normalised to the reference 

gene (actb) within the same sample, condition and time point, and presented as fold-change with 

respect to the control group. 

Table 7.1 Primers used to amplify Oncorhynchus tshawytscha genes. 

Genes  Sequence (5’–3’) Product 
size (bp) 

Gene function Reference, gene bank 
accession number  

actb (F)- GTCACCAACTGGGACGACAT 
(R)- GTACATGGCAGGGGTGTTGA 

175 ATP binding, determines 
cell shape and controls 
motility 

O. tshawytscha 
FJ890357.1 
(Monjo et al., 2017) 

ifn1 (F)- AAACTGTTTGATGGGAATATGAAA 
(R)- CGTTTCAGTCTCCTCTCAGGTT 

140 Activate intracellular 
antimicrobial programmes 
and elicit development of 
innate and adaptive 
immunity 

Rainbow trout 
(Oncorhynchus mykiss) 
AJ580911 
(Monjo et al., 2017) 

Mx1 (F)- CGGAGTTCGTCTCAACGTCT 
(R)-  CCCTTCCACGGTACGTCTTC 

140 Interferon-induced dynamin-
like GTPase with antiviral 
activity against a wide range 
of RNA viruses and some 
DNA viruses 

O. mykiss 
U30253.1 
(Monjo et al., 2017) 

ifnγ (F)- CAACATAGACAAACTGAAAGTCCA 
(R)- ACATCCAGAACCACACTCATCA 

129 Triggers  cellular response 
to viral and microbial 
infections 

O. tshawytscha 
GT897806 
(Bjork et al., 2014) 

il-1β (F)- ACCGAGTTCAAGGACAAGGA 
(R)- CATTCATCAGGACCCAGCAC 

181 Potent pro-inflammatory 
cytokine 

O. tshawytscha 
DQ778946 
(Bjork et al., 2014) 

il-6 (F)- CAGTTTGTGGAGGAGTTTCAGA 
(R)- TGTTGTAGTTTGAGGTGGAGCA 
 

118 Potent pleiotropic cytokine O. mykiss 
NM_001124657 
(Bjork et al., 2014) 

tnf-α (F)- ACCAAGAGCCAAGAGTTTGAAC 
(R)- CCACACAGCCTCCATAGCCA 

154 Multifunctional pro-
inflammatory cytokine 

O. tshawytscha 
DQ778945 
(Bjork et al., 2014) 

il-10  (F)- CTACGAGGCTAATGACGAGC 
(R)- GATGCTGTCCATAGCGTGAC 

97 Plays anti-inflammatory 
roles, helping to limit 
excessive tissue damage 
caused by inflammation 

O. mykiss 
AB118099 
(Bjork et al., 2014) 

F: forward primer; R: reverse primer; bp: base pair; actb: β-Actin; ifn1: type 1 interferon 1; Mx1: Mx1 protein; ifnγ: 
interferon gamma; il-1β: interleukin 1beta; il-6: interleukin 6; tnf-α: tumor necrosis factor alpha; il-10: interleukin 10.  

7.3.12 Data processing and statistical analysis 

Data from haematological parameters and PBMC cellular functional properties were 

processed to assess the effect of in vivo poly (I:C) i.p. injection on fish immune system by one-

way time series analysis of variance (ANOVA) using Minitab 17 statistical software at p = 0.05 

and Dunnett’s multiple comparison test. Relative gene expression was calculated using the “delta-

delta method” (Schmittgen & Livak, 2008) as explained above and statistical significance 

determined by one-way time series ANOVA using Minitab 17 statistical software at p = 0.05. 

For metabolomics, all data were processed using MetaboAnalyst 4.0 a web based 

comprehensive tool for metabolomics data analysis (Chong et al., 2018). Data were normalised 

by auto-scaling and one-way time series ANOVA [p < 0.05 and false discovery rate (FDR ≤ 0.1)] 

used to identify differences in metabolite profiles between control fish (day 0) and poly (I:C) i.p. 

injected fish (days 1-5). Significantly altered metabolites were tested for differences (Dunnett’s 
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test) between control and poly (I:C) treated fish using Minitab 17 at p < 0.05. A respective heat 

map assessment of the ANOVA test was generated. Unsupervised multivariate data analysis was 

explored using principal component analysis (PCA) to find possibilities of inherent clustering, 

and a trajectory plot generated using the grand means and standard errors of daily data using R 

for windows version 3.6.1 (Li, 2017). 

7.4 Results  

7.4.1 Peripheral blood haematological parameters  

Prolonged poly (I:C) i.p. injection induced significant (p < 0.05) effects on O. tshawytscha 

haematological parameters except for thrombocyte and lymphocyte counts. Significantly (p < 

0.05) lower erythrocyte counts were observed on day three and four post-stimulation. In addition, 

higher monocyte and neutrophil counts were observed at day three and four respectively (Figure 

7.1), while no effect was observed on fish haematocrit value, despite alterations from the control 

(Table 7.2). All assessed peripheral blood parameters exhibited a recovery trend by day five. 

Figure 7.1 Fish peripheral blood differential cell counts following in vivo i.p. injection with 2.5 
µL g-1 fish of poly (I:C). Data come from mean±SEM of duplicate counts of 200 cells on giemsa 
stained slides of three control (day 0) and three treatment fish each day (1-5) post-poly (I:C) 
administration. Bars with asterisk are significantly different from the control (day 0), one-way 
time series ANOVA at p = 0.05, with Dunnett’s multiple comparison test. 

7.4.2 Differential leucocyte and thrombocyte cell counts 

Poly (I:C) significantly (p < 0.05) induced alterations in differential leucocyte and 

thrombocyte counts (Figure 7.2). Compared with the control, higher (p < 0.05) thrombocyte 

counts were observed at day two, while lymphocytes were depressed on days two, three and five 

post-challenge. Poly (I:C) induced significant (p < 0.05) elevation in monocyte counts on day one 

and day three, while neutrophils increased from day three to five in treated fish (Figure 7.2). 
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Figure 7.2 Fish leucocyte and thrombocyte differential counts following in vivo i.p. injection with 
2.5 µL g-1 fish of poly (I:C). Data come from mean±SEM of duplicate counts of 200 cells on 
giemsa stained slides of three control (day 0) and three treatment fish each day (1-5) post-poly 
(I:C) administration. Bars with asterisk are significantly different from the control (day 0), one-
way time series ANOVA at p = 0.05, with Dunnett’s multiple comparison test. 

7.4.3 Fish PBMC cellular functional characterisation 

Poly (I:C) administration induced significant (p < 0.05) PBMC ROS production, in treated 

fish at day one to day four, post-challenge. On the other hand, the treatment did not significantly 

affect fish PBMC viability, phagocytosis and phagocytic index profile over the entire exposure 

period, despite the observed general increase in these parameters post-poly (I:C) treatment (Table 

7.2).  

Table 7.2 Cellular functional characteristics and haematocrit value of Oncorhynchus tshawytscha 
PBMCs following in vivo i.p. injection with 2.5 µL g-1 fish of poly (I:C). Data come from 
mean±SEM duplicate readings of three control (day 0) and three treatment fish each day (1-5) 
post-poly (I:C) administration for haematocrit value (%), viability (%) and ROS (%); from counts 
of 100 cells for phagocytosis (%) and from phagocytic cells for phagocytic index. Values in a 
column with asterisk are significantly different from the control (day 0), one-way time series 
ANOVA at p = 0.05 with Dunnett’s multiple comparison test.  

Time Viability ROS production Phagocytosis Phagocytic Index Haematocrit value 
Day 0 46.31±8.61 10.92±1.28 25.00±2.00 2.39±0.36 39.63±0.61
Day 1 54.60±6.67 38.95±8.09* 28.00±1.53 2.12±0.50 28.30±2.54
Day 2 62.33±9.26 38.10±7.05* 30.33±3.85 2.55±0.50 29.83±1.55
Day 3 42.00±5.63 46.80±2.28* 28.33±7.33 2.76±0.25 34.20±4.33
Day 4 60.88±8.89 59.68±8.05* 30.33±2.73 2.41±0.10 29.48±0.34
Day 5 66.42±9.54 16.88±2.17 26.67±2.73 1.84±0.25 39.62±4.45
F-value 1.12 10.50 0.29 0.82 3.31 
P-value 0.373 <0.001 0.909 0.557 0.042 

7.4.4 Fish serum and liver metabolomics 

A total of 201 and 187 metabolic features were found in liver (Table 7.5S) and serum (Table 

7.6S) respectively after GC-MS analysis. Among them, 45 unique features are currently 

“unknown” since their retention times and mass spectral signatures could not be matched to 

known compounds in our database. Unsupervised multivariate data analysis was applied using 

principal component analysis (PCA) to investigate metabolite variations induced by poly (I:C) 

i.p. injection over a period of five days. An overview of liver PCA trajectory plot shows major

metabolite alterations one day post-stimulation (Figure 7.3a and b). From day two to three post-

challenge, metabolites closely fluctuated in magnitude to levels observed at day 0. A second spike

in metabolites appears on day four, followed by a trend towards baseline levels by day five (Figure
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7.3a). The first two principal components (PC1 and PC2) explain 37.2% and 18.1% of total 

variance in the data, respectively.  

 

Figure 7.3 Principal component analysis score trajectory plot and heat map for a and b liver and 
c and d serum metabolic features following in vivo i.p. injection of Oncorhynchus tshawytscha 
with 2.5 µL g-1 fish of poly (I:C). Data come from means of three control (day 0) and three 
treatment fish each day (1–5) post-poly (I:C) administration. 

Similarly, the PCA trajectory plot of serum features, reflects major alterations at day one 

post-challenge (Figure 7.3c and d). Serum metabolic features closely fluctuated from day two to 

three, followed by a second major alteration at day four and a trend towards baseline levels by 

day five. The first two principal components (PC1 and PC2) explain 46.1% and 19.9% of total 

variance in the data, respectively (Figure 7.3c) (for detailed individual metabolite data, see Figure 

7.9S and Figure 7.10S for liver and serum respectively). 

Table 7.3 List of significantly altered liver metabolic features identified by one-way time series 
ANOVA (p < 0.05 and FDR ≤ 0.1) analysis following in vivo i.p. injection administration with 
2.5 µL g-1 fish of poly (I:C). Data come from mean±SEM of three control (day 0) and three 
treatment fish each day (1-5) post-poly (I:C) administration. (↑: upregulated; ↔: no change and 
↓: downregulated metabolites). Features in a row with asterisk are significantly different from the 
control, one-way time series ANOVA at p < 0.05, with Dunnett’s multiple comparison test. 

Number  Metabolites  F.value p.value FDR Day 1 Day 2 Day 3 Day 4 Day 5 
1 D-talo-hexose 18.167 <0.001 0.006 ↓* ↓* ↓* ↓* ↓* 
2 Alpha-L-galactopyranose, 6-deoxy-1,2,3,4-

tetrakis-O-trimethylsilyl- 15.666 <0.001 0.007 
↓* ↓* ↓* ↓* ↓* 

3 Creatinine 12.076 <0.001 0.010 ↑* ↑ ↑* ↑ ↓ 
4 Alpha.-D-galactoside, methyl tetrakis-O-

trimethylsilyl- 11.732 <0.001 0.010 
↓* ↓* ↓* ↓* ↓* 

5 Proline 11.496 <0.001 0.010 ↑* ↔ ↑ ↔ ↓ 
6 D-glucose 10.784 <0.001 0.012 ↓* ↓* ↓* ↓* ↓* 
7 Phosphorylethanolamine 10.315 0.001 0.013 ↑ ↑ ↑ ↑* ↑* 
8 Dimethyl 2-aminomalonate hydrochloride 8.108 0.002 0.034 ↑* ↑* ↑* ↑ ↑ 
9 2-aminobutanoic acid 7.424 0.002 0.043 ↑ ↑* ↑* ↑ ↑ 
10 Unknown  126 7.313 0.002 0.043 ↑* ↑ ↑ ↑* ↑ 
11 Unknown  112 6.909 0.003 0.050 ↑* ↑ ↑* ↑ ↓ 
12 Glycine 6.711 0.003 0.052 ↑* ↑ ↑* ↑ ↑ 
13 Glutaric acid 6.476 0.004 0.054 ↑ ↑ ↑ ↑* ↑ 
14 Unknown  102100 580 6.347 0.004 0.054 ↑ ↓ ↓ ↓ ↓ 
15 4-hydroxyphenylacetic acid 6.327 0.004 0.054 ↑* ↑ ↑ ↑ ↓ 
16 Isoleucine 6.133 0.005 0.058 ↑* ↑ ↑ ↑ ↓ 
17 Unknown  128 6.017 0.005 0.059 ↑* ↓ ↑ ↓ ↓ 
18 Leucine 5.856 0.006 0.060 ↑* ↑ ↑ ↑ ↓ 
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19 Valine 5.834 0.006 0.060 ↑* ↑ ↑ ↑ ↓ 
20 Nicotinic acid 5.547 0.007 0.066 ↓* ↓* ↓ ↓* ↓* 
21 Urea 5.175 0.009 0.078 ↑* ↑ ↑ ↑ ↑ 
22 Unknown  102100 326 5.020 0.010 0.084 ↑ ↓ ↑ ↓ ↓ 
23 2-ketoglutaric acid 4.788 0.012 0.096 ↓ ↓ ↓ ↑ ↑ 

Using one-way time series ANOVA (p < 0.05, FDR ≤ 0.1), poly (I:C) injection 

significantly altered 23 liver (Table 7.3) and 13 serum features post-stimulation (Table 7.4). In 

liver, six metabolites (1, 2, 4, 6, 20 and 23) were downregulated, while 12 metabolites (3, 5, 7, 8, 

9, 12, 13, 15, 16, 18, 19 and 21) were upregulated. In addition, five of the upregulated features, 

one day post-challenge were unknown (10, 11, 14, 17 and 22). From day two to five, five 

metabolites (1, 2, 4, 6 and 20) remained significantly lower in comparison to the control. Only 

levels for metabolite (8) remained significantly elevated from day one to three post-challenge. In 

addition, levels for metabolite (9) increased from day two to three; while features (3, 11, and 12) 

increased at day three. Four days post-challenge, significant upregulation was only observed for 

features (10, 13, and 23); while levels for metabolite (7) significantly increased from day four to 

day five (Table 7.3 and Figure 7.4). 

Figure 7.4 List of significantly altered liver metabolic features identified by one-way time series 
ANOVA (p < 0.05 and FDR ≤ 0.1) analysis following in vivo i.p. injection administration with 
2.5 µL g-1 fish of poly (I:C). Data come from mean±SEM of three control (day 0) and three 
treatment fish (day 1-5) post-poly (I:C) in vivo administration. Data bars with asterisk are 
significantly different from the control (day 0), one-way time series ANOVA at p = 0.05, with 
Dunnett’s multiple comparison test.  
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Table 7.4 List of significantly altered serum metabolic features identified by time series ANOVA 
(p < 0.05 and FDR ≤ 0.1) analysis following in vivo i.p. injection administration with 2.5 µL g-1 
fish of poly (I:C). Data come from mean±SEM of three control (day 0) and three treatment fish 
each day (day 1-5) post-poly (I:C) administration. (↑: upregulated; ↔: no change and ↓: 
downregulated metabolites). Metabolites in a row with asterisk are significantly different from 
the control, one-way time series ANOVA at p < 0.05, with Dunnett’s multiple comparison test.  

Number Altered metabolites  F.value p.value FDR Day 1 Day 2 Day 3 Day 4 Day 5 
1 Unknown  201 15.583 <0.001 0.007 ↑* ↑ ↓ ↔ ↓ 
2 Succinic acid 15.428 <0.001 0.007 ↑* ↓* ↓* ↓* ↓* 
3 Ethanolamine 9.104 0.001 0.056 ↓ ↓* ↓* ↓* ↓* 
4 Beta-D-glucopyranose 7.356 0.002 0.105 ↓* ↓* ↓* ↓* ↓ 
5 Unknown  112 6.438 0.004 0.105 ↑* ↑ ↑ ↑ ↑ 
6 Unknown  059 6.424 0.004 0.105 ↓* ↓* ↓ ↓ ↓ 
7 D-glucose 6.412 0.004 0.105 ↓* ↓* ↓ ↓* ↓ 
8 Isoleucine 5.920 0.006 0.105 ↑* ↑ ↑ ↑ ↔ 
9 Creatinine 5.839 0.006 0.105 ↑* ↑ ↑ ↑ ↑ 
10 D-Mannose 5.709 0.006 0.105 ↓* ↓* ↓* ↓* ↓ 
11 Unknown   045 5.604 0.007 0.105 ↑ ↓ ↓ ↓ ↓ 
12 Unknown  113 5.537 0.007 0.105 ↑* ↓ ↔ ↔ ↓ 
13 Unknown  198 5.512 0.007 0.105 ↑* ↓ ↑ ↑ ↓ 

In fish serum, poly (I:C) in vivo resulted in increased levels of eight features (Table 7.4 

and Figure 7.5), one day post-challenge. Three of the elevated metabolites were identifiable (2, 8 

and 9) and five features were unknown (1, 5, 11, 12 and 13). In addition, four features, three 

identifiable (4, 7, and 10) and one unknown (6) decreased, one day after treatment (Table 7.4  and 

Figure 7.5). From day two to day four, levels for downregulated metabolites (4, 7 and 10), 

remained significantly lower. Furthermore, metabolites (2 and 3) decreased from day two to day 

five (Table 7.4 and Figure 7.5). 

 

Figure 7.5 List of significantly altered serum metabolic features identified by one-way time series 
ANOVA (p < 0.05 and FDR ≤ 0.2) analysis following in vivo i.p. injection administration with 
2.5 µL g-1 fish of poly (I:C). Data come from mean±SEM of three control (Day 0) and three 
treatment fish (day 1-5) post-poly (I:C) in vivo administration. Data bars with asterisk are 
significantly different from the control (day 0), one-way time series ANOVA at p = 0.05, with 
Dunnett’s multiple comparison test.  

7.4.5 Fish head kidney and spleen mRNA immune gene expression 

Relative expression levels of HK cytokines in O. tshawytscha injected with poly (I:C) are 

illustrated (Figure 7.6). Poly (I:C) upregulated all target cytokine transcripts in fish HK. However, 

only cytokine transcripts for il-10, Mx1 protein, ifnγ, and il-1β significantly (p < 0.05) peaked on 

day one, two and four post-challenge respectively. Despite upregulation in treated fish, no 

significant (p > 0.05) changes were noted from the control group in tnf-α, ifn1 and il-6 (Figure 

7.6). 
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Figure 7.6 Expression mRNA HK cytokines by RT-PCR following in vivo i.p. injection of 
Oncorhynchus tshawytscha with 2.5 µL g-1 fish of poly (I:C). Data come from mean±SEM of 
three control (day 0) and three treatment fish (day 1-5) post-poly (I:C) in vivo administration. 
Data bars with asterisk are significantly different from the control (day 0), one-way time series 
ANOVA at p = 0.05, with Dunnett’s multiple comparison test. 

In fish SP samples, poly (I:C) altered all target cytokine transcript levels during one to five 

days post-challenge (Figure 7.7). However, only cytokine transcript levels for il-10, il-6 and 

antiviral Mx1 protein significantly (p < 0.05) peaked on days one and two post-challenge, 

respectively, and appeared to return to baseline levels by day five. However, no significant (p > 

0.05) alterations were observed in ifnγ, il-1β, tnf-α, and ifn1 in treated fish at the different time 

points (Figure 7.7). 

Figure 7.7 Expression mRNA SP cytokines by RT-PCR following in vivo i.p. injection of 
Oncorhynchus tshawytscha with 2.5 µL g-1 fish of poly (I:C). Data come from mean±SEM of 
three control (day 0) and three treatment fish (day 1-5) post-poly (I:C) in vivo administration. 
Data bars with asterisk are significantly different from the control (day 0), one-way time series 
ANOVA at p = 0.05, with Dunnett’s multiple comparison test. 
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7.5 Discussion 

This study investigated the immunomodulatory effects of in vivo poly (I:C) administration 

over a five-day post-exposure period on O. tshawytscha. An integrated approach was employed 

involving classical peripheral blood haematology, PBMC latex bead phagocytosis and phagocytic 

index, flow cytometry cellular viability and functional ROS production. Data were also collected 

using GC-MS-based metabolomics profiling of serum and liver samples, and targeted RT-PCR 

analysis of immune cytokine expression in HK and SP samples. 

Poly (I:C) significantly depressed O. tshawytscha erythrocyte counts at days three and four 

post-injection, which recovered to baseline levels by day five. The reduction in erythrocyte counts 

may be linked to immunological involvement as previously reported, with poly (I:C) and 

infectious salmon anaemia virus (ISAV) in teleosts  (Lulijwa et al., 2020a; Morera et al., 2011; 

Y. Shen et al., 2018; Wessel et al., 2015; Workenhe et al., 2008). Evidences of viral PAMPs 

binding receptors tlr3, and RIG-I, have been reported in fish erythrocytes (Morera et al., 2011; 

Rodriguez et al., 2005; Wessel et al., 2015), and respiratory globins strongly linked with immune 

function in vertebrates and invertebrates (Iwanaga, 2002; Jiang et al., 2007; Liepke et al., 2003). 

At the same time point (day three and four), when erythrocyte counts were depressed, 

significantly higher monocyte and neutrophil counts were recorded, which is suggestive of poly 

(I:C) induced innate immune stimulation. The quantification of neutrophils in circulating 

peripheral blood is a strong indicator of enhanced immunocompetence (Neumann et al., 2001). 

In a previous study, we did not find quantifiable neutrophils in peripheral blood of apparently 

healthy O. tshawytscha smolts (Lulijwa et al., 2019a). Furthermore, poly (I:C) enhanced 

thrombocyte counts two days post-injection could be indicative of enhanced clotting capacity 

(Espelid et al., 1996). Elevation in differential monocyte counts on days one and three, in 

combination with higher neutrophil counts at day three to five post-injection, also suggest 

enhanced capacity to mount an immune response. It is noted that while other leucocyte 

populations appeared to return to baseline levels by day five, neutrophil counts remained elevated. 

Overall, trends in erythrocyte, thrombocyte, lymphocyte, monocyte and neutrophil counts suggest 

that poly (I:C) enhanced innate immune parameters and cellular migration [similar with bacterial 

challenges (Costas et al., 2013)] and/or proliferation, corresponding with observed alterations at 

a metabolic level. Proliferating cells exhibit enhanced nutrient demand to supply energy, to make 

and translocate molecules across cellular and tissue membranes [reviewed in Fritsch and 

Weichhart (2016)].  

Analysis of cellular functional parameters revealed enhanced ROS production in PBMCs 

of treated fish, with a biphasic response at days one and four post-challenge. The initial peak in 

ROS production is due to direct response to poly (I:C) in combination with IFN induction. The 

second ROS peak may be associated with elevated levels of liver glutaric acid simultaneously 

observed at that time point (Jacobsen & Hannibal, 2019). According to Shi et al. (2018), 

mitochondrial ROS production has been implicated in il-1β stimulation in higher vertebrates, and 
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this cytokine increased in treated fish HK and SP samples. In support of the observed results for 

ROS production, ifnγ transcript increased in poly (I:C) treated fish HK and SP. In previous studies, 

ifnγ has been reported to facilitate respiratory burst following poly (I:C) treatment in vitro 

(Grayfer & Belosevic, 2009) and in vivo (Zhou et al., 2014; Zhu et al., 2019). Specifically, poly 

(I:C) administration at a dose of 10 µg g-1 fish body weight significantly induced respiratory burst 

activity at day one post-injection in P. olivaceus via ifnγ stimulation (Zhou et al., 2014). Also, 

earlier in vitro work with C. auratus enhanced macrophage and neutrophil respiratory burst 

activity and intracellular NO production (Grayfer & Belosevic, 2009). Although poly (I:C) did 

not significantly alter fish PBMC viability, phagocytosis and phagocytic index, a general increase 

in these parameters was recorded in this study. Elsewhere, in vitro poly (I:C) administration in C. 

auratus increased phagocytic activity (Grayfer & Belosevic, 2009). Thus, poly (I:C) induced 

temporal immune response via ROS production, which returned to baseline by day five. 

While several studies have demonstrated the immunomodulatory effects of poly (I:C) 

administration at cellular levels in O. tshawytscha in vitro (Jensen et al., 2002b; Monjo et al., 

2017; Semple et al., 2018), little is known about immuno-metabolic responses to poly (I:C) in this 

species in vivo (Lulijwa et al., 2020a). GC-MS-based metabolomics profiling of liver and serum 

demonstrated alterations in 23 and 13 metabolites, respectively, over the five days post-exposure. 

Perturbed metabolic signatures are involved in pathways associated with amino acid (AA) 

metabolism and protein biosynthesis, glycolysis, the Citric acid cycle, ROS regulation and lipid 

metabolism.   

AAs serve as protein building blocks and as catabolic substrates to provide energy for 

several biochemical processes (Ballantyne, 2001). Alterations observed in poly (I:C) exposed 

fish, supports AA use for energy production and also suggests changes to several other pathways. 

In fish liver, the branched chain amino acids (BCAA) isoleucine, leucine, and valine, along with 

AA catabolic products urea and creatinine, accumulated one day post-challenge. In fish serum, 

results only reflected isoleucine and creatinine increases at day one. Except for liver creatinine at 

day three, these increased metabolites remained elevated, but their levels were similar to baseline 

from day two to four and appeared to normalise by day five. BCAAs are essential for vertebrate 

lymphocytes, eosinophils and neutrophils as substrates for energy, protein, RNA and DNA 

biosynthesis; with lymphocytes exhibiting enhanced proliferation and demand for these AAs 

following stimulation (Calder, 2006). We identified increased levels of free BCAAs in fish liver, 

which are associated with protein energy metabolism (Roques et al., 2018c; Wagner et al., 2014). 

Liver 2-aminobutanoic acid increased from day two and peaked at day three. This is a non-

proteinogenic AA produced during transamination of 2-oxobutyric acid (a metabolite involved in 

isoleucine biosynthesis) (Wishart et al., 2018), which accumulated due to metabolism of BCAAs. 

In addition, accumulation of liver  creatinine and urea indicates muscle phosphocreatine and AA 

metabolism to supply energy (Salazar, 2014) and of poly (I:C) induced alterations in liver and 

kidney functions (Ajeniyi & Solomon, 2014). Similarly, observed accumulation of plasma 
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creatinine further suggests poly (I:C) induced muscle catabolism to keep with enhanced energy 

demand. These results are in line with enhanced cellular profile of thrombocytes, lymphocytes, 

monocytes and neutrophils, which could have increased demands for nutrients to supply energy 

[reviewed in Fritsch and Weichhart (2016)]. By day five, BCAA activity, creatinine and urea 

levels showed a return to baseline levels, a trend that was also observed in leucocyte counts.  

Poly (I:C) also caused an increase in liver glycine, and proline, one day post in vivo 

stimulation. Glycine directly scavenges radicals (Fang et al., 2002) and can be used to produce 

glutathione, a strong antioxidant (Hall, 1998). Glycine mediates its immunomodulatory effects 

through its glycine receptor (glycine-gated chloride channels), with which, it controls intracellular 

Ca2+ concentration, and suppresses activation of transcription factors, with consequent regulation 

of inflammatory cytokine and ROS production (Wang et al., 2013; Zhong et al., 2003). 

Accumulation of proline may be indicative of poly (I:C) induced collagen degradation, to 

facilitate proline-based electron production to generate adenosine triphosphate (ATP) for survival 

under stressful conditions (Phang et al., 2010). 

Carbohydrates, AAs and fatty acids (FA) are used by cells to generate ATP through the 

central respiratory machineries of glycolysis and the krebs cycle or citric acid cycle (Vander 

Heiden et al., 2009). The glycolytic pathway in particular is the primary route for glucose 

catabolism to supply ATP needed for multitudes of biochemical processes (Enes et al., 2009). In 

fish liver, poly (I:C) exposure dramatically decreased levels for D-talo-hexose, D-glucose, alpha-

L-galactopyranose, and alpha-D-galactoside from days one to five post-challenge. Similar 

observations were noted in fish serum, with the carbohydrates beta-D-glucopyranose, D-glucose 

and D-mannose decreasing from days one to four post-challenge. These sugars are core 

metabolites within glycolysis/gluconeogenesis pathway topology, and are involved in galactose, 

starch and sucrose metabolism previously identified as being modulated by poly (I:C) exposure 

in O. tshawytscha (Lulijwa et al., 2020a). 

These findings suggest that poly (I:C) enhanced fish energy requirements, as reported 

previously in proliferating cells (Fritsch & Weichhart, 2016). Proliferating cells demand for 

energy, needed to produce and transport cytokines during infection (D. Wu et al., 2016) and by 

several enzymes involved in other biochemical processes such as AA and protein biosynthesis. 

In agreement with these results, viral infected Chinese shrimp (Fenneropenaeus chinensis), and 

poly (I:C) challenged giant freshwater prawn (Macrobrachium rosenbergii) exhibited enhanced 

energy metabolism (Li et al., 2014; Saray et al., 2018). Thus far, elevated energy demands suggest 

that poly (I:C) potentially induced “aerobic glycolysis” (Warburg effect) to simulate conditions 

similar to those observed during intracellular viral replication (Eisenreich et al., 2019) (see 

postulated pathways in Figure 7.8). Observations at metabolic level appear to align with those at 

cytokine transcript and cellular levels, since ifnγ driven cellular differentiation to enhance 

immunity (Langevin et al., 2019) is energy demanding (Fritsch & Weichhart, 2016). Aerobic 

glycolysis has been reported before, as poly (I:C) and IFN stimulated macrophages exhibited a 
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shift from oxidative phosphorylation [reviewed in Kelly and O'Neill (2015)]. Similarly, 

thrombocytes, monocyte and neutrophil counts increased in poly (I:C) treated fish, which is 

suggestive of enhanced fish immunity, and the elevated energy demands observed here. However, 

enhanced energy demands persisted through the post-exposure period.      

In line with the observed metabolic reprograming (aerobic glycolysis), following poly (I:C) 

treatment, breaks in the Citric acid cycle, manifested as accumulation of intermediate metabolites 

such as succinic acid, previously reported in mammalian macrophages (Jha et al., 2015) were 

observed. In fish liver, poly (I:C) induced a dramatic reduction in levels of 2-ketoglutaric acid 

one day post-stimulation. Levels were re-established by day two, and elevated at day four, 

suggesting disturbance to citric acid cycle functioning. The dramatic decrease in 2-ketoglutaric 

acid potentially suggests first break in citric acid cycle conversion of isocitric acid into 2-

ketoglutaric acid by the enzyme isocitrate dehydrogenase (IDH), which resulted in the production 

of nucleotides for cytokine mRNAs and phospholipids needed by proliferating leucocytes 

(O’Neill & Pearce, 2016) observed in this study. In fish serum, elevated succinic acid levels one 

day post-poly (I:C) challenge also indicates citric acid cycle disturbance, and reduced energy 

production; since this metabolite yields less nicotinamide adenine dinucleotide (NADH) and 

flavin adenine dinucleotide (FAD) (Chen et al., 2019) in several metabolic processes (Kobayashi 

& Shimizu, 1999; Yang & Sauve, 2016). Initial accumulation of succinic acid is indicative of a 

second break in the citric acid cycle (Gaber et al., 2017), which results from elevated glycolytic 

activity due to ifnγ upregulation, where succinic acid in turn promotes mitochondrial ROS 

activities [reviewed in Fritsch and Weichhart (2016)]. Accumulation of succinic acid was 

previously reported in viral challenged oysters (Young et al., 2017) bacterial exposed mussels 

(Nguyen, Alfaro, Young, et al., 2018) and in pro-inflammatory macrophages (O’Neill & Pearce, 

2016). Succinic acid levels decreased below baseline levels from day two to day five, probably 

to limit cellular damage. 

In teleosts, several studies have demonstrated ifnγ induced ROS production following poly 

(I:C) administration in vitro (Grayfer & Belosevic, 2009) and in vivo (Zhou et al., 2014; Zhu et 

al., 2019). In this perspective, 2-ketoglutaric acid is reportedly important in alleviating oxidative 

stress (Liu et al., 2018). Thus, changes observed in 2-ketoglutaric acid over the five-day post-

exposure period is associated with enhanced ROS production observed at the cellular level. In 

this regard, 2-ketoglutaric acid directly reacts with hydrogen peroxide, generating succinic acid 

(Liu et al., 2018). Consequently, succinic acid increased in fish serum, at day one post-stimulation 

and reportedly promotes mitochondrial ROS activities [reviewed in Fritsch and Weichhart 

(2016)]. Furthermore, 2-ketoglutaric acid also scavenge nitrogen, to support the production of 

glutamate and glutamine (N. Wu et al., 2016). In addition, liver glutaric acid, a 2-ketoglutaric acid 

precursor, increased at day four post-poly (I:C) exposure. Build-up in glutaric acid enhances ROS 

production (Jacobsen & Hannibal, 2019), which corresponds with a peak in ROS levels at day 

four post-poly (I:C) stimulation. As a result, the ROS peak at day four, likely led to accumulation 
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of 2-ketoglutaric acid, probably due to ROS related inhibition of alpha-ketoglutarate 

dehydrogenase (α-KGDH), an enzyme that converts 2-ketoglutaric acid to succinyl-CoA 

[reviewed in Tretter and Adam-Vizi (2005)]. ROS induced inhibition of α-KGDH reduces NADH 

production and supply in the electron transport chain (ETC) [reviewed in Tretter and Adam-Vizi 

(2005)]. In response to observed changes in ROS, free radical scavengers glycine and proline 

increased in fish liver one day post in vivo stimulation (Fang et al., 2002; Hall, 1998; Phang et al., 

2010). 

In line with elevated demand for energy demonstrated at AA and sugar levels, in 

combination with disturbances to citric acid cycle functioning; liver nicotinic acid levels 

decreased from day one to five. This result suggests increased demand in the formation of 

nicotinamide, required in generation of coenzymes nicotinamide adenine (NAD+), and 

nicotinamide adenine dinucleotide phosphate (NADP+), required in several biochemical 

processes. This could be linked to the increased demand for electron transporters in glycolysis, 

the Citric acid cycle, and during oxidative phosphorylation, among other processes (Yang & 

Sauve, 2016), following poly (I:C) induced interferon stimulation (Fritsch & Weichhart, 2016). 

Observed reduction in 2-ketoglutaric acid, nicotinic acid and accumulation of succinic acid one 

day post-poly (I:C) stimulation suggest induction of “aerobic glycolysis” observed as sustained 

energy demand throughout the five days post-exposure.  

 

 

Figure 7.8 Schematic of liver and serum altered metabolite profile following prolonged in vivo 
i.p. injection exposure of Oncorhynchus tshawytscha with 2.5 µL g-1 fish of poly (I:C). 
Upregulated (↑) metabolites are indicated in red (liver), purple (serum), while downregulated (↓) 
metabolites are shown in yellow (liver) and blue (serum). Pathways that were directly affected by 
poly (I:C) are shown in orange, and those hypothesised to be affected are indicated in deep blue 
(with respective metabolites in light blue). For abbreviations, R-5-P: ribose-5-phosphate; F-6-P: 
fructose-6-phosphate; UDP-GlcNAc: uridine diphosphate-N-acetylglucosamine; IFNs: 
interferons; ROS: reactive oxygen species and D: indicates day 1-5. 
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Proliferating cells synthesise new phospholipids from diacylglycerols and polar groups like 

choline or ethanolamine (van Meer et al., 2008). It is possible that “aerobic glycolysis” favoured 

the pentose pathway at the glucose-6-phosphate shunt to enhance lipid metabolites for 

incorporation into cellular structures. Results demonstrate that poly (I:C) induced increases in 

liver phosphorylethanolamine levels from day four to five post-challenge. This metabolite is a 

precursor for phospholipid synthesis (Wishart et al., 2018). In agreement, levels for 

phosphorylethanolamine head group ethanolamine (Patel & Witt, 2017) consistently reduced in 

fish serum from day two to five in treated fish, suggesting incorporation into phospholipid 

membrane biosynthesis. These notions suggest that poly (I:C) induced viral mimics, involving 

phospholipid membrane remodelling to favour viral replication, similar to conditions observed in 

virus infected fish (Schiøtz et al., 2009). The above alterations in liver and serum phospholipid 

metabolism further strengthen the notion that poly (I:C) induced “aerobic glycolysis”, as 

previously reported in higher vertebrate dendritic cells (Everts et al., 2014). Increased lipid 

metabolism is necessary to support development of cellular membranes and organelles, including 

biosynthesis and translocation of molecules (Everts et al., 2014).       

Accumulation was also observed for organic acid dimethyl 2-aminomalonate 

hydrochloride from day one to three with a profile similar to that of altered AAs. Furthermore, 

there were increased levels for 4-hydroxyphenylacetic acid, one day post-challenge. However, 

the mechanism underlying upregulation of these metabolites is still poorly understood. In 

addition, five unknown compounds were found in the liver and serum of poly (I:C) treated fish 

with a similar profile to that observed in the AAs. 

From these metabolic results, it is evident that GC-MS can be employed to identify 

challenge-specific biomarkers. By comparing the metabolome of unchallenged and challenged 

animals, we can identify key biomarkers that distinguish groups and develop metabolic strategies 

aimed at enhancing fish performance against a specific challenge. Metabolome-reprograming is 

a recently coined procedure that involves exogenous administration of the key metabolites to 

normalise the metabolome of challenged or diseased animals, resulting into biological phenotype 

improvement (Peng et al., 2015b). For instance, L-leucine, glucose, and malate have been used to 

reprogram ineffective metabolomes in teleosts against bacterial pathogens (Du et al., 2017; Peng 

et al., 2015c; Yang et al., 2020). Findings of this study may act as a primer for targeted 

metabolome-reprograming as a strategy to remedy viral infections in aquaculture. In our previous 

study (Lulijwa et al., 2020a), we illustrated poly (I:C) induced short-term effects in fish HK, SP, 

erythrocytes and serum, and the present study provides detailed prolonged metabolic effects in 

the liver and serum.     

RT-PCR revealed that poly (I:C) induced significant antiviral ifnγ transcripts expression in 

poly (I:C) treated fish HK, while ifn1 was not significantly upregulated in HK and SP samples. 

In addition, there was significant upregulation of antiviral Mx1 protein transcript expression in 

HK and SP at day one and two post-challenge, with higher expression levels in HK than in SP. 
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This organ differential cytokine transcript expression is explained by the fact that IFN induction 

initially occurs in HK and SP, followed by a systemic spread (Jørgensen et al., 2003). In addition, 

HK compared with SP is the production site for immune cells and a centre for antigen processing 

(Rauta et al., 2012). Head kidney is also richer than SP in NK cells and T-helper lymphocytes, 

which produce ifnγ and ifn1 during innate immune response (McNab et al., 2015; Shtrichman & 

Samuel, 2001) and antiviral activities (Zou et al., 2005). Meanwhile, ifnγ is more important in 

later adaptive immunity (Schroder et al., 2004); and is produced by T-helper lymphocytes and 

CD8+ or cytotoxic T lymphocytes (Biron & Sen, 2001). 

The observed significant upregulation of Mx1 and lower ifn1 transcript expression was also 

observed in a previous poly (I:C) exposure study (Lulijwa et al., 2020a). This state is due to earlier 

ifn1 induction post-poly (I:C) treatment in teleosts. Early poly (I:C) induced ifn1 expression, was 

reported in O. tshawytscha CHSS cells at, 6 h (Semple et al., 2018), 14 h in S. salar HK tissue, 

12 h in HK leucocytes declining 24 and 48 h afterwards (Robertsen et al., 2003). Thus, results 

suggest that observed Mx1 protein levels probably stemmed from partial synergistic ifnγ and 

earlier ifn1 activities, as previously reported in S. salar in vitro (Sun et al., 2011). Similarly, other 

studies have reported that poly (I:C) treated fish express gene transcripts for type 1 IFN and Mx 

protein (Das et al., 2009; Eaton, 1990; Jensen & Robertsen, 2002; Lockhart et al., 2004a; Nygaard 

et al., 2000). Also, poly (I:C) induced ifnγ in O. mykiss (Zou et al., 2005), ifnγ, type I IFN and Mx 

transcripts in S. salar in vitro and in vivo (Arnemo et al., 2014; Strandskog et al., 2011; Thim et 

al., 2012). Type 1 IFNs play an important role in vertebrate viral defence (Espert et al., 2003); 

including in fish (Caipang et al., 2003; Ellis, 2001). These results suggest that the antiviral state 

was induced by poly (I:C) administration in O. tshawytscha.    

Expression levels for anti-inflammatory il-10, Mx1, ifnγ and il-1β significantly peaked at 

day one, two and four, respectively, post-challenge in HK. In SP tissue, il-10 and il-6 significantly 

peaked at day one, while Mx1 protein significantly peaked at day two. In both samples, expression 

levels appeared to return to baseline levels by day five. The observed trends for Mx1 expression 

in HK and SP are consistent with results from S. salar where poly (I:C) induced high Mx protein 

expression from day one to three (Robertsen et al., 1997), followed by reduction to undetectable 

levels by day nine (Salinas et al., 2004). Elevated levels of Mx protein have also been reported at 

14 days post-stimulation (Jensen, et al., 2002b), while a biphasic response with high Mx 

expression on day two to six, low levels from day eight to 12 and undetectable expression over 

the third week were observed in S. salar (Lockhart et al., 2004a).  

Furthermore, strong up-regulation of anti-inflammatory mRNA il-10 in the treated fish HK 

and SP is in line to suppress the effect of pro-inflammatory cytokines at transcriptional level to 

avoid cellular damage (Aste-Amezaga et al., 1998). This is evident in the current study as high 

expression levels for il-10 compared with il-1β in both samples at day one to three, accompanied 

with an apparent increase in il-1β at day three to five, when il-10 levels appeared to return to 

baseline levels. A similar trend is observed for il-6 and tnf-α in both organs although the trend 
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appeared more pronounced in HK than in SP. Administered in vivo, poly (I:C) induced il-10 and 

il-1β in Atlantic cod (Gadus morhua) (Seppola et al., 2008). In addition, upregulated il-1β 

transcripts in HK is related to enhanced mitochondrial ROS production at that time point, as 

reported in higher vertebrates (Shi et al., 2018). In general, poly (I:C) in vivo induced antiviral 

ifnγ and Mx1 transcripts, and anti-inflammatory il-10 in fish organs signifying its importance as 

an immunostimulant in enhancing O. tshawytscha adaptive immunity in vivo. Early production 

of pro-inflammatory cytokines in fish HK is commensurate with timely results for BCAAs 

metabolism and protein biosynthesis, “aerobic glycolysis”, altered Citric acid cycle metabolism, 

enhanced ROS production and phospholipid metabolism, as previously reported in activated 

macrophages (O’Neill & Pearce, 2016). It should however be noted that O. tshawytscha genome 

duplication occurred in an ancestral chinook over 90 million years ago (Christensen et al., 2018). 

Thus, majority of O. tshawytscha genes have paralogous sequences, which have not yet been 

sequenced, and this could have affected the gene results obtained in this study. Interestingly, gene 

sequence work for this species is in progress in a different laboratory, and will greatly improve 

accuracy of results in future studies. 

7.5.1 Conclusions and recommendations  

Conclusively, the current study provides insights and enhance our understanding of poly 

(I:C) in vivo immuno-metabolic modulation in O. tshawytscha. Poly (I:C) significantly enhanced 

fish peripheral blood innate immune cellular migration of thrombocytes, monocyte and 

neutrophils post-challenge. In addition, cellular PBMC ROS production was enhanced from day 

one to four, post-poly (I:C) stimulation. Enhanced cellular migration and/or proliferation and 

consequent ROS production at day one reflects poly (I:C) induced immune stimulation, which 

corresponds to a dramatic decrease for liver and serum metabolites involved in glycolysis, 

accumulation of metabolites involved in BCAA metabolism and protein biosynthesis, Citric acid 

cycle regulation. Meanwhile, liver metabolites involved in ROS regulation were perturbed and 

those involved in phospholipid metabolism were differentially altered. Poly (I:C) also upregulated 

antiviral ifnγ and Mx1 protein and the corresponding regulatory il-10 transcript in HK and SP 

samples, which normalised by day five. These results revealed that poly (I:C) in vivo induced 

immune responses at cellular, metabolic, and molecular levels in teleost O. tshawytscha. Findings 

provide potential for design of amelioration strategies against future viral pathogens via 

metabolome-reprograming. Further studies are recommended to gain a deeper understanding of 

poly (I: C) induced effects on the identified and postulated biochemical pathways.  

  



Chapter 7. Case Study 4 

159 
 

7.6 Appendices 
Table 7.5S List of liver raw features identified by gas chromatography-mass spectrometry (GC-MS) analysis following in vivo i.p. injection administration with 2.5 µL g-1 fish of poly 
(I:C). Data come from three control (Day 0: D0) and three treatment fish (F1-F3) each day (D1-D5) post-poly (I:C) administration. 

Number 
Metabolite 

AMDIS 
% Ref.Ion Ret.Time F1D0 F2D0 F3D0 F1D1 F2D1 F3D1 F1D2 F2D2 F3D2 F1D3 F2D3 F3D3 F1D4 F2D4 F3D4 F1D5 F2D5 F3D5 

1. 1-Monopalmitin 85 371 31.773 0.001 0.002 0.001  0.001 0.004  0.003   0.003 0.002 0.002 0.001 0.002 0.001 0.002 0.003 
2. Mannitol 100 319 20 - 20.12 0.001 0.001 0.001 0.001    0.000 0.001  0.001 0.000 0.000  0.000 0.001 0.000  
3. Pantothenic acid 73 73 23.431 0.005 0.005 0.006 0.003 0.006 0.003 0.002 0.011 0.005 0.009 0.004 0.003 0.003 0.006 0.002 0.003 0.003 0.005 
4. Doconexent 82 73 31.66 0.003 0.004 0.002 0.003 0.003 0.004 0.002 0.005 0.004 0.015 0.005 0.003 0.003 0.005 0.006 0.004 0.004 0.006 
5. Sorbose 82 73 19.2 - 19.25 0.005 0.007 0.006 0.003 0.003 0.005 0.005 0.005 0.004 0.012 0.005 0.004 0.002 0.006 0.003 0.004 0.006 0.007 
6. 4-Hydroxybutanoic acid 82 147 10.9 - 10.95 0.006 0.004 0.001 0.004 0.008 0.002 0.004 0.009 0.004 0.015 0.004 0.002 0.007 0.010 0.003 0.005 0.004 0.014 
7. D-Glucitol 83 319 23.632 0.004 0.010 0.012 0.003 0.004 0.003 0.002 0.005 0.007  0.003 0.004 0.002 0.005 0.004 0.002 0.005 0.005 
8. Oleic Acid 95 117 25.05- 25.15 0.005 0.005 0.006 0.008 0.004 0.006 0.005 0.031  0.010 0.005 0.011 0.027 0.015 0.030 0.021 0.030 0.014 
9. 2-methyl-3-oxo-3-[(2-oxo-2-

trimethylsilyloxyethyl)-
trimethylsilylamino]propanoic acid 85 147 9.59 0.008 0.003 0.002 0.017 0.019 0.005 0.013 0.003 0.005 0.026 0.008 0.006 0.012 0.017 0.004 0.005 0.003 0.014 

10. Scyllo-Inositol 80 73 22.05 - 22.11 0.005 0.006 0.006 0.003 0.006 0.003 0.003 0.004 0.007 0.007 0.003 0.004 0.004 0.005 0.011 0.004 0.003 0.005 
11. D-Xylose 83 73 16 - 16.1 0.007 0.006 0.003 0.005 0.003 0.004 0.004 0.003 0.009 0.020 0.005 0.003 0.004 0.005 0.003 0.004 0.003 0.009 
12. Galactitol 66 73 20.061 0.005 0.011 0.002 0.003 0.010 0.003 0.003 0.020 0.010 0.017 0.005 0.004 0.006 0.009 0.002 0.004 0.003 0.009 
13. Phosphorylethanolamine 86 299 19.366 0.005 0.003 0.005 0.006 0.005 0.004 0.008 0.006 0.002  0.008 0.008 0.019 0.018 0.014 0.014 0.010 0.011 
14. 11-Octadecenoic acid 85 339 25.114 0.004 0.007 0.007 0.006 0.004 0.005 0.004 0.033 0.002  0.007 0.011 0.030 0.019 0.030 0.023 0.032 0.016 
15. Uracil 86 241 12.606 0.005 0.004 0.005 0.008 0.008 0.004 0.007 0.008 0.005  0.004 0.011 0.015 0.008 0.010 0.010 0.005 0.015 
16. D-Galactose 90 73 19.59 - 19.7 0.010 0.019 0.013 0.003 0.002 0.005 0.004 0.006 0.008 0.012 0.006 0.004 0.002 0.006 0.005 0.005 0.006 0.010 
17. Cermizine C TFA salt 81 152 6.868 0.009 0.009 0.005 0.003 0.006 0.011 0.004 0.010 0.009 0.012 0.004 0.005 0.009 0.015 0.007 0.010 0.011 0.009 
18. D-Maltose 88 361 33.959 0.006 0.018 0.027 0.005 0.004 0.005 0.009 0.010 0.001 0.008 0.003 0.023 0.004 0.007 0.008 0.004 0.011 0.006 
19. Octadeca-9,12-diynoic acid 74 75 28.159 0.005 0.006 0.003 0.005 0.005 0.006 0.004 0.003 0.007 0.032 0.005 0.003 0.005 0.009 0.006 0.005 0.005 0.008 
20. D-Gluconic acid 83 73 20.93 - 21.05 0.015 0.023 0.023 0.010 0.008 0.016 0.012 0.027 0.020 0.039 0.013 0.015 0.010 0.029 0.025 0.018 0.027 0.029 
21. D-Fructose 89 73 19.1 - 19.2 0.007 0.014 0.014 0.002 0.002 0.004 0.004 0.009 0.012 0.025 0.006 0.005 0.002 0.007 0.006 0.007 0.006 0.009 
22. 3-Aminoisobutyric acid 82 174 13.874 0.004 0.006 0.004 0.011 0.005 0.013 0.018 0.007 0.006 0.031 0.013 0.012 0.006 0.021 0.001 0.011 0.004 0.012 
23. Inosine 84 73 33.905 0.010 0.017 0.026 0.006 0.006 0.005 0.010 0.012 0.007 0.025 0.006 0.019 0.015 0.012 0.032 0.012 0.022 0.019 
24. Acetylcarnitine 83 73 20.93 - 21.05 0.009 0.010 0.011 0.003 0.004 0.007 0.011 0.013 0.010 0.023 0.010 0.008 0.018 0.014 0.018 0.017 0.008 0.020 
25. 2-Ketoglutaric acid 75 73 20.923 0.018 0.016 0.019 0.005 0.004 0.013 0.016 0.017 0.018 0.023 0.014 0.011 0.025 0.021 0.031 0.025 0.013 0.027 
26. 1,6-Methanocycloprop[a]indene, 1,1a,6,6a-

tetrahydro-6a-methoxy-7,7-dimethyl- 76 185 10.69 0.004 0.009 0.003 0.004 0.003 0.005 0.007 0.008 0.005 0.018 0.005 0.003 0.004 0.014 0.010 0.016 0.012 0.015 
27. .alpha-L-Galactopyranose, 6-deoxy-

1,2,3,4-tetrakis-O-(trimethylsilyl)- 85 73 21.6 - 21.65 0.037 0.043 0.044 0.004 0.005 0.014 0.007 0.018 0.019 0.019 0.011 0.010 0.006 0.007 0.014 0.008 0.019 0.022 
28. 6-Benzo[c] thiochromenethione 76 228 12.526 0.010 0.009 0.006 0.007 0.011 0.013 0.009 0.020 0.010 0.021 0.009 0.007 0.011 0.026 0.019 0.021 0.022 0.016 
29. Arabinose 88 73 16.16 - 16.2 0.010 0.016 0.007 0.009 0.014 0.012 0.009 0.020 0.014 0.045 0.012 0.011 0.010 0.022 0.009 0.011 0.012 0.018 
30. 1-(3-Methylbutyl)-2,3,4,6-

tetramethylbenzene 86 147 8.732 0.014 0.012 0.004 0.016 0.019 0.010 0.009 0.023 0.010 0.027 0.009 0.008 0.013 0.035 0.013 0.021 0.013 0.025 
31. Urea 88 147 13.225 0.012 0.012 0.015 0.043 0.033 0.029 0.036 0.025 0.018 0.018 0.007 0.022 0.016 0.009 0.024 0.012 0.016 0.016 
32. 4-Aminobutanoic acid 86 174 14.862 0.014 0.010 0.008 0.016 0.013 0.016 0.038 0.012 0.011 0.024 0.050 0.018 0.003 0.026 0.001 0.021 0.005 0.017 
33. D-Talo-hexose 94 204 21.631 0.060 0.076 0.068 0.004 0.003 0.018 0.013 0.029 0.029 0.028 0.015 0.015 0.007 0.013 0.022 0.014 0.032 0.033 
34. .alpha.-D-Galactoside, methyl tetrakis-O-

(trimethylsilyl)- 69 73 22.48 0.051 0.066 0.080 0.004 0.006 0.020 0.016 0.037 0.023 0.030 0.018 0.027 0.010 0.016 0.021 0.015 0.032 0.036 
35. Myo-Inositol 77 73 23.191 0.030 0.044 0.048 0.033 0.081 0.019 0.038 0.035 0.039 0.072 0.052 0.054 0.113 0.048 0.326 0.048 0.049 0.072 
36. alpha-D-Mannose 86 319 19.4 - 19.58 0.032 0.068 0.097 0.008 0.007 0.015 0.027 0.060 0.044 0.032 0.013 0.037 0.010 0.016 0.045 0.016 0.040 0.039 
37. dimethyl-trimethylsilyl-undec-10-

enoxysilane 69 147 9.819 0.017 0.025 0.011 0.027 0.037 0.025 0.021 0.054 0.016 0.027 0.019 0.019 0.038 0.041 0.034 0.036 0.043 0.042 
38. 6-aminohexanoic acid  73 174 10.721 0.053 0.043 0.040 0.082 0.064 0.020 0.047 0.026 0.050 0.042 0.033 0.039 0.043 0.077 0.011 0.053 0.038 0.065 
39. 2-Aminobutanoic acid 90 130 9.679 0.011 0.015 0.013 0.023 0.029 0.044 0.077 0.035 0.036 0.070 0.056 0.062 0.019 0.022 0.019 0.026 0.037 0.044 
40. D-Ribose 78 73 16.3 - 16.35 0.032 0.027 0.061 0.030 0.020 0.098 0.128 0.146 0.038 0.089 0.033 0.032 0.046 0.056 0.022 0.019 0.030 0.035 
41. Phosphoric acid 94 241 11.237 0.118 0.139 0.267 0.077 0.024 0.040 0.132 0.115 0.110 0.094 0.050 0.105 0.059 0.058 0.133 0.092 0.080 0.106 
42. L-5-Oxoproline 96 156 16.137 0.132 0.230 0.159 0.084 0.136 0.117 0.077 1.104 0.086 0.084 0.092 0.277 0.459 0.212 0.353 0.167 0.325 0.160 
43. Trimethylsilyl 2-[(trimethylsilyl)amino]-6-

[(trimethylsilyl)oxy]hexanoate 82 73 16.36 - 16.4 0.238 0.097 0.575 0.064 0.006 0.315 0.243 0.189 0.139 0.067 0.185 0.332 0.059 0.016 0.336 0.325 0.435 0.115 
44. Glycerol  99 147 11.035 0.131 0.120 0.096 0.021    0.074 0.137 0.170  0.048 0.063 0.114 0.043 0.091 0.094 0.165 
45. Silanol, trimethyl-, phosphate (3:1) 86 73 12.319 0.341 0.300 0.422 0.277 0.151 0.233 0.387 0.523 0.319 0.342 0.290 0.396 0.547 0.371 0.499 0.494 0.529 0.447 
46. D-Glucose 99 319 19.7 - 19.85 2.161 3.325 2.152 0.077 0.054 0.835 0.587 1.165 1.081 0.506 0.771 1.025 0.316 0.232 0.693 0.454 1.246 1.241 
47. Phosphate 100 299 12.323 1.371 1.332 1.651 1.281 0.614 0.991 1.560 2.010 1.266 1.132 1.188 1.752 2.377 1.613 1.738 1.989 2.252 1.728 
48. Alanine 95 102 11.32 0.134 0.240 0.177 0.257 0.263 0.231 0.152 0.107 0.169 0.288 0.097 0.093 0.088 0.119 0.145 0.057 0.053 0.135 
49. Glutamic acid 100 174 18.4 - 18.6 0.072 0.111 0.087 0.067 0.059 0.108 0.086 0.083 0.090 0.121 0.078 0.070 0.059 0.059 0.084 0.062 0.068 0.082 
50. Palmitic acid 99 74 22.021 0.044 0.084 0.064 0.113 0.090 0.097 0.092 0.071 0.067 0.118 0.054 0.060 0.080 0.079 0.066 0.049 0.056 0.073 
51. Docosahexaenoic acid 99 79 30.164 0.039 0.068 0.048 0.080 0.067 0.073 0.068 0.051 0.061 0.083 0.046 0.042 0.055 0.056 0.053 0.039 0.043 0.053 
52. Aspartic acid 99 160 16.568 0.040 0.060 0.046 0.045 0.040 0.079 0.056 0.042 0.040 0.116 0.049 0.045 0.040 0.039 0.067 0.032 0.032 0.050 
53. Glycine 100 88 11.668 0.024 0.036 0.033 0.087 0.091 0.090 0.079 0.061 0.051 0.106 0.073 0.050 0.057 0.069 0.061 0.041 0.046 0.056 
54. Stearic acid 98 74 24.533 0.021 0.046 0.031 0.063 0.050 0.050 0.055 0.041 0.036 0.070 0.039 0.035 0.046 0.046 0.036 0.030 0.027 0.040 
55. Lactic acid 100 103 9.442 0.036 0.055 0.050 0.071 0.065 0.046 0.033 0.030 0.039 0.057 0.032 0.027 0.040 0.031 0.032 0.017 0.013 0.038 
56. Proline 98 128 15.27 0.012 0.026 0.020 0.054 0.062 0.054 0.017 0.026 0.022 0.055 0.026 0.027 0.027 0.025 0.022 0.011 0.013 0.020 
57. Valine 100 130 13 - 13.05 0.019 0.026 0.024 0.076 0.083 0.045 0.053 0.034 0.028 0.067 0.042 0.039 0.051 0.034 0.035 0.023 0.018 0.024 
58. Leucine 100 144 14.25 - 14.31 0.017 0.026 0.019 0.061 0.068 0.041 0.042 0.028 0.027 0.061 0.034 0.032 0.043 0.027 0.029 0.018 0.016 0.020 
59. Threonine 98 115 15.8 - 15.9 0.015 0.021 0.016 0.037 0.021 0.028 0.022 0.013 0.027 0.022 0.017 0.026 0.015 0.014 0.010 0.007 0.012 0.018 
60. Eicosapentaenoic acid 93 79 27.277 0.012 0.021 0.018 0.026 0.021 0.024 0.022 0.016 0.016 0.030 0.013 0.010 0.023 0.020 0.020 0.013 0.015 0.022 
61. Succinic acid 95 115 9.273 0.032 0.035 0.025 0.003 0.001 0.026 0.008 0.018 0.017 0.017 0.016 0.009 0.005 0.005 0.008 0.008 0.013 0.018 
62. Cystathionine 97 160 35.65 - 35.95 0.001 0.004 0.001 0.016 0.006 0.032 0.026 0.007 0.017 0.025 0.004 0.005 0.005 0.011 0.003 0.001 0.001 0.004 
63. Linoleic acid 94 67 24.39 - 24.45 0.011 0.015 0.013 0.023 0.018 0.019 0.019 0.018 0.015 0.028 0.014 0.011 0.020 0.023 0.016 0.015 0.014 0.020 
64. Lysine 92 142 26.721 0.012 0.022 0.013 0.046 0.051 0.019 0.023 0.020 0.015 0.025 0.024 0.026 0.030 0.024 0.020 0.016 0.014 0.023 
65. Arachidonic acid 99 79 26.969 0.006 0.013 0.009 0.018 0.014 0.014 0.013 0.011 0.010 0.020 0.009 0.009 0.014 0.012 0.013 0.007 0.008 0.012 
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Number 
Metabolite 

AMDIS 
% Ref.Ion Ret.Time F1D0 F2D0 F3D0 F1D1 F2D1 F3D1 F1D2 F2D2 F3D2 F1D3 F2D3 F3D3 F1D4 F2D4 F3D4 F1D5 F2D5 F3D5 

66. Trans-Vaccenic acid 100 55 24.3 - 24.325 0.008 0.014 0.010 0.013 0.012 0.013 0.011 0.010 0.013 0.014 0.011 0.011 0.010 0.011 0.011 0.009 0.008 0.010 
67. Myristic acid 99 74 18.054 0.008 0.011 0.010 0.016 0.012 0.013 0.017 0.009 0.009 0.016 0.008 0.006 0.011 0.016 0.009 0.009 0.007 0.014 
68. Unknown  149(100) 167(32.8) 57(17.4) 100 149 32.538 0.005 0.009 0.006 0.009 0.009 0.009 0.008 0.006 0.008 0.011 0.005 0.007 0.006 0.006 0.007 0.005 0.005 0.006 
69. Malic acid 98 75 15.362 0.015 0.020 0.017 0.009 0.005 0.020 0.009 0.013 0.016 0.016 0.014 0.010 0.006 0.007 0.009 0.007 0.013 0.015 
70. Glutathione 95 142 19.236 0.010 0.015 0.011 0.006 0.004 0.014 0.008 0.012 0.012 0.014 0.012 0.008 0.006 0.006 0.011 0.008 0.007 0.011 
71. Pyroglutamic acid 83 84 16.652 0.016 0.014 0.014 0.007 0.006 0.025 0.011 0.015 0.018 0.025 0.016 0.009 0.008 0.008 0.013 0.010 0.009 0.011 
72. Docosapentaenoic acid 94 79 30.24 - 30.3 0.005 0.009 0.006 0.010 0.008 0.012 0.009 0.008 0.008 0.013 0.007 0.004 0.008 0.009 0.007 0.005 0.004 0.009 
73. (Z)-Docos-13-enamide 75 59 41.045 0.007 0.012 0.007 0.013 0.014 0.013 0.012 0.010 0.012 0.015 0.009 0.010 0.013 0.011 0.012 0.009 0.011 0.011 
74. Beta-Alanine 99 88 12.9 - 12.98 0.003 0.005 0.004 0.011 0.010 0.025 0.014 0.011 0.005 0.055 0.015 0.010 0.012 0.022 0.007 0.004 0.004 0.006 
75. Citramalic acid 100 128 10.914 0.003 0.006 0.004 0.006 0.006 0.006 0.005 0.003 0.005 0.007 0.003 0.004 0.003 0.003 0.004 0.002 0.003 0.004 
76. 2-Aminobutyric acid 97 116 12.426 0.005 0.010 0.005 0.012 0.018 0.024 0.029 0.019 0.013 0.047 0.028 0.027 0.013 0.014 0.010 0.009 0.015 0.021 
77. Fumaric acid 93 113 9.415 0.007 0.010 0.007 0.005 0.003 0.008 0.005 0.005 0.008 0.007 0.007 0.003 0.003 0.003 0.004 0.004 0.005 0.006 
78. Isoleucine 100 115 14.31 - 14.37 0.004 0.006 0.005 0.017 0.018 0.010 0.011 0.008 0.007 0.015 0.009 0.008 0.011 0.007 0.007 0.004 0.004 0.005 
79. Unknown  160(100) 59(43.4) 116(22.7) 94 160 14.915 0.003 0.006 0.004 0.006 0.006 0.006 0.003 0.002 0.003 0.007 0.002 0.002 0.001 0.002 0.003 0.001 0.001 0.002 
80. Tyrosine 100 236 29.048 0.003 0.006 0.004 0.015 0.023 0.007 0.011 0.004 0.004 0.014 0.006 0.004 0.010 0.012 0.006 0.003 0.003 0.004 
81. Serine 98 100 17.653 0.002 0.005 0.004 0.009 0.007 0.008 0.005 0.004 0.004 0.013 0.006 0.007 0.005 0.006 0.005 0.003 0.005 0.006 
82. Ornithine 96 128 25.114 0.003 0.005 0.004 0.023 0.025 0.003 0.004 0.002 0.002 0.006 0.002 0.002 0.003 0.004 0.003 0.001 0.002 0.002 
83. Phenylalanine 100 162 20.401 0.002 0.004 0.003 0.009 0.018 0.005 0.005 0.003 0.003 0.006 0.004 0.003 0.006 0.005 0.005 0.003 0.002 0.004 
84. Unknown  113(100) 85(48.1) 59(21.2) 100 113 8.853 0.004 0.006 0.004 0.003 0.002 0.005 0.002 0.003 0.004 0.004 0.004 0.001 0.002 0.001 0.002 0.002 0.003 0.004 
85. Unknown  082(100) 142(56.8) 110(42.6) 94 82 15.15 - 15.2 0.002 0.004 0.004 0.002 0.001 0.003 0.003 0.004 0.003 0.005 0.003 0.002 0.002 0.002 0.004 0.002 0.002 0.003 
86. Palmitelaidic acid 99 55 21.686 0.003 0.004 0.003 0.005 0.005 0.005 0.005 0.004 0.004 0.007 0.003 0.003 0.004 0.006 0.004 0.003 0.003 0.005 
87. Heptadecanoic acid 96 74 23.37 0.002 0.004 0.002 0.005 0.004 0.004 0.004 0.003 0.003 0.006 0.003 0.002 0.004 0.004 0.003 0.002 0.002 0.003 
88. DL-3-Aminoisobutyric acid 96 88 13.311 0.000 0.001 0.001 0.002 0.001 0.002 0.003 0.001 0.001 0.005 0.003 0.002 0.002 0.002 0.001 0.001 0.002 0.002 
89. Cholesterol 81 386 44.185 0.002 0.004 0.003 0.009 0.009 0.004 0.007 0.004 0.002 0.009 0.004 0.005 0.007 0.004 0.004 0.002 0.003 0.004 
90. Alpha-Linolenic acid 78 79 24.45 - 24.525 0.002 0.003 0.003 0.004 0.003 0.005 0.003 0.004 0.003 0.005 0.002 0.001 0.003 0.004 0.003 0.003 0.004 0.004 
91. Tryptophan 97 130 34.038 0.001 0.002 0.001 0.005 0.011 0.003 0.004 0.002 0.003 0.004 0.003 0.002 0.004 0.004 0.003 0.001 0.001 0.002 
92. Gamma-Linolenic acid 90 79 24.57 - 24.64 0.002 0.002 0.002 0.003 0.002 0.005 0.003 0.004 0.003 0.004 0.003 0.002 0.003 0.006 0.003 0.004 0.002 0.005 
93. Unknown  115(100) 118(95.4) 86(69.3) 98 115 15.92 - 16 0.001 0.002 0.002 0.005 0.003 0.003 0.002 0.001 0.002 0.004 0.002 0.003 0.002 0.002 0.002 0.001 0.002 0.003 
94. Histidine 85 139 27.649 0.002 0.003 0.002 0.001 0.001 0.002 0.001 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 
95. Citric acid 97 143 16.603 0.003 0.003 0.003 0.016 0.016 0.003 0.004 0.004 0.003 0.004 0.004 0.004 0.019 0.013 0.005 0.006 0.003 0.005 
96. Asparagine 95 127 16.795 0.002 0.003 0.005 0.004 0.003 0.012 0.008 0.007 0.006 0.012 0.006 0.007 0.005 0.004 0.007 0.003 0.005 0.004 
97. Unknown   070(100) 42(28.5)   69(8.0) 90 70 7.137 0.001 0.002 0.001 0.002 0.002 0.001 0.001 0.001 0.001 0.002 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 
98. Unknown  114(100) 59(61.6) 146(33.7) 94 114 17.271 0.001 0.002 0.001 0.003 0.002 0.003 0.002 0.001 0.002 0.002 0.002 0.003 0.001 0.001 0.001 0.001 0.001 0.002 
99. Unknown  201(100) 117(89.6) 119(86.2) 99 201 8.483 0.001 0.002 0.001 0.002 0.001 0.001 0.002 0.001 0.002 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.001 
100. Pentadecanoic acid 88 74 19.708 0.001 0.002 0.001 0.003 0.002 0.002 0.003 0.002 0.001 0.003 0.001 0.001 0.002 0.002 0.002 0.001 0.001 0.002 
101. 2-Aminoadipic acid 96 114 20.455 0.001 0.003 0.000 0.007 0.005 0.007 0.009 0.002 0.002 0.007 0.004 0.003 0.002 0.004 0.001 0.002 0.001 0.003 
102. Putrescine 98 88 22.22 0.002 0.003 0.001 0.004 0.004 0.004 0.006 0.005 0.002 0.003 0.006 0.005 0.005 0.005 0.005 0.004 0.002 0.008 
103. Dimethyl 2-aminomalonate hydrochloride 90 146 14.914 0.001 0.001 0.001 0.003 0.003 0.003 0.002 0.002 0.001 0.003 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.002 
104. Vitamin E 82 430 44.377 0.000 0.001 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
105. Unknown  074(100) 46(21.3) 59(0.97) 95 74 7.093 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
106. Unknown  156(100) 96(36.6) 128(31.0) 65 156 20.46 0.000 0.002 0.000 0.005 0.004 0.005 0.006 0.002 0.001 0.005 0.003 0.002 0.001 0.003 0.001 0.001 0.001 0.002 
107. 4-Aminobutyric acid 97 102 15.05 - 15.12 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.001 0.003 0.004 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
108. Unknown  081(100) 136(51.6) 152(42.5) 78 81 25.938 0.001 0.001 0.001 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.001 0.001 
109. Methionine 99 147 18.543 0.001 0.001 0.001 0.006 0.006 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.002 0.002 0.001 0.001 0.001 0.001 
110. Dihomo-gamma-Linolenic acid 85 79 27.15 - 27.2 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
111. Oxalic acid 82 59 6.236 0.001 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.000 0.001 
112. Cysteine 96 192 20.548 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 
113. Citraconic acid 67 127 10.789 0.000 0.000 0.000 0.001 0.000 0.002 0.001 0.000 0.001 0.002 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
114. (E)-heptadec-10-enoic acid 73 55 22.91 - 22.97 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.000 0.001 
115. Cis-4-Hydroxyproline 83 144 20.324 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
116. Adrenic acid 79 79 29.95 - 30.04 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 
117. Conjugated linoleic acid 72 67 24.22 - 24.3 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 
118. Dodecane 87 57 9.858 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
119. Creatinine 98 202 16.95 - 17 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 
120. 9E-heptadecenoic acid 94 55 23.223 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.001 
121. (11Z,14Z,17Z)-Eicosa-11,14,17-trienoic

acid 72 79 27.484 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.001 
122. 11,14-Eicosadienoic acid 71 67 27.34 - 27.37 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.001 
123. Unknown  128(100) 42(10.5) 129(6.8) 85 128 21.257 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
124. Unknown  059(100) 73(69.3) 77(45.8) 72 59 19.02 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.001 
125. Unknown  086(100)   59(56.6) 128(39.3) 96 86 13.445 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
126. 4-Methyl-2-oxopentanoic acid 86 85 8.1 - 8.155 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
127. Unknown  232(100) 128(72.0) 156(51.0) 95 232 22.631 0.001 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
128. 2-Hydroxybutyric acid 98 117 10.65 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.001 
129. Glutamine 82 84 25.16 - 25.25 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.001 0.001 
130. Tridecane 71 57 12.847 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
131. Unknown 045(100) 59(89.0)  74(67.8) 95 45 9.157 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
132. 2-Oxoglutaric acid 73 115 15.464 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
133. Nicotinic acid 95 137 11.046 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
134. Dodecanoic acid 74 74 15.49 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
135. Unknown  091(100) 106(54.7) 105(21.8) 93 91 5.9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
136. N-PENTADECANE 75 57 15.537 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
137. Nonadecanoic acid 66 74 25.864 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
138. Caproic acid 76 74 6.506 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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139. Unknown  088(100) 44(30.3) 59(19.6) 85 88 23.616 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
140. Caprylic acid 78 74 9.7 - 9.75 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
141. NADPH 84 138 11.08 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
142. Unknown  142(100) 153(51.8) 59(22.0) 91 142 22.393 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
143. Arachidic acid 74 74 27.515 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
144. Unknown  142(100) 59(19.9) 141(17.0) 86 142 29.512 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
145. Guanine 90 307 27.934 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
146. Unknown  059(100) 148(44.7) 43(33.8) 74 59 23.209 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
147. Unknown  074(100) 87(68.8) 55(33.1) 70 74 19.024 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
148. Unknown  102(100) 58(0.86) 59(0.75) 67 102 23.302 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
149. Unknown  249(100) 57(31.8) 264(22.9) 92 249 17.801 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
150. Unknown  125(100) 184(90.5) 96(54.3) 93 125 22.747 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
151. 1-Aminocyclopropanecarboxylic acid 74 141 13.676 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
152. Benzoic acid 83 105 9.896 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
153. Unknown  056(100) 59(24.8) 115(10.8) 80 56 7.195 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
154. Dehydroascorbic acid 72 59 15.785 - 15.82 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
155. Unknown  112(100) 43(60.3) 115(49.2) 90 112 10.717 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
156. Unknown  114(100) 59(15.3) 82(14.4) 94 114 12.367 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
157. n-Heptadecane 100 57 16.786 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
158. Glyoxylic acid 86 75 11.4 - 11.45 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
159. Cis-Aconitic acid 95 153 15.752 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
160. alpha-Hydroxyglutarate 70 85 14.55 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
161. Unknown  135(100) 180(28.0) 77(19.9) 84 135 16.124 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
162. Salicylic acid 96 135 17.078 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
163. Unknown  082(100) 153(90.1) 56(65.2) 84 82 18.127 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
164. Unknown  071(100) 57(94.4) 85(72.9) 74 71 14.111 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
165. Pyruvic acid 77 89 7.568 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
166. n-Tricosane 100 57 25.78 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
167. Nervonic acid 71 55 33.926 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
168. Unknown  128(100) 139(21.1) 42(19.1) 84 128 19.879 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
169. Unknown  115(100) 100(70.4) 56(60.1) 79 115 8.223 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
170. Beta-Citryl-L-glutamic acid 76 143 32.181 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
171. Unknown  115(100) 59(65.5) 189(50.1) 84 115 19.76 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
172. Decanoic acid 72 74 12.756 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
173. Unknown  131(100) 71(89.6) 103(88.8) 71 131 17.25 - 17.32 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
174. Adipic acid 78 114 12.621 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
175. 2-Oxobutyric acid 75 57 6.086 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
176. Unknown  102(100) 103(26.6) 44(19.0) 77 102 21.265 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
177. Unknown  114(100) 147(31.9) 115(27.2) 76 114 23.156 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
178. Unknown  043(100) 59(16.5) 74(15.0) 65 43 7.161 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
179. Unknown  071(100) 57(92.3) 43(75.3) 80 71 24.09 - 24.15 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
180. Unknown  059(100) 81(40.5) 91(34.4) 69 59 37.649 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
181. Homocysteine 70 114 23.59 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
182. Unknown  088(100) 57(53.2) 59(45.8) 90 88 7.436 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
183. Unknown  119(100) 147(96.0) 101(53.9) 67 119 17.64 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
184. 2-Oxovaleric acid 70 71 6.544 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
185. S-Adenosylhomocysteine 81 147 17.3 - 17.35 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
186. Glutaric acid 91 100 9.674 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.002 0.001 0.001 0.000 0.001 
187. 2-methyl-octadecanoic acid 78 88 25.357 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
188. Glyceric acid 66 119 13.977 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
189. Isocitric acid 78 129 21.444 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
190. Malonic acid 93 101 7.65 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
191. Lignoceric acid 68 74 34.256 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
192. Nicotinamide 86 57 7.45   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
193. N-Acetylglutamic acid 68 116 19.519 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
194. Nonacosane 94 57 36.482 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
195. Itaconic acid 90 127 10.402 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
196. Azelaic acid 76 185 16.72 - 16.77 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
197. 3-Methyl-2-oxopentanoic acid 81 57 8.016 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
198. 2-Hydroxyisobutyric acid 72 73 9.366 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
199. 4-Hydroxyphenylacetic acid 79 121 19.409 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
200. Trans-4-Hydroxyproline 67 216 17.673 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
201. Unknown  198(100) 138(61.7) 166(40.8) 84 198 21.159 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
202. Unknown  126(100) 127(46.7) 59(33.2) 94 126 10.213 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
203. Ferulic acid 69 222 26.77 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
204. Unknown  101(100) 119(80.5+A87:A212) 

74(35.3) 69 101 8.747 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000



Chapter 7. Case Study 4 

162 
 

Table 7.6S List of serum raw features identified by gas chromatography-mass spectrometry (GC-MS) analysis following in vivo i.p. injection administration with 2.5 µL g-1 fish of poly 
(I:C). Data come from three control (Day 0: D0) and three treatment fish (F1-F3) each day (D1-D5) post poly (I:C) administration. 

Number 
Metabolite 

AMDIS 
% Ref.Ion Ret.Time F1D0 F2D0 F3D0 F1D1 F2D1 F3D1 F1D2 F2D2 F3D2 F1D3 F2D3 F3D3 F1D4 F2D4 F3D4 F1D5 F2D5 F3D5 

1. D-Glucose 99 319 19.7 - 19.825 8.115 11.112 9.065 1.124 0.969 5.041 4.865 4.913 4.947 8.437 4.894 6.265 5.892 4.254 3.751 4.634 5.417 8.117 
2. 2-Amino-3-phenylpropanamide 66 120 8.336 6.447 6.184 6.591 4.859 1.718 1.067 4.104 8.048 7.600 7.473 5.135 6.239 5.848 9.252 4.781 6.553 7.648 8.621 
3. Phosphate 100 299 12.327 4.237 4.726 2.992 5.465 5.576 5.850 2.828 1.904 4.890 0.492 3.151 2.636 3.673 8.141 2.653 3.600 3.323 4.857 
4. Ethanolamine 82 174 12.657 1.888 1.043 1.557 0.894 1.548 0.344 0.530 0.104 0.162 0.049 0.099 0.172 0.071 0.221 0.163 0.207 0.367 0.184 
5. Urea 93 147 13.227 0.093 0.269 0.107 0.684 1.001 2.077 0.957 0.394 0.639 1.764 0.263 0.350 0.269 0.753 0.244 0.152 0.222 0.213 
6. Myo-Inositol 77 73 23.191 0.392 0.255 0.310 0.158 0.752 0.142 0.312 0.290 0.559 0.196 0.509 0.374 0.805 0.214 2.152 0.272 0.287 0.422 
7. Propanoic acid 94 147 9.586 0.979 0.819 0.891 0.935 0.656 0.495 0.542 0.919 0.869 0.724 0.504 0.650 0.546 0.900 0.643 0.782 1.196 0.839 
8. 2-(2-hydroxyethyl)-1-isoquinolinone 72 189 13.233 0.042 0.140 0.033 0.380 0.568 1.272 0.542 0.233 0.398 0.969 0.130 0.187 0.147 0.460 0.153 0.087 0.060 0.115 
9. Glycerol 97 147 11.034 0.478 0.385 0.545 1.007 0.396 0.372 0.336 0.293 0.439 0.381 0.299 0.356 0.380 0.720 0.228 0.424 0.412 0.400 
10. Beta-D-Glucopyranose 94 204 21.627 0.251 0.172 0.257 0.036 0.028 0.105 0.073 0.084 0.107 0.131 0.099 0.113 0.086 0.063 0.111 0.086 0.189 0.206 
11. Methyl 6-deoxy-beta-L-Galactopyranoside 68 204 22.484 0.231 0.433 0.272 0.054 0.062 0.236 0.184 0.166 0.122 0.308 0.153 0.206 0.237 0.158 0.163 0.162 0.252 0.246 
12. Putrescine 88 174 16.783 0.056 0.077 0.083 0.090 0.080 0.014 0.026 0.039 0.046 0.092 0.060 0.029 0.020 0.073 0.020 0.049 0.016 0.098 
13. D-Mannose 85 319 19.433 - 19.55 0.180 0.262 0.214 0.026 0.030 0.138 0.080 0.134 0.121 0.073 0.068 0.073 0.057 0.055 0.091 0.071 0.193 0.103 
14. Pyrimidin-2-yl trifluoromethanesulfonate 66 228 12.527 0.115 0.144 0.173 0.068 0.157 0.059 0.085 0.104 0.139 0.077 0.061 0.092 0.072 0.119 0.076 0.124 0.107 0.151 
15. Tert-Butylpentamethyldisiloxane 68 147 11.614 0.166 0.108 0.155 0.241 0.158 0.078 0.145 0.266 0.239 0.189 0.216 0.251 0.161 0.224 0.120 0.140 0.161 0.138 
16. 2-Aminobutanoic acid 87 130 9.68 0.189 0.155 0.139 0.246 0.262 0.074 0.238 0.223 0.186 0.179 0.390 0.400 0.251 0.664 0.136 0.267 0.299 0.401 
17. 2,2,8-Trimethyl-4,5-dihydro-2H-

cyclopenta[de]chromene 76 185 10.69 0.132 0.101 0.099 0.064 0.080 0.030 0.056 0.060 0.090 0.037 0.039 0.056 0.036 0.098 0.044 0.061 0.070 0.098 
18. Isopropanolamine 76 73 10.721 0.123 0.052 0.112 0.069 0.057 0.017 0.029 0.082 0.045 0.022 0.023 0.046 0.024 0.045 0.036 0.050 0.080 0.071 
19. 2-Butyne-1,4-diol 67 147 9.987 0.186 0.103 0.120 0.060 0.074 0.012 0.021 0.154 0.096 0.005 0.038 0.034 0.059 0.025 0.023 0.032 0.109 0.100 
20. D-Galactose 87 73 19.55 - 19.7 0.052 0.059 0.101 0.040 0.042 0.017 0.018 0.031 0.032 0.022 0.017 0.028 0.026 0.032 0.066 0.024 0.057 0.039 
21. 4-Hydroxybutanoic acid 82 147 10.9 - 10.96 0.098 0.073 0.086 0.057 0.056 0.022 0.027 0.066 0.074 0.010 0.030 0.033 0.028 0.049 0.027 0.040 0.123 0.057 
22. D-Ribose 80 73 16.3 - 16.364 0.053 0.023 0.053 0.079 0.066 0.016 0.014 0.022 0.025 0.013 0.018 0.017 0.017 0.024 0.054 0.020 0.045 0.050 
23. Scyllo-Inositol 80 73 22.05 - 22.1 0.059 0.031 0.043 0.022 0.058 0.010 0.022 0.029 0.055 0.023 0.028 0.028 0.044 0.019 0.139 0.018 0.047 0.030 
24. Raffinose 88 73 31.867 0.086 0.019 0.058 0.014 0.029 0.001 0.009 0.038 0.043 0.011 0.016 0.018 0.011 0.028 0.219 0.018 0.092 0.052 
25. L-5-Oxoproline 87 156 16.148 0.051 0.099 0.068 0.398 1.704 0.182 0.097 0.079 0.074 0.088 0.104 0.094 0.096 0.264 0.695 0.096 0.075 0.071 
26. Sucrose 73 361 31.8 - 32  0.018  0.011 0.024  0.002 0.052 0.057 0.011 0.018 0.021 0.010 0.039 0.249 0.012 0.037 0.049 
27. Arabinose 97 73 16.144 - 16.2 0.073 0.059 0.079 0.138 0.314 0.042 0.046 0.039 0.032 0.037 0.046 0.041 0.044 0.104 0.231 0.036 0.067 0.058 
28. D-Frutose 100 73 19.1 - 19.2 0.039 0.025 0.050 0.024 0.029 0.005 0.013 0.028 0.023 0.006 0.010 0.018 0.011 0.015 0.055 0.011 0.018 0.015 
29. 3-Aminoisobutyric acid 74 174 13.85 - 13.9 0.051 0.021 0.026 0.041 0.046 0.014 0.021 0.045 0.033 0.029 0.049 0.055 0.030 0.053 0.022 0.042 0.061 0.067 
30. 1,2,7,8-Tetrahydro-thiino[2,3-f]-(1)-

benzopyran-2,8-dione 74 174 14.866 0.079 0.046 0.086 0.015 0.026 0.086 0.006 0.030 0.029 0.032 0.035 0.029 0.014 0.020 0.037 0.026 0.044 0.072 
31. 1H-Indole-1-acetic acid 88 73 25.111 0.082 0.033 0.040 0.024 0.102 0.018 0.015 0.036 0.030 0.012 0.028 0.037 0.018 0.014 0.207 0.024 0.088 0.024 
32. D-Xylose 69 73 16 - 16.1 0.035 0.025 0.055 0.027 0.144 0.023 0.011 0.018 0.014 0.008 0.011 0.012 0.011 0.016 0.138 0.009 0.034 0.016 
33. beta-D-Arabinopyranose 69 217 14.2 - 14.25  0.010  0.015 0.011 0.009 0.007 0.019 0.017 0.011 0.016 0.020 0.014 0.024 0.020 0.010 0.016 0.017 
34. Alanine 95 102 11.32 0.505 0.596 0.490 1.605 2.461 0.488 0.294 0.264 0.463 0.421 0.374 0.378 0.385 0.844 0.580 0.214 0.140 0.470 
35. Glutamic acid 100 174 18.4 - 18.6 0.016 0.016 0.021 0.143 0.181 0.015 0.014 0.017 0.014 0.020 0.018 0.016 0.018 0.038 0.011 0.019 0.010 0.017 
36. Palmitic acid 99 74 22.021 0.820 0.459 0.707 0.245 0.519 0.337 0.273 0.560 0.528 0.390 0.581 0.597 0.258 0.076 0.476 0.531 0.496 0.377 
37. Docosahexaenoic acid 99 79 30.164 0.545 0.339 0.468 0.147 0.340 0.210 0.174 0.361 0.366 0.236 0.411 0.417 0.178 0.034 0.366 0.376 0.367 0.240 
38. Aspartic acid 99 160 16.568 0.006 0.006 0.005 0.068 0.087 0.010 0.006 0.005 0.005 0.010 0.008 0.006 0.005 0.014 0.003 0.006 0.003 0.005 
39. Glycine 100 88 11.668 0.130 0.130 0.122 0.468 0.631 0.098 0.105 0.092 0.138 0.083 0.186 0.226 0.104 0.263 0.128 0.141 0.112 0.192 
40. Stearic acid 98 74 24.533 0.282 0.142 0.211 0.081 0.173 0.088 0.077 0.161 0.147 0.105 0.188 0.172 0.079 0.026 0.136 0.162 0.124 0.101 
41. Lactic acid 100 103 9.442 0.558 0.448 0.773 0.867 1.118 0.354 0.212 0.281 0.381 0.490 0.372 0.265 0.342 0.476 0.308 0.267 0.129 0.668 
42. Proline 98 128 15.27 0.054 0.076 0.051 0.228 0.530 0.090 0.033 0.055 0.082 0.042 0.073 0.108 0.090 0.152 0.054 0.036 0.040 0.059 
43. Valine 100 130 13 - 13.05 0.403 0.353 0.372 0.831 1.173 0.492 0.609 0.581 0.609 0.502 0.727 0.701 0.550 0.687 0.430 0.447 0.363 0.327 
44. Leucine 100 144 14.25 - 14.31 0.247 0.279 0.237 0.643 0.926 0.417 0.476 0.422 0.486 0.454 0.510 0.499 0.466 0.490 0.292 0.285 0.254 0.217 
45. Threonine 98 115 15.8 - 15.9 0.042 0.039 0.030 0.162 0.144 0.025 0.030 0.019 0.053 0.016 0.038 0.079 0.053 0.090 0.021 0.028 0.020 0.031 
46. Eicosapentaenoic acid  93 79 27.277 0.161 0.083 0.149 0.032 0.078 0.042 0.036 0.097 0.084 0.053 0.099 0.095 0.037 0.006 0.074 0.080 0.090 0.048 
47. Succinic acid 95 115 9.273 0.001 0.002 0.002 0.002 0.003 0.003 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
48. Cystathionine 97 160 35.65 - 35.95 0.000 0.000 0.000 0.006 0.002 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 
49. Linoleic acid 94 67 24.39 - 24.45 0.087 0.042 0.071 0.024 0.052 0.036 0.025 0.063 0.049 0.039 0.060 0.063 0.022 0.005 0.045 0.055 0.057 0.032 
50. Lysine 92 142 26.721 0.226 0.321 0.203 0.545 0.819 0.127 0.220 0.248 0.332 0.080 0.417 0.421 0.361 0.510 0.237 0.304 0.184 0.303 
51. Arachidonic acid  99 79 26.969 0.088 0.032 0.064 0.016 0.039 0.014 0.014 0.037 0.034 0.016 0.040 0.044 0.014 0.002 0.034 0.035 0.034 0.018 
52. Trans-Vaccenic acid 100 55 24.3 - 24.325 0.060 0.056 0.052 0.058 0.084 0.050 0.045 0.050 0.056 0.053 0.062 0.056 0.047 0.019 0.060 0.053 0.058 0.057 
53. Myristic acid 99 74 18.054 0.085 0.042 0.072 0.020 0.040 0.025 0.025 0.051 0.043 0.035 0.056 0.070 0.021 0.006 0.042 0.051 0.039 0.033 
54. Unknown  149(100) 167(32.8) 57(17.4) 100 149 32.538 0.038 0.030 0.034 0.054 0.086 0.017 0.020 0.019 0.021 0.021 0.027 0.023 0.027 0.048 0.037 0.020 0.036 0.051 
55. Malic acid 98 75 15.362 0.001 0.001 0.001 0.005 0.006 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.001 
56. Glutathione 95 142 19.236 0.002 0.002 0.002 0.013 0.017 0.003 0.002 0.002 0.002 0.002 0.003 0.002 0.002 0.005 0.001 0.003 0.001 0.002 
57. Pyroglutamic acid 83 84 16.652 0.003 0.002 0.003 0.025 0.031 0.002 0.002 0.002 0.003 0.003 0.004 0.004 0.004 0.006 0.002 0.004 0.002 0.003 
58. Docosapentaenoic acid 94 79 30.24 - 30.3 0.054 0.029 0.043 0.009 0.022 0.015 0.012 0.040 0.030 0.020 0.038 0.038 0.011 0.002 0.023 0.029 0.024 0.018 
59. (Z)-Docos-13-enamide 75 59 41.045 0.012 0.018 0.016 0.012 0.025 0.012 0.008 0.014 0.017 0.019 0.023 0.022 0.022 0.022 0.021 0.019 0.027 0.028 
60. Beta-Alanine 99 88 12.9 - 12.98 0.004 0.005 0.005 0.010 0.017 0.008 0.002 0.007 0.003 0.014 0.008 0.005 0.002 0.003 0.001 0.009 0.001 0.002 
61. Citramalic acid 100 128 10.914 0.021 0.017 0.013 0.033 0.053 0.015 0.010 0.010 0.014 0.010 0.018 0.014 0.018 0.027 0.022 0.008 0.024 0.035 
62. 2-Aminobutyric acid 97 116 12.426 0.032 0.032 0.022 0.075 0.149 0.034 0.057 0.042 0.041 0.041 0.101 0.100 0.066 0.102 0.038 0.051 0.044 0.059 
63. Fumaric acid 93 113 9.415 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
64. Isoleucine 100 115 14.31 - 14.37 0.072 0.076 0.068 0.181 0.245 0.113 0.138 0.135 0.153 0.125 0.152 0.150 0.130 0.139 0.089 0.084 0.072 0.059 
65. Unknown  160(100) 59(43.4) 116(22.7) 94 160 14.915 0.005 0.007 0.005 0.026 0.041 0.005 0.003 0.002 0.004 0.004 0.004 0.003 0.004 0.009 0.006 0.002 0.002 0.005 
66. Tyrosine 100 236 29.048 0.033 0.038 0.022 0.183 0.345 0.049 0.139 0.023 0.045 0.101 0.053 0.038 0.111 0.256 0.046 0.042 0.022 0.025 
67. Serine 98 100 17.653 0.007 0.008 0.008 0.034 0.045 0.006 0.005 0.005 0.007 0.006 0.012 0.014 0.012 0.030 0.011 0.010 0.008 0.014 
68. Ornithine 96 128 25.114 0.007 0.012 0.007 0.273 0.380 0.014 0.027 0.008 0.010 0.020 0.017 0.021 0.022 0.056 0.008 0.007 0.003 0.010 
69. Phenylalanine 100 162 20.401 0.038 0.044 0.032 0.117 0.251 0.051 0.067 0.035 0.057 0.054 0.052 0.052 0.067 0.112 0.058 0.049 0.033 0.041 
70. Unknown  113(100) 85(48.1) 59(21.2) 100 113 8.853 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
71. Unknown  082(100) 142(56.8) 110(42.6) 94 82 15.15 - 15.2 0.000 0.000 0.000 0.002 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
72. Palmitelaidic acid 99 55 21.686 0.025 0.012 0.021 0.007 0.014 0.010 0.007 0.019 0.015 0.011 0.018 0.020 0.006 0.002 0.013 0.016 0.015 0.010 
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Number 
Metabolite 

AMDIS 
% Ref.Ion Ret.Time F1D0 F2D0 F3D0 F1D1 F2D1 F3D1 F1D2 F2D2 F3D2 F1D3 F2D3 F3D3 F1D4 F2D4 F3D4 F1D5 F2D5 F3D5 

73. Heptadecanoic acid 96 74 23.37 0.029 0.013 0.022 0.006 0.014 0.008 0.007 0.017 0.015 0.010 0.019 0.018 0.007 0.002 0.013 0.019 0.012 0.009 
74. DL-3-Aminoisobutyric acid 96 88 13.311 0.001 0.001 0.001 0.006 0.007 0.001 0.002 0.002 0.001 0.002 0.003 0.005 0.002 0.003 0.001 0.003 0.002 0.003 
75. Cholesterol 81 386 44.185 0.062 0.027 0.042 0.006 0.020 0.012 0.011 0.039 0.032 0.029 0.035 0.041 0.012 0.001 0.031 0.033 0.021 0.019 
76. Alpha-Linolenic acid 78 79 24.45 - 24.525 0.012 0.005 0.013 0.004 0.007 0.007 0.003 0.012 0.007 0.007 0.008 0.009 0.002 0.001 0.006 0.007 0.012 0.004 
77. Tryptophan 97 130 34.038 0.021 0.020 0.017 0.056 0.165 0.020 0.053 0.027 0.050 0.026 0.040 0.039 0.049 0.083 0.030 0.025 0.017 0.018 
78. Gamma-Linolenic acid 90 79 24.57 - 24.64 0.013 0.005 0.012 0.004 0.006 0.007 0.003 0.013 0.009 0.006 0.011 0.010 0.003 0.002 0.006 0.012 0.008 0.006 
79. Unknown  115(100) 118(95.4) 86(69.3) 98 115 15.92 - 16 0.002 0.002 0.002 0.012 0.014 0.002 0.002 0.001 0.002 0.001 0.003 0.005 0.003 0.008 0.002 0.002 0.002 0.003 
80. Histidine 85 139 27.649 0.007 0.006 0.005 0.007 0.011 0.003 0.002 0.002 0.006 0.002 0.003 0.005 0.006 0.011 0.007 0.004 0.003 0.004 
81. Citric acid 97 143 16.603 0.030 0.068 0.023 0.205 0.243 0.017 0.019 0.018 0.019 0.012 0.028 0.035 0.224 0.286 0.013 0.044 0.013 0.021 
82. Asparagine 95 127 16.795 0.032 0.027 0.026 0.036 0.025 0.018 0.015 0.015 0.041 0.016 0.022 0.041 0.027 0.044 0.031 0.022 0.021 0.020 
83. Unknown   070(100) 42(28.5)   69(8.0) 90 70 7.137 0.002 0.002 0.002 0.009 0.018 0.002 0.001 0.001 0.002 0.002 0.001 0.001 0.001 0.004 0.002 0.001 0.000 0.002 
84. Unknown  114(100) 59(61.6) 146(33.7) 94 114 17.271 0.004 0.005 0.004 0.014 0.013 0.003 0.003 0.002 0.005 0.002 0.004 0.007 0.005 0.007 0.002 0.003 0.003 0.004 
85. Unknown  201(100) 117(89.6) 119(86.2) 99 201 8.483 0.002 0.001 0.006 0.009 0.009 0.005 0.001 0.001 0.001 0.002 0.000
86. Pentadecanoic acid 88 74 19.708 0.021 0.008 0.016 0.004 0.009 0.005 0.005 0.010 0.011 0.007 0.011 0.013 0.004 0.001 0.008 0.011 0.009 0.006 
87. 2-Aminoadipic acid 96 114 20.455 0.001 0.001 0.001 0.003 0.006 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.002 0.003 0.002 0.001 0.001 0.001 
88. Dimethyl 2-aminomalonate hydrochloride 90 146 14.914 0.002 0.003 0.003 0.009 0.011 0.002 0.002 0.002 0.003 0.002 0.003 0.004 0.002 0.005 0.003 0.003 0.002 0.004 
89. Vitamin E 82 430 44.377 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
90. Unknown  074(100) 46(21.3) 59(0.97) 95 74 7.093 0.002 0.003 0.003 0.006 0.008 0.004 0.004 0.005 0.004 0.005 0.003 0.003 0.003 0.004 0.004 0.004 0.002 0.003 
91. Unknown  156(100) 96(36.6) 128(31.0) 65 156 20.46 0.000 0.000 0.000 0.002 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
92. 4-Aminobutyric acid 97 102 15.05 - 15.12 0.002 0.001 0.002 0.001 0.002 0.004 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 
93. Unknown  081(100) 136(51.6) 152(42.5) 78 81 25.938 0.001 0.001 0.001 0.001 0.002 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.000 0.001 
94. Methionine 99 147 18.543 0.018 0.017 0.014 0.070 0.095 0.012 0.017 0.009 0.023 0.009 0.014 0.014 0.023 0.043 0.016 0.013 0.013 0.015 
95. Dihomo-gamma-Linolenic acid 85 79 27.15 - 27.2 0.006 0.003 0.004 0.001 0.002 0.001 0.001 0.002 0.003 0.002 0.003 0.003 0.001 0.000 0.003 0.002 0.003 0.001 
96. Oxalic acid 82 59 6.236 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
97. Cysteine 96 192 20.548 0.001 0.001 0.001 0.003 0.004 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.002 0.003 0.001 0.001 0.001 0.001 
98. Citraconic acid 67 127 10.789 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.001 
99. (E)-heptadec-10-enoic acid 73 55 22.91 - 22.97 0.006 0.002 0.005 0.001 0.004 0.002 0.002 0.003 0.003 0.002 0.004 0.005 0.002 0.000 0.003 0.004 0.003 0.002 
100. Cis-4-Hydroxyproline 83 144 20.324 0.001 0.001 0.001 0.003 0.005 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.001 0.001 
101. Adrenic acid 79 79 29.95 - 30.04 0.003 0.002 0.002 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.002 0.002 0.001 0.000 0.001 0.002 0.001 0.001 
102. Conjugated linoleic acid 72 67 24.22 - 24.3 0.003 0.002 0.003 0.001 0.002 0.002 0.001 0.002 0.002 0.001 0.002 0.002 0.001 0.000 0.001 0.002 0.004 0.001 
103. Dodecane 87 57 9.858 0.003 0.002 0.002 0.002 0.003 0.001 0.001 0.001 0.002 0.001 0.002 0.002 0.001 0.002 0.002 0.001 0.002 0.002 
104. Creatinine 98 202 16.95 - 17 0.008 0.013 0.009 0.029 0.032 0.018 0.014 0.017 0.019 0.017 0.024 0.018 0.021 0.021 0.013 0.013 0.014 0.010 
105. 9E-heptadecenoic acid 94 55 23.223 0.004 0.002 0.003 0.001 0.002 0.002 0.001 0.002 0.002 0.002 0.003 0.003 0.001 0.000 0.002 0.003 0.003 0.001 
106. (11Z,14Z,17Z)-Eicosa-11,14,17-trienoic acid 72 79 27.484 0.003 0.001 0.003 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.002 0.001 0.000 0.001 0.002 0.002 0.001 
107. 11,14-Eicosadienoic acid 71 67 27.34 - 27.37 0.005 0.002 0.003 0.001 0.002 0.001 0.001 0.002 0.002 0.001 0.002 0.002 0.001 0.000 0.002 0.002 0.002 0.001 
108. Unknown  128(100) 42(10.5) 129(6.8) 85 128 21.257 0.001 0.001 0.001 0.005 0.013 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.000 0.000 0.000 0.001 
109. Unknown  059(100) 73(69.3) 77(45.8) 72 59 19.02 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
110. Unknown  086(100)   59(56.6) 128(39.3) 96 86 13.445 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
111. 4-Methyl-2-oxopentanoic acid 86 85 8.1 - 8.155 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
112. Unknown  232(100) 128(72.0) 156(51.0) 95 232 22.631 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
113. 2-Hydroxybutyric acid 98 117 10.65 0.003 0.003 0.002 0.014 0.015 0.007 0.015 0.012 0.006 0.016 0.015 0.017 0.015 0.023 0.005 0.006 0.005 0.009 
114. Glutamine 82 84 25.16 - 25.25 0.001 0.001 0.001 0.002 0.004 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.001 0.002 0.001 0.001 
115. Tridecane 71 57 12.847 0.001 0.001 0.002 0.001 0.003 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.002 0.001 
116. Unknown   045(100) 59(89.0)  74(67.8) 95 45 9.157 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.001 
117. Alpha-Ketoglutaric acid 73 115 15.464 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
118. Nicotinic acid 95 137 11.046 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
119. Dodecanoic acid 74 74 15.49 0.001 0.001 0.001 0.001 0.002 0.001 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 
120. Unknown  091(100) 106(54.7) 105(21.8) 93 91 5.9 0.000 0.000 0.000 0.002 0.002 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.001 
121. N-PENTADECANE 75 57 15.537 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
122. Nonadecanoic acid 66 74 25.864 0.002 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.000 
123. Caproic acid 76 74 6.506 0.002 0.001 0.001 0.002 0.003 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.001 
124. Unknown  088(100) 44(30.3) 59(19.6) 85 88 23.616 0.002 0.004 0.003 0.008 0.014 0.001 0.002 0.003 0.004 0.001 0.006 0.005 0.004 0.008 0.003 0.004 0.002 0.004 
125. Caprylic acid 78 74 9.7 - 9.75 0.001 0.000 0.001 0.001 0.002 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.001 
126. NADPH 84 138 11.08 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
127. Unknown  142(100) 153(51.8) 59(22.0) 91 142 22.393 0.003 0.004 0.003 0.010 0.018 0.002 0.003 0.004 0.005 0.001 0.008 0.007 0.005 0.009 0.003 0.004 0.002 0.005 
128. Arachidic acid 74 74 27.515 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 
129. Unknown  142(100) 59(19.9) 141(17.0) 86 142 29.512 0.003 0.005 0.003 0.010 0.014 0.002 0.003 0.003 0.004 0.001 0.007 0.007 0.005 0.008 0.003 0.005 0.003 0.005 
130. Guanine 90 307 27.934 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.000 0.000 
131. Unknown  059(100) 148(44.7) 43(33.8) 74 59 23.209 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.001 
132. Unknown  074(100) 87(68.8) 55(33.1) 70 74 19.024 0.002 0.000 0.001 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.000 0.001 0.001 0.001 0.001 
133. Unknown  102(100) 58(0.86) 59(0.75) 67 102 23.302 0.000 0.000 0.001 0.002 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
134. Unknown  249(100) 57(31.8) 264(22.9) 92 249 17.801 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.001 
135. Unknown  125(100) 184(90.5) 96(54.3) 93 125 22.747 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
136. 1-Aminocyclopropanecarboxylic acid 74 141 13.676 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
137. Benzoic acid 83 105 9.896 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 
138. Unknown  056(100) 59(24.8) 115(10.8) 80 56 7.195 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
139. Dehydroascorbic acid 72 59 15.785 - 15.82 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
140. Unknown  112(100) 43(60.3) 115(49.2) 90 112 10.717 0.001 0.001 0.001 0.004 0.005 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.002 0.003 0.002 0.002 0.001 0.001 
141. Unknown  114(100) 59(15.3) 82(14.4) 94 114 12.367 0.005 0.003 0.003 0.012 0.012 0.001 0.010 0.003 0.007 0.003 0.007 0.008 0.012 0.024 0.012 0.004 0.008 0.008 
142. n-Heptadecane 100 57 16.786 0.000 0.000 0.001 0.001 0.002 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.000 
143. Glyoxylic acid 86 75 11.4 - 11.45 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
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144. Cis-Aconitic acid 95 153 15.752 0.001 0.003 0.001 0.008 0.011 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.009 0.011 0.001 0.002 0.001 0.001 
145. alpha-Hydroxyglutarate 70 85 14.55 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
146. Unknown  135(100) 180(28.0) 77(19.9) 84 135 16.124 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
147. Salicylic acid 96 135 17.078 0.003 0.002 0.004 0.003 0.004 0.002 0.002 0.004 0.003 0.003 0.004 0.005 0.002 0.003 0.004 0.003 0.003 0.003 
148. Unknown  082(100) 153(90.1) 56(65.2) 84 82 18.127 0.001 0.001 0.001 0.001 0.002 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 
149. Unknown  071(100) 57(94.4) 85(72.9) 74 71 14.111 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
150. Pyruvic acid 77 89 7.568 0.001 0.001 0.002 0.007 0.006 0.002 0.001 0.001 0.002 0.003 0.001 0.001 0.002 0.004 0.002 0.001 0.001 0.003 
151. n-Tricosane 100 57 25.78 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
152. Nervonic acid 71 55 33.926 0.002 0.001 0.002 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.000 0.001 0.002 0.001 0.001 
153. Unknown  128(100) 139(21.1) 42(19.1) 84 128 19.879 0.000 0.000 0.000 0.004 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
154. Unknown  115(100) 100(70.4) 56(60.1) 79 115 8.223 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
155. Beta-Citryl-L-glutamic acid 76 143 32.181 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
156. Unknown  115(100) 59(65.5) 189(50.1) 84 115 19.76 0.001 0.002 0.001 0.006 0.007 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.006 0.007 0.000 0.001 0.000 0.001 
157. Decanoic acid 72 74 12.756 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
158. Unknown  131(100) 71(89.6) 103(88.8) 71 131 17.25 - 17.32 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
159. Adipic acid 78 114 12.621 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
160. 2-Oxobutyric acid 75 57 6.086 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
161. Unknown  102(100) 103(26.6) 44(19.0) 77 102 21.265 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
162. Unknown  114(100) 147(31.9) 115(27.2) 76 114 23.156 0.000 0.001 0.000 0.001 0.002 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 
163. Unknown  043(100) 59(16.5) 74(15.0) 65 43 7.161 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
164. Unknown  071(100) 57(92.3) 43(75.3) 80 71 24.09 - 24.15 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
165. Unknown  059(100) 81(40.5) 91(34.4) 69 59 37.649 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
166. Homocysteine 70 114 23.59 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
167. Unknown  088(100) 57(53.2) 59(45.8) 90 88 7.436 0.001 0.001 0.001 0.007 0.006 0.002 0.002 0.002 0.002 0.004 0.002 0.003 0.002 0.006 0.001 0.001 0.001 0.001 
168. Unknown  119(100) 147(96.0) 101(53.9) 67 119 17.64 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
169. 2-Oxovaleric acid 70 71 6.544 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
170. S-Adenosylhomocysteine 81 147 17.3 - 17.35 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
171. Glutaric acid 91 100 9.674 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
172. 2-methyl-octadecanoic acid 78 88 25.357 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
173. Glyceric acid 66 119 13.977 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
174. Isocitric acid 78 129 21.444 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 
175. Malonic acid 93 101 7.65 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
176. Lignoceric acid 68 74 34.256 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
177. Nicotinamide 86 57 7.45 0.000 0.001 0.000 0.003 0.002 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.002 0.000 0.000 0.000 0.000 
178. N-Acetylglutamic acid 68 116 19.519 0.000 0.000 0.000 0.006 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
179. Itaconic acid 90 127 10.402 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.000 
180. Azelaic acid 76 185 16.72 - 16.77 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
181. 3-Methyl-2-oxopentanoic acid 81 57 8.016 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.000 
182. 2-Hydroxyisobutyric acid 72 73 9.366 0.001 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.001 
183. 4-Hydroxyphenylacetic acid 79 121 19.409 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
184. Trans-4-Hydroxyproline 67 216 17.673 0.001 0.003 0.001 0.011 0.009 0.002 0.002 0.001 0.003 0.001 0.001 0.002 0.002 0.005 0.001 0.001 0.001 0.002 
185. Unknown  198(100) 138(61.7) 166(40.8) 84 198 21.159 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
186. Unknown  126(100) 127(46.7) 59(33.2) 94 126 10.213 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
187. Unknown  101(100) 119(80.5) 74(35.3) 69 101 8.747 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Figure 7.9S Detailed heat map for liver metabolic features following in vivo i.p. injection of Oncorhynchus tshawytscha with 2.5 µL g-1 fish of poly 
(I:C). Data come from means of three control (Day 0) and three treatment fish each day (Day 1-Day 5) post-poly (I:C) administration. 

Figure 7.10S Detailed heat map for serum metabolic features following in vivo i.p. injection of Oncorhynchus tshawytscha with 2.5 µL g-1 fish of poly 
(I:C). Data come from means of three control (Day 0) and three treatment fish each day (Day 1-Day 5) post-poly (I:C) administration. 
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8 Chapter 8. Case Study 5: Uncoupling Interdependence of Thermal Stress and 

Growth Performance on Chinook salmon (Oncorhynchus tshawytscha) Blood 

Biochemistry and Immune capacity.  

This chapter has been submitted for publication as:  

Lulijwa, R., Young., Delorme, N. J., Walker, P.S., Symonds, J. E., & Alfaro, A. C. Uncoupling 
interdependence of thermal stress and growth performance on Chinook salmon (Oncorhynchus 
tshawytscha) blood biochemistry and immune capacity. Submitted to the journal Metabolites.  
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8.1 Prelude to case study 5 

Water temperature profoundly affects fish metabolism and growth, with maximum and 

minimum tolerance values varying across species. Climate change-driven ocean warming, and 

abnormally extreme sea surface temperatures (SST) are threatening aquatic life globally, with 

ecological and production consequences. Although critical, the mechanisms behind 

thermotolerance and differences in growth performance at individual and population levels 

remain scanty in the New Zealand farmed Chinook salmon (Oncorhynchus tshawytscha). Of 

recent, heavy summer mortalities have been recorded in some New Zealand farmed O. 

tshawytscha locations. This study was thus designed to investigate blood biomarkers of thermal 

stress and growth performance in O. tshawytscha. An integrated approach involving haematology, 

erythrocyte osmotic fragility (EOF), the Muse® flow cytometry PBMC viability, reactive oxygen 

species (ROS) production and colorimetric apoptosis, plus serum biochemistry were employed. 

Results from this study were discussed in the manuscript and may be useful in selective breeding 

programs against thermal stress. 
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8.2 Introduction 

Chinook salmon (Oncorhynchus tshawytscha) are large anadromous fish native to North 

America and regions in the western Pacific. Valued for their high-quality fillet, global fishery 

landings peaked in the late 1980s but have since declined markedly to less than 4000 tons partly 

due to overfishing. O. tshawytscha were introduced to New Zealand more than a century ago, and 

the country’s development of a successful aquaculture industry now provides almost 90% of the 

world’s supply (Tucker, 2014). Salmon are reared only in the South Island of New Zealand where 

cooler water temperatures are more favourable. However, chronic and acute water temperature 

variations associated with climate change are starting to pose a significant threat to industry. 

Sea surface temperatures (SSTs) around New Zealand have been rising at a rate of 

approximately 0.2°C per decade over the past forty years, and end-of-century forecasts predict a 

1.1–2.5°C increase above the current average (Law et al., 2018; Sutton & Bowen, 2019). 

Exacerbating the effects of this relatively rapid thermal rise on ecosystems are the increasing 

incidences of marine heatwaves during summer months (Salinger et al., 2020; Salinger et al., 

2019). As examples, New Zealand salmon farmers reported substantial stock losses (ca. 20%) 

over the 2017/2018 and 2018/2019 austral summers due to unprecedented SSTs reaching 2–5°C 

above the species preferred upper threshold (17°C) where peak health and growth can be 

maintained (Broekhuizen et al., 2021; Chiswell & Sutton, 2020; NZKS., 2019; Richter & Kolmes, 

2005). Temperature-stressed salmon generally have increased metabolic rates and somatic 

maintenance costs, grow slower with lower condition factors (K), have suppressed appetite, 

experience reproductive issues, display compromised immunity, and exhibit increased sensitivity 

to other stressors (Alfonso et al., 2020; Myrick & Cech, 2001; Rebl et al., 2020; Wade et al., 2019; 

Whitney et al., 2016). However, plasticity in thermal tolerance and growth performance is well 

documented among fishes (Alfonso et al., 2020) which affords an optimistic outlook to build 

potential thermal tolerance into New Zealand farmed O. tshawytscha stocks. 

Some individual fish seem better equipped at dealing with stressors than others, and the 

appearance of divergent growth phenotypes within cohorts is relatively common (Barton, 2002; 

Damsgård et al., 2019; Montero et al., 2009; Unrein, 2014). Confronted with rapid global climate 

change, understanding what makes wild and domesticated fish at individual and population levels 

more or less likely to perform well under dynamically shifting conditions has major ecological 

and economic implications. Unravelling biological mechanisms underpinning thermal tolerance 

in fish is crucial to developing mitigation strategies to safeguard and futureproof the O. 

tshawytscha aquaculture sector. 

Accordingly, we performed an elevated temperature challenge on commercial stocks 

from two of New Zealand’s selective breeding programs to establish thermal tolerance trait 

heritability based on genetic associations with survival and growth performance (unpublished). 

The current study extends this research by investigating the influence of thermal stress on a 

targeted suite of 43 blood parameters with clinical significance, and their associations with highly 
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divergent growth trajectories. We achieve this by selectively sampling individuals which gained 

or lost weight under both ambient and high temperature conditions. The objectives of this study 

are to: 1) establish cellular haematology and plasma biochemistry reference data for New Zealand 

farmed O. tshawytscha presenting suboptimal health, 2) utilise quantitative blood profiles to 

inform mechanism and severity of the thermal stress response, and 3) gain functional insight into 

poor growth performance.  

8.3 Results and Discussion 

8.3.1 Survival and growth performance 

A three-month thermal challenge at 19–20°C resulted in 20% cumulative mortality and 

hampered overall growth of surviving fish (Figure 8.1). These results align with performance 

metrics recorded by farmers during recent marine heatwave events (Chiswell & Sutton, 2020), 

reinforcing that 19–20°C approximates the chronic thermal maxima for this species. Overall, 

mean body weight in the challenged group were similar pre- and post-treatment. However, high 

variation in performance under both thermal regimes were highlighted by positive and negative 

specific growth rate (SGR). This trend afforded opportunity to focus attention on divergent 

growth performance phenotypes decoupled from specific thermal stress-induced effects through 

selective sampling. Representative fish which gained or lost weight under each of the temperature 

treatments were nominated for targeted assessments of cellular haematology (n=12) and plasma 

biochemical (n=31) parameters (Table 8.2S). See Supplementary Material (Table 8.1S) for 

biometric information on selected candidates. 

     3-month thermal challenge 

Date 

Figure 8.1. Effects of a chronic three-month thermal challenge (17°C versus 19–20°C) on 
Oncorhynchus tshawytscha performance. (a) Water temperature data for the thermal regimes 
(plotted as daily averages); (b) Cumulative percent mortality during the challenge period; (c) 
Body weight of fish over the preceding one year of grow-out at 17°C, and in the two temperature 
treatment groups on completion of the trial. 
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8.3.2 Thermal stress associations 

 Regarding cellular haematology, a main effect of temperature was detected on 

erythrocyte osmotic fragility (EOF) presented as mean corpuscular fragility (MCF) (Figure 8.2b) 

and higher temperature also activated caspases in peripheral blood mononuclear cells (PBMCs) 

(Figure 8.2a). The lower MCF values in fish acclimated at the higher temperature indicates an 

increase in cellular membrane stability of erythrocytes. These results align with the inverse 

thermal–EOF relationship previously demonstrated in carp (Jóźwiak & PaŁecz, 1988). A 

mechanistic basis may correspond to differences in cell membrane composition. Erythrocyte 

membrane strength in fish is strongly influenced by the unsaturation index of the polar lipid 

component; higher incorporation of omega-3 fatty acids in phospholipids promote changes in the 

lamellar packing of the membrane and alters viscosity and fragility (Kiron et al., 1994). 

Caspase (-3/-8) activities were non-detectable in PBMCs of fish reared under ambient 

temperature but were detected in their thermally stressed counterparts. Caspases are highly 

conserved proteases crucial to mediating programmed cell death, or apoptosis (Sakamaki & 

Satou, 2009). Caspase-8 is an initiator enzyme which regulates immune gene expressions and the 

activation of downstream caspases, whereas caspase-3 is an executioner enzyme responsible for 

cleavage of intracellular proteins and fragmentation of DNA. The apoptotic cascade cumulates in 

self-elimination of surplus or injured cells through chromatin condensation and nuclear 

fragmentation. Apoptosis is considered a ‘clean’ type of cell death whereby the membrane is left 

intact, and, unlike cell necrosis, there is no consequential inflammatory response (AnvariFar et 

al., 2017). In agreement with these results, there was no evidence to suggest that PBMC 

membrane integrity had been compromised (i.e., non-discernible difference in PBMC viability 

through dye exclusion principal). Upregulated transcription of various pro-apoptotic genes, 

including caspases, have previously been established as key thermal stress responses in O. 

tshawytscha (Tomalty et al., 2015); our results compliment these findings at the functional 

enzyme level. 

Acute phase proteins (APPs) such as haptoglobin (HAPT) are potential biomarkers of 

trauma or infection in fish. Local inflammatory cells secrete cytokines (e.g., interleukin-1 [il-1], 

interleukin-6 [il-6], tumor necrosis factor alpha [tnf-α]) in response to tissue damage which 

stimulates hepatocytes to produce APPs and release them into circulation (Roy et al., 2017). In 

salmonids, gradual thermal rises in water temperature are reported to influence transcription of 

APP-encoding genes (Rebl et al., 2013; Rebl et al., 2018). Although we detected an increase in 

plasma haptoglobin levels under elevated thermal conditions (Figure 8.3a), the limited effect on 

other inflammatory-related markers (i.e., total leucocyte counts and levels of c-reactive protein 

[CRP], prostaglandin E2 [PGE2], and albumin [ALB]) indicate a relatively mild immune response 

(Figure 8.2a & Figure 8.3a). In corroboration, immune-based plasma parameters in fish under 

both thermal regimes were within the normal reference range of healthy O. tshawytscha 

(Casanovas et al., 2021). Furthermore, no evidence of excessive redox imbalance was uncovered 
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(i.e., via relative production of reactive oxygen species [ROS] in PBMCs, plasma activities of 

catalase [CAT; ROS-detoxifying enzyme], or enhanced lipid peroxidation [LPx; oxidative 

damage biomarker]) (Figure 8.2 & Figure 8.3). 

Figure 8.2. Cellular haematology associations with chronic thermal stress (17°C vs 19–20°C) and 
growth performance (weight gain [WG] vs weight-loss [WL] phenotypes) in Oncorhynchus 
tshawytscha. (a) White blood cell parameters; (b) Red blood cell parameters. Data = group means 
± SE; Asterisks signify non-detectable levels. Main effects of temperature (T), growth (G), and 
their interaction (TG) are presented in the upper section of each plot (GLMs; α=0.05). PBMC: 
peripheral blood mononuclear cells, ROS: reactive oxygen species, CAS-3: caspase 3, CAS-8: 
caspase 8, MCF: mean corpuscular fragility, MCHC%: mean corpuscular haemoglobin 
concentration. 

 Levels of four ions (Cl-, Na+, K+, Mg2+) were elevated in O. tshawytscha acclimated at 19–

20°C, indicating a shift in osmoregulation (Figure 8.3c). Gill chloride cells utilise a Na+ gradient 

(established by a gill Na+/K+-ATPase in the basolateral membrane) to secrete Cl- and uptake Na+ 

from saltwater to regulate plasma osmolality (Kammerer et al., 2010). Diminished capacity for 

ion regulation in Atlantic salmon (Salmo salar) and sea bream (Sparus aurata) during thermal 

stress is associated with reduced Na+/K+-ATPase activity (Vargas-Chacoff et al., 2020; Vargas‐

Chacoff et al., 2018). Evaluating our results beyond observed relative differences, chronic thermal 

stress triggered plasma levels of Cl- and Na+ to rise outside of the normal reference range 

(Casanovas et al., 2021), indicating severity of the effect. Further appraisal is needed to ascertain 

whether these ion levels are being maintained under homeostatic control and within an adaptive 

regulatory capacity. 
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Figure 8.3. Plasma biochemistry associations with chronic thermal stress (17°C vs 19–20°C) and 
growth performance (weight gain [WG] vs weight-loss [WL] phenotypes) in Oncorhynchus 
tshawytscha. (a) Protein parameters; (b) Metabolite parameters; (c) Ion parameters. Data = group 
means ± SE; Asterisks signify non-detectable levels. Main effects of temperature (T), growth (G), 
and their interaction (TG) are presented in the upper section of each plot (GLMs; α=0.05). ALB: 
albumin, GLOB: globulin, ALB/GLOB: albumin/globulin ratio, LYS: lysozyme, CAT: catalase, 
HAPT: haptoglobin, C-RP: c-reactive protein, ALT: alanine aminotransferase, AST: aspartate 
aminotransferase, ALP: alkaline phosphatase, ACP: acid phosphatase, GDH: glutamate 
dehydrogenase, CK: creatine kinase, PGE2: prostaglandin E2, LIP: lipase, e-BQC Q1: fast 
antioxidants, e-BQC Q2: slow antioxidants, and e-BQC QT: total antioxidants.    
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8.3.3 Growth performance associations 

 Fish with highly divergent growth phenotypes presented markedly different cellular 

haematology and plasma biochemical profiles irrespective of culture temperature (Figure 8.2 & 

Figure 8.3). Twenty eight out of the 43 blood parameters assessed were influenced by growth 

performance. Fish which lost weight during the experiment likely had suppressed appetite and or 

had reduced feeding activity. This is supported by the positive Pearson correlation (rs = 0.57; p = 

0.001) of the feed intake at sampling versus weight gain/loss during the trial, the collective 

responses of plasma clinical biomarkers, and use of liver lipid reserves as evidenced by decreased 

hepatosomatic index (HSI) (Table 8.1S). 

Classical signatures of starvation in fish include reduced plasma levels of cholesterol, 

glucose, and total protein (TP) (Peres et al., 2013), all of which were significantly lower in the 

weight-loss group (Figure 8.3). Complimenting these findings were low levels of creatine kinase 

[CK] indicative of reduced ATP turnover and muscle weakening/deterioration (Lowery & 

Somero, 1990; Racicot et al., 1975; Wade et al., 2019), lower activities of acid phosphatase (ACP) 

and alkaline phosphatase (ALP) pointing towards suppressed appetite and impaired energy 

metabolism (Amri et al., 2020; Chandra, 1982; Ray et al., 2017; Tripathi & Verma, 2003), and 

higher levels of bilirubin symptomatic of liver dysfunction and/or reduced feeding (Barrett, 1971; 

Meyer et al., 1995; Sakai et al., 1985). Interestingly, visceral fat score and circulating levels of 

total triglycerides (TAGs) were similar between growth performance groups, whereas HSI was 

reduced which suggests preferential utilization of liver lipid reserves during reduced calorie intake 

(Table 8.1S). Correspondingly, lower body girth, stomach width, and gastrointestinal tract signify 

lower condition factor in the weight-loss group. In addition, there was higher swim bladder fluid 

build-up (ascites) in the weight-loss group, further suggesting disturbance to buoyancy and 

additional energy cost to achieve neutral positioning (Loh, 2007; Macaulay et al., 2020).  

Cellular haematology biomarker signals associated with reduced feed intake in fish also 

include symptoms of suppressed immunocompetence in the weight-loss group, as evidenced by 

lower total leucocyte counts (leucopenia), and reduced viability of PBMCs (Figure 8.2a). Such 

characteristics increase the risk of infections from pathogens (Rios et al., 2005). Coupled with 

diminished viability of these white blood cells was an increase in ROS production, revealing that 

PBMCs were also under enhanced oxidative pressure (potentially as an underpinning mechanism 

of necrosis). Lower total antioxidant capacity (TAC) (i.e., e-BQC QT values) in plasma 

compliments these data and provides further evidence of redox imbalance in the weight-loss group 

(Figure 8.3b). According to the relative e-BQT Q1/Q2 values, primary drivers for this increase in 

TAC are endogenous metabolites with slow-reacting antioxidant behaviour (e.g., polyphenols). 

Lipid peroxidation products were diminished in the weight-loss group which may be explained 

by fish having lower metabolic activities and/or through ketogenesis of protective metabolites 

(e.g., butyrate derivatives, acetoacetate) under reduced calorie intake (Heming & Paleczny, 1987; 

Mejía et al., 2006). 
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Cortisol and lactate are routinely used biomarkers for stress in fish and were detected at 

relatively high (Casanovas et al., 2021) concentrations in both growth performance groups (Figure 

8.3b). We attribute this to crowding and scoop netting of fish prior to handling and euthanisation 

via anaesthetic overdose. An initial aversion response to the active compound stimulates the 

hypothalamic–pituitary–interrenal (HPI) axis leading to cortisol accumulations; rising lactate 

levels follow as a secondary stress response (Readman et al., 2013; Young et al., 2019; Zahl et 

al., 2010; Zahl et al., 2012). Relative differences between growth performance groups were 

however still attributable. The lower cortisol levels in the weight-loss group may indicate 

exhaustion of the HPI axis as a response to one or more previously experienced persistent stressors 

(e.g., suppressed appetite and or reduced feeding) (Bermejo-Poza et al., 2017; Madaro et al., 

2015). The endocrine-based regulation of feeding and weight appears to be tightly coupled with 

associations between stress factors, corticotropin-releasing factor, and appetite (Conde-Sieira et 

al., 2018; Volkoff, 2019). 

Glutamate dehydrogenase (GDH) reversibly catalyses the oxidative deamination of 

glutamate to produce α-ketoglutarate (as an energy substrate for the citric acid cycle) and 

ammonia, playing a key role in nitrogen excretion in fish (Gaspar et al., 2018). The lower GDH 

activity in the weight-loss group and mean urea levels (Figure 8.3) seems counterintuitive to an 

expected increase in protein catabolism during reduced feeding. It is therefore possible that the 

weight-loss group preferentially utilised liver lipid reserves for energy metabolism, as revealed 

by reduced HSI (Table 8.1S). Our results also contrast findings in slow- versus fast-growth hybrid 

mandarin fish phenotypes being characterized by higher GDH activity (L. Liu et al., 2017). 

Further interrogation of this mechanism in O. tshawytscha is warranted through experiment to 

interpret these data. 

Albumin and globulin (GLOB) are principal plasma proteins essential for maintaining 

immunocompetence; their levels indirectly reflect the condition of specific humeral immunity and 

their ratio is widely used as an index of physiological state (Ahmed & Ali, 2013; Haghighi et al., 

2017; Kaleeswaran et al., 2012). Considered non-specific biomarkers, lower levels can indicate a 

range of issues including liver and kidney dysfunctions, acute haemolytic anemia, infection, and 

inefficiencies in protein digestion and absorption (Abdel‐Tawwab & Hamed, 2018; Ahmed & 

Ali, 2013; Kumar et al., 2017). ALB/GLOB ratios provide causative insight into lower total 

protein levels, and increased values may indicate protein energy malnutrition (Rahman & Begum, 

2005). 

Altered levels of plasma cations (Na+, K+ and Ca2+) between the growth performance 

groups signal differential osmotic balance. Changes in the regulatory system of ionic interchange 

can alter blood pH and reduce erythrocyte volume, in turn affecting haematocrit (Hct) values 

(Vosylienė, 1999). In line with this, cellular parameters in fish with negative growth trajectories 

included lower Hct values possibly due to mild microcytic anemia (Witeska, 2015), increased 

mean corpuscular haemoglobin concentration (MCHC) suggesting a level of cell shrinkage and 
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morphological degeneration (Ciepliński et al., 2019), and higher MCF values point to increased 

membrane fragility to stressors (Kiron et al., 1994; Malekar et al., 2018).      

8.3.4 Overview and future directions   

In summary, we have established cellular haematology and plasma biochemistry 

reference data for New Zealand farmed O. tshawytscha presenting suboptimal health in 

association with chronic thermal stress and divergent growth phenotypes. We expected stronger 

signatures reflecting negative impacts of thermal stress within the blood biomarkers than were 

detected. Measured effects suggest a low–moderate stress and osmoregulatory disturbance in 

response to 19–20°C although, various other physiological processes and pathological 

characteristics need evaluation to ascertain this. Various blood biomarker signatures in fish with 

negative growth trajectories were clinically relevant to suppressed appetite and or reduced feeding 

(substantiating their significance), and some provide insights to formulate and explore new 

hypotheses (e.g., roles of GHD, corticotropin-releasing factor, ketone bodies). Future studies 

involving elevated thermal stress in O. tshawytscha should incorporate temporal assessments of 

behaviour, metabolic rates, organ histology, compartmentalization/use of energetic reserves, and 

broader evaluations of endocrine target complements (transcript–to–metabolite). It will also be 

important to establish whether there exists an interdependency between thermal tolerance and 

growth performance, and to discern if other pre-existing performance-based metrics are 

influential to an individuals’ fitness in coping with elevated temperatures. Heritable and non-

heritable mechanistic bases underpinning variability in thermal tolerance are key areas for 

research to capitalize on selective breeding potential and to assist advances in husbandry-based 

practices. Building of robust and resilient salmon will help wild and domesticated fish stocks to 

withstand global change and extend opportunities for aquaculture development.   

8.4 Materials and methods  

8.4.1 Experimental design and sampling  

Smolts from the breeding programmes of two commercial hatcheries (Sanford Ltd and 

New Zealand King Salmon) were passive integrated transponder (PIT) tagged, transferred to the 

Cawthron Finfish Research Centre (FRC) (Glenduan, Nelson, New Zealand), and maintained at 

17°C on a saltwater recirculating aquaculture system (RAS) fed to satiation daily with commercial 

diet (Skretting, Australia). After one year of rearing, 329 fish were randomly distributed among 

12  500L tanks. Ten tanks were assigned to a high temperature treatment (for evaluation of 

thermal tolerance trait heritability); the water temperature was gradually increased from 17°C to 

20°C at 0.13°C per day for 15 days. The other two tanks were utilised as in situ controls (17°C). 

Finetuning of the high thermal condition was conducted during the first few weeks of the 

experiment based on reduced feeding behaviour and incidences of mortality, with a final thermal 

challenge temperature being reduced to 19°C. Levels of dissolved oxygen within the elevated-

temperature treatment tanks were also manipulated (lowered to 6.61±0.29 mg L−1) to mimic 

conditions of the natural marine environment during warmer summer periods. Fish were fed to 
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satiation once daily, and mortalities recovered. The entire experiment ran for 102 days. At the 

conclusion of the experiment, fish were selectively sampled to provide representative numbers of 

individuals which gained weight and lost weight from every tank across the two thermal 

treatments. Depending on numbers of fish available, 5–16 fish from each of the 12 tanks were 

obtained for blood extraction; an unbalanced sampling regime was consequently implemented 

with biological replication for each of the fixed effects (temperature, growth) ranging from 10–

60 fish (Table 8.2S). Fish were crowded and then individually captured from tanks via scoop net, 

euthanised by anaesthetic overdose (AQUI-S®; 80 ppm; 7 min), and 3–4 mL of peripheral blood 

was withdrawn from the caudal vein. Sub-aliquots of blood were allocated for analyses of various 

cellular haematology and plasma biochemistry parameters.       

8.4.2 Biometrics  

All fish assigned for blood analyses were evaluated for biometric parameters comprising: 

body weight (BW [g]), fork length (FL [mm]), body girth (mm), Fulton’s K (i.e., [BW  105] / 

FL3), weight gain as a % of start weight per day, SGR (% BW gain per day during the three-month 

challenge period), swim bladder fluid (SBF [mL]), stomach width (mm), gastrointenstinal tract 

weight (g), visceral fat score (VFS [1–4 scale]), belly-flap thickness (in three locations: cranial to 

the pectoral fin, caudal to the pelvic fin, at the vent), cardiosomatic index (CSI [heart weight / 

BW]), HSI (liver weight / BW), gonadosomatic index (GSI [gonad weight / BW]), and gut content 

as % of body weight.        

8.5 Cellular haematology parameters 

 Differential cell counts were evaluated using two whole blood smears per fish. Slides 

were air dried and transported to an accredited laboratory (Gribbles Veterinary Pathology [GVP], 

Christchurch, New Zealand) for staining (Leishman) and processing within 72 h of collection. 

Leucocyte counts (i.e., white blood cells [WBC]) were estimated based on the average counts of 

10 fields. Data were presented as a range and absolute values of the differentials were estimated 

based on the mean of this range. Differential leucocyte counts were manually determined based 

on a count of 100 cells. Absolute values for lymphocytes, neutrophils and monocytes were 

determined from the fraction of the 100-cell differential multiplied by the mean of the WBC count 

range. 

Blood MCHC were calculated from haemaglobin (Hb) contents and Hct values (Witeska, 

2015). For Hb content, 50–100 µL of whole blood were transferred to a 1.3 mL tube containing 

lithium heparin, stored at 4°C, and analysed by GVP within 48 h of collection using a HemoCue® 

Hb201+ system (HemoCue®, Angelholm, Sweden). Hct values were determined on whole blood 

immediately after withdrawal using heparinised micro hematocrit capillary tubes (Kimble Chase). 

Tubes were centrifuged in a Haematokrit 210 Hettich Zentrifugen at 9000 g for 7 min.  

Blood EOF was measured following (Sarkar et al., 1999). A series of saline solutions 

were prepared to provide NaCl concentrations of 0.00, 0.10, 0.20, 0.40, 0.60, 0.80, and 0.85% 

w/v in distilled water. 10 μL of whole blood which had been collected in lithium heparin BD-
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Microtainers (BD 365966, Phoenix Pharm Distributors, Auckland, New Zealand) were mixed 

thoroughly with 2.0 mL of the ascending series of NaCl solutions. Suspensions were incubated at 

room temperature for 30 min then centrifuged with Eppendorf 5452 Minispin at 900g for 10 min). 

The optical density of the supernatant was determined spectrophotometrically at 540 nm with 

distilled water as a blank. The percentage haemolysis is expressed relative to the solution having 

the highest optical density reading (i.e., maximum haemolysis). Erythrocyte MCF, or the EC50 

value (effective concentration causing 50% haemolysis), was determined using the equation 

derived from a four-parameter dose-response curve: 𝑥 ൌ 𝑐 ሺሺ𝑎 െ 𝑑ሻ/ሺ𝑦 െ 𝑑ሻ െ 1ሻ^ሺ1/𝑏ሻ; where 

a = minimum value of the fitted sigmoid curve; b = Hill’s slope of the curve; c = point of 

inflection; d = maximum value of the fitted sigmoid curve; x = MCF (EC50); and y = 50 (% 

haemolysis). 

PBMC isolation and purification was performed using our established protocol (Lulijwa 

et al., 2019a). Briefly, 284 µL of whole blood (collected in lithium heparin BD-Microtainers) was 

diluted 1:1 with sterile filtered (40 µm) PBS (SF-PBS) (pH 7.4) and centrifuged (971 g; 20 min) 

over a layer of 682 µL Histopaque sterile filtered density gradient medium (10771-6X100ML; 

Sigma-Aldrich, New Zealand) in 1.5 mL Eppendorf tubes. Cells at the interface were aspirated 

with a pipette and washed twice in 500 µL of SF-PBS (being centrifuged between [674 g; 7 min]). 

Resulting PBMC pellets were re-suspended to final cell concentrations of 105–106 cells mL-1 in 

SF-PBS supplemented with 2% fetal bovine serum and immediately processed for PBMC 

viability and ROS production. 

PBMC viability assessments were performed via flow cytometry (MUSE® Flow Cell 

Analyzer; Merk, Darmstadt, Germany) and a commercial assay kit (MUSE® Cell Count & 

Viability Kit; Merck) using validated protocols for O. tshawytscha leucocytes (Lulijwa et al., 

2019a). To first establish correct MUSE® gating parameters, a PBMC sample (105–106 cells 

mL−1) from a single fish was used to prepare two matched suspensions of live versus dead cells. 

PBMC death was quickly induced by adding 10 μL of diluted (1:100) Trigene detergent to one of 

the suspensions. 20 μL of each suspension was subsequently mixed with 380 μL of assay reagent, 

vortexed, and incubated at 18°C for 5 min before being analysed via flow cytometry. Cell size 

gating and viability thresholds were checked based on these data and set for subsequent sample 

analyses. Purified PBMC samples of experimental fish were similarly analysed, without addition 

of detergent. 

Intracellular ROS production (i.e., specifically superoxide anions) in PBMCs was 

measured via flow cytometry (MUSE® Cell Analyzer) using a commercial assay kit (Muse® 

Oxidative Stress Kit [Merk]). Minor modifications to the manufacturers’ protocol were 

implemented to account for the normal physiological temperature range of the fish model: 20 μL 

of PBMC suspension were incubated for 30 min at 18°C with 180 μL of Muse® Oxidative Stress 

working solution prior to analysis (Lulijwa et al., 2019b). To first establish correct MUSE® gating 

parameters, a PBMC sample (105–106 cells mL−1) from a single fish was used to prepare two 



Chapter 8. Case Study 5 

178 
 

matched calibration suspensions of cells with differing ROS profiles. ROS production was 

quickly induced by adding 10 μL of 2 mM menadione:EtOH solution to one of the suspensions 

and incubating at 18°C for 30 min. Calibration suspensions were stained as above with assay kit 

reagents and their ROS profiles were used to set the gating and threshold parameters for 

subsequent sample analyses. 

Caspase-3 and -8 activities in PBMCs were measured colorimetrically using commercial 

assay kits (ab39401 and ab39700; Abcam, Cambridge, MA, USA) with minor modifications for 

frozen samples. Briefly, fish PBMCs (105–106 cells mL−1) were lyophilised overnight at –75°C. 

Samples were re-suspended in 300 μL of chilled cell lysis buffer, incubated on ice for 10 min, 

then centrifuged (10,000 g; 1 min; 2°C). Total protein contents of supernatants were first 

quantified using a commercial assay kit (ab102536; Abcam, Cambridge, MA, USA) following 

the manufacturers’ instructions, and each sample was adjusted to 50–200 µg protein per 50 μL 

cell lysis buffer. Duplicate samples and controls were prepared on a 96-well microplate (3364, 

Corning, Australia) and protein content was measured at 562 nm against a bovine serum albumin 

standard curve. For caspase enzyme activity, reactions (96-well microplate) comprised 50 μL of 

sample or blank (2x reaction buffer) in duplicate, 50 μL of caspase reaction mix, and 5 μL of 4 

mM DEVD-p-NA substrate (DEVD-p-NA or IETD-pNA [200 μM final concentration]). Plates 

were incubated at 37°C for 1 h, and absorbances were measured at 405 nm (Thermo Scientific 

Multiskan Go). Data were normalized to total protein.                  

8.6 Plasma biochemistry parameters 

Fresh peripheral blood samples were centrifuged (16,250 g; 8 min) to obtain plasma, 

transferred to 2 mL cryovials and immediately snap frozen in liquid nitrogen. Subsamples were 

sent on dry ice to GVL for targeted and quantitative analyses of selected biochemical and cellular 

parameters. Biochemical analytes comprised six ions (K+, Na+, Mg2+, Ca2+, Cl-, PO4
3-), seven 

metabolites (urea, creatinine, lactate, glucose, cortisol, biribulin, cholesterol), TAGs, TP, ALB, 

GLOB [calculated as TP minus ALB]), HAPT, PGE2, C-RP, and six enzymes (ALP, alanine 

aminotransferase [ALT], GDH, CK, and lipase [LIP]). Plasma samples were analysed for 

electrolytes and most clinical chemistries using a ‘Cobas c 501’ automated chemistry analyser 

(Roche Diagnostics; Mannheim, Germany). Plasma cortisol levels were determined using a 

‘Cobas e 411’ automated endocrinology analyser (Roche). Each of the assays used a standard kit 

(Roche) developed for the autoanalyser. The inflammatory markers HAPT, C-RP and PGE2 were 

analysed in plasma samples using ELISA kits (My BioSource; CA, USA) and read on a 

Spectramax® ABS plate reader (Molecular Devices; CA, USA). 

Lysozyme (LYS) activity was assessed spectrophotometrically (Paredes et al., 2013). 

Briefly, 200 μL Micrococus lisodeikticus (M3770 [Sigma Aldrich; Auckland, New Zealand]) 

suspension (0.2 mg mL-1 in 0.05 M PBS) were added to wells of a 96-well microplate (3364, 

Corning, Australia) and mixed with 50 µL of freshly thawed plasma. Absorbance (520 nm) was 

recorded after 1, 3, 6- and 9-min (with shaking in between) on a UV-vis microplate reader 
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(Thermo Scientific Multiskan Go). One unit of enzyme activity was defined as the volume of 

sample required to cause a 0.001/min decrease in absorbance from the slope of the linear portion 

of the curve. 

ACP activity was assessed spectrophotometrically (Dalmo & Seljelid, 1995). Fish plasma 

was thawed and used without further processing. To 80 µL of sample in a well, 20 µL of 0.2 M, 

pH 5.0 acetate buffer (S7899 [Sigma Aldrich; Auckland, New Zealand]) and 2 µL of 24 mM, pH 

5.0 para-nitrophenyl-phosphate (N7653 [Sigma Aldrich]) were added. The suspension was 

incubated for 30 min at 12°C. After 30 min, 200 µL of 0.2 M borate buffer (pH 9.8) were added 

to stop the reaction. Absorbance at 405 nm was recorded using a Thermo Scientific multiscan Go 

UV-vis microplate reader. Results were recorded in absorbance units. 

CAT activity was determined using a colorimetric assay kit (ab83646 according to the 

manufacturer’s instructions (Abcam; Cambridge, MA, USA). In this assay, catalase decomposes 

H2O2 to water and oxygen, and then unconverted H2O2 reacts with OxiRed probe to produce a 

product that can be measured at 570 nm. Briefly, plasma samples in a 96-well plate were treated 

with H2O2, incubated for 30 min at 21°C, then followed by addition of stop solution and 

development solution. Absorbance was measured on a microplate reader and results expressed as 

nmol H2O2 converted per min per mL of plasma. 

Plex was determined using a colorimetric assay kit (KB03002 [Bioquochem; Spain]) 

according to manufacturer’s instructions. This assay measures two major byproducts of lipid 

peroxidation: malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE). Reaction between MDA 

and HNE and the assay reagent A results in a chromophore (diindolylalkane) with maximum 

absorbance measured at 586 nm. Salmon plasma samples were thawed on ice and 100 µL mixed 

thoroughly with 325 µL of Reagent A solution and 75 µL of Reagent B in a 1.7 mL 

microcentrifuge tube. Tubes were incubated in a water bath at 40°C for 40 min, then centrifuged 

(5,000 g; 5 min; 21°C). 200 µL of supernatant from each sample were aliquoted in duplicate into 

wells of a 96-well plate together with calibration standards (0–60 µM). Absorbance was measured 

at 586 nm (EnSpire® microplate reader; PerkinElmer®). MDA and HNE concentrations were 

calculated using the sample absorbance (blank corrected) and the slope from the linear regression 

of the standard curves (R2 = 0.9902–0.9996). 

TAC was assayed using an e-BQC portable TCA device (Bioquochem; Spain) with 

disposable strips which determines antioxidant capacity using electrochemistry; results obtained 

are in micro-Coulomb (µC). This device has recently been used to determine thermal stress in 

shellfish (Delorme et al., 2021). A 50 µL sample of chilled plasma was placed onto a disposable 

strip, obtaining results for fast (Q1) and slow (Q2) antioxidant responses as well as total 

antioxidant response (QT: sum of Q1 and Q2).   

8.7 Statistical analyses 

Mixed general linear models (GLMs) and fisher’s least significant difference (LSD) were 

used to assess the effects of thermal stress and growth performance on all cellular haematology 



Chapter 8. Case Study 5 

180 
 

and plasma biochemistry parameters (tank was included as a random factor where possible). 

Marginal means plots (±SEM) are presented to summarise parameters which were influenced 

(p<0.05) by the main effects. Individual MCF values were used to assess the effect of rearing 

temperature and growth performance on EOF and their interaction using a general linear model 

(GLM) with LSD posthoc test. Analysis of PBMC viability and ROS production was similarly 

performed but with ‘time-to-analysis-after-blood-withdrawal’ being included as a potential 

covariate due to variability in sample processing times (mean ± SD = 105.7 ± 28.2 min). Data 

were analysed using SPSS v.26 statistical software (IBM Corp.; Armonk, NY, USA). 
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8.8 Appendices 

Table 8.1S Biometric parameters of Oncorhynchus tshawytscha following a thermal challenge 
(17°C versus 19°C) and nominated for subsequent blood analyses. Individual fish were selected 
based on divergent growth performance characteristics from a larger population (WG = weight 
gain; WL = weight loss groups). Data represent means ± SEM for each group (n = 9–47). 

Biometric parameter  17°C, WG 17°C, WL 19°C, WG 19°C, WL 

Body weight (g) 3154.15 ± 
147.38 

2093.56 ± 124.98 2618.51 ± 
95.25 

2291.39 ± 
68.20 

Fork length (mm) 515.62 ± 9.14 478.78 ± 5.76 496.17 ± 5.10 490.41 ± 3.77 
Body girth (mm) 400.77 ± 7.03 339.67 ± 9.52 371.62 ± 5.36 350.22 ± 4.31 
Condition factor K 2.28 ± 0.04 1.89 ± 0.06 2.10 ± 0.03 1.92 ± 0.03 
Weight gain as a % of start weight/day 0.27±0.03 -0.13±0.01 0.14±0.01 -0.10±0.01 
Specific growth rate (%/day) 0.24 ± 0.02 -0.14 ± 0.01 0.13 ± 0.01 -0.11 ± 0.01 
Swim bladder fluid (mL) 0.19 ± 0.13 3.17 ± 2.43 1.11 ± 0.34 5.32 ± 2.37 
Stomach width (mm) 15.69 ± 1.18 13.56 ± 2.98 14.13 ± 0.90 12.63 ± 0.77 
Gastrointestinal tract weight (g) 253.52 ± 25.22 148.24 ± 13.30 220.28 ± 

11.36 
183.71 ± 7.44 

Visceral fat score 2.31 ± 0.13 2.78 ± 0.15 2.53 ± 0.07 2.59 ± 0.07 
Belly-flap thickness (mm)a 14.41 ± 0.53 12.98 ± 0.67 13.68 ± 0.36 13.27 ± 0.34 
Belly-flap thickness (mm)b 10.84 ± 0.51 9.39 ± 0.31 11.69 ± 0.35 10.37 ± 0.32 
Belly-flap thickness (mm)c 3.55 ± 0.27 3.28 ± 0.26 3.16 ± 0.15 3.00 ± 0.12 
Cardiosomatic index (CSI) 1.24 ± 0.06 1.36 ± 0.07 1.41 ± 0.04 1.53 ± 0.05 
Hepatosomatic index (HSI) 1.41 ± 0.13 0.62 ± 0.02 1.05 ± 0.06 0.77 ± 0.02 
Gonadosomatic index (GSI) 0.18 ± 0.03 0.15 ± 0.02 0.15 ± 0.01 0.17 ± 0.01 
Gut content % of body weight 3.20±0.57 2.49±1.37 1.35±0.24 0.36±0.22 
Sample size (n) 13 9 47 47 

a cranial to the pectoral fin, b caudal to the pelvic fin and c at the vent. 

Table 8.2S Sample numbers of selected Oncorhynchus tshawytscha from each thermal treatment 
and growth performance groups allocated for various blood parameter assessments (WG = weight 
gain; WL = weight loss groups).  

Profile 
Type 

Biological  
Assessment 

Tanksa Total 
Fish 

17°C 
WG Fish

17°C 
WL Fish 

19°C 
WG Fish

19°C 
WL Fish 

C
el

lu
la

r 
pa

ra
m

et
er

s Differential cell counts (n=4) 10/2 116 13 9 47 47 
Haemoglobin 10/2 116 13 9 47 47 
% Haematocrit 10/2 116 13 9 47 47 
% Mean corpuscular haemoglobin 
content 

10/2 116 13 9 47 47 

PBMC % Viability 1/1 20 5 5 5 5 
PBMC % ROS 1/1 20 5 5 5 5 
PBMC Caspases 3 1/1 20 5 5 5 5 
PBMC Caspases 8 1/1 20 5 5 5 5 
Erythrocyte osmotic fragility 1/1 20 5 5 5 5 

P
la

sm
a 

bi
oc

he
m

is
tr

y 

Ions (n=6) 10/2 116 13 9 47 47 
Metabolites (n=7) 10/2 116 13 9 47 47 
Triglycerides 10/2 116 13 9 47 47 
Total protein 10/2 116 13 9 47 47 
Albumin 10/2 116 13 9 47 47 
Globulin 10/2 116 13 9 47 47 
Albumin:Globulin 10/2 116 13 9 47 47 
Prostaglandin E2 10/2 116 13 9 47 47 
C-reactive protein 10/2 116 13 9 47 47 
Haptoglobin 10/2 116 13 9 47 47 
Alkaline phosphatase 10/2 116 13 9 47 47 
Alanine aminotransferase 10/2 116 13 9 47 47 
Aspartate aminotransferase 10/2 116 13 9 47 47 
Creatine phosphokinase 10/2 116 13 9 47 47 
Glutamate dehydrogenase 10/2 116 13 9 47 47 
Lipase 10/2 116 13 9 47 47 
Lysozyme 2/2 40 11 9 10 10 
Acid phosphatase 2/2 40 11 9 10 10 
Catalase 2/2 40 11 9 10 10 
Antioxidant capacities (e-BQC 
Q1/Q2/QT) 

10/2 113 13 9 46 45 

Lipid peroxides 10/2 114 13 9 46 46 
a X/Y where X = N 19°C tanks and Y = N 17°C tanks.  
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9 Chapter 9. Summary and Conclusion  

9.1 Thesis background 

Globally, aquaculture production has tripled over the last two decades and is projected to 

be the main source of fish by 2050  (FAO, 2018c, 2020b; Naylor et al., 2021). Chinook salmon 

(Oncorhynchus tshawytscha) remains the only economically farmed finfish in New Zealand 

(Lulijwa et al., 2020b). In the next thirty years, demand for high-quality animal protein such as 

O. tshawytscha is predicted to accelerate due to population growth (Gordon, 2018). While the 

New Zealand government strategy is to expand production and annual sales by 2035 to tap into 

the growing demand (MPI, 2019), climate change effects and disease incidences remain big risks 

to this plan (Chapter 1). Moreover, existing knowledge gaps to O. tshawytscha haematology, 

immunology and metabolomics present an enormous challenge to health management, industry 

performance and sustainability. These challenges guided the research experiments conducted in 

this thesis (Chapter 1). The thesis was designed to profile the cellular components of fish blood 

and characterise the immuno-metabolic responses of O. tshawytscha to biological and physical 

stressors. This chapter summarises findings of this thesis, highlights the limitations faced during 

the study and suggests future research.     

9.2 Summary 

9.2.1 Salmon metabolomics research 

As the salmon aquaculture industry continues to expand, several challenges with broad 

categorization under ecotoxicology (pollution), thermotolerance, nutrition, postharvest quality, 

health risks and disease and husbandry practices have emerged (Chapter 2). Traditional 

techniques including biometrics, proximate composition, digestibility assessments, immune 

assays, and omics approaches including genomics, transcriptomics and proteomics have been 

used to solve problems in aquaculture. However, these approaches may not depict downstream 

effects, a position metabolomics can exploit. 

The aim of this section was to summarise findings and identify knowledge gaps from the 

studies that used metabolomics in salmonid aquaculture research. The review compared common 

metabolomics analytical platforms, identified popularly used salmonid species, discussed sample 

types, and highlighted statistical methods. It identified the latest research themes and summarised 

mechanistic responses. The review also identified research gaps under each theme and suggested 

future application opportunities in salmonid aquaculture research. The section also provided 

general perspectives for improving metabolomics research in aquaculture. It also suggested inter-

laboratory coordination to identify the growing list of unknown features and establishment of the 

fish metabolome database to aid data interpretation and inference. We expect that showcasing 

metabolomics-based approaches in salmonid aquaculture research will facilitate uptake and 

integration in academia and industry programs. For example, metabolomics combined with 

genomics could enhance the prediction of desirable health and growth traits. This would 
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contribute towards improving the productivity, efficiency, and sustainability of the salmon 

aquaculture industry.   

9.2.2 Salmon leucocyte immunology 

With the increasing demand for fish and fishery products, aquaculture has rapidly 

expanded to fill the gap due to declining capture fishery. But with the drive to increase production, 

farmers keep fish at high densities, providing a suitable environment for the proliferation of 

pathogens. Emergence of aquaculture pathogens has thus driven research into the development of 

techniques for assessing immunocompetence alongside the traditional growth parameters. Fish 

immunocompetence is commonly studied, e.g., using lymphoid organs and peripheral blood 

mononuclear cells (PBMC) functional parameters. Besides the review of metabolomics 

applications (Chapter 2), a second literature survey (Chapter 3) aimed to identify methods used 

to isolate salmonid lymphoid leucocytes and peripheral blood leucocytes (PBL), and to find 

popularly applied assays to determine immunocompetence in aquaculture research. 

The review identified a more affordable and ethically appropriate leucocyte isolation 

technique to reduce research costs. We found a density gradient-based approach and modified it 

to develop a micro-volume blood technique to isolate O. tshawytscha PBMCs (Chapter 4) for 

subsequent experimental studies (Chapters 5-8). It also discusses major assays used in salmonid 

immunology, from which we chose cellular functional parameters assessed in subsequent case 

studies (Chapters 5-8). The analysis also identified technological gaps to allow integration of 

traditional techniques with the recent omic and innovative flow cytometry approaches to in vitro 

immunological studies. We hope that isolation techniques and assays presented provide a 

shopping list for researchers working on other fish species to consult and drive aquatic health 

research.   

9.2.3 PB cellular characterisation and PBMC isolation 

The race to provide fish has been accelerated by rapid technological advancements in 

aquaculture. Globally, aquaculture has become one of the fastest-growing food production sectors 

(FAO, 2014). New Zealand is a global leader in O. tshawytscha farming and supply. Production 

remains free of major salmonid pathogens found elsewhere. However, recent studies reported 

pathogen associated summer mortality events since 2012 with heavy losses in the Marlborough 

Sounds in 2015 (Brosnahan, 2020; Brosnahan et al., 2019c). Haematological assessments form 

an established tool for health and welfare assessments in aquaculture (Fazio, 2019). However, we 

knew little regarding New Zealand farmed O. tshawytscha. This provided an opportunity to 

profile the cellular composition of O. tshawytscha PB. The shortage of New Zealand farmed O. 

tshawytscha immunological information also led to the development of a micro-blood volume 

method to isolate PBMCs for immunological studies in vitro.  

Using PB samples from O. tshawytscha yearling smolts, this study demonstrated for the 

first time that total blood cell counts range from 1.9 - 2.7x106 µL-1. The study found five cell types 

dominated by erythrocytes, lymphocytes, thrombocytes, and monocytes, while neutrophils were 
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detected in unquantifiable numbers. This contribution described O. tshawytscha PB cellular 

morphology, staining properties and immunological roles. These findings provided insights 

important in future haematological assessments (Clauss et al., 2008). Although logistical 

constraints limited the establishment of a reference range for this species in this study, the 

observed cellular parameters were within range for the same reported in other salmonids.  

The review conducted in Chapter 3, demonstrated that most of the fish immunological 

studies are in vivo and require euthanisation. In addition, researchers majorly isolated leucocytes 

from the head kidney (HK), spleen (SP) and thymus, which all necessitate animal euthanisation. 

We also know that all fish blood cells are nucleated, and require the separation of leucocytes from 

other cells using expensive density gradient media (Chapter 3). This experiment successfully 

developed an affordable micro-volume method to isolate O. tshawytscha PBMCs from PB. From 

< 300 µL of PB, PBMCs were isolated by continuous density gradient centrifugation. Through 

this approach, we recovered up to 1.0-1.5 mL of PBMCs at 105-106 cells mL-1, sufficient to 

conduct phagocytosis, ROS, and nitric oxide (NO) production assays. The technique can be used 

non-invasively, offering a sampling advantage over the traditional approaches that involve fish 

euthanisation. This strategy can also allow on-farm individual sampling for longitudinal studies. 

Isolated PBMCs also enable the use of novel flow cytometry Muse® Cell Analyser protocols in 

the field for rapid physiological assessments. Depending on fish size, researchers may integrate 

the PBMC approach with non-invasive mucus and faecal sampling for metabolomics to give 

comprehensive physiological assessments. Findings from this chapter may pave the way for 

future integration of novel flow cytometry, metabolomics, and conventional haematology.       

9.2.4 In vitro PBMC immunomodulation by Gram-negative bacterial LPS   

Disease outbreaks in aquaculture are common and have been reported to cause up to 50% 

of losses (Assefa & Abunna, 2018; Fazio, 2019). Majority of the disease incidents in aquaculture 

are caused by 13 genera of Gram-negative (e.g., Edwardsiella, Aeromonas, Flavobacterium, 

Francisella, Photobacterium, Piscirickettsia, Pseudomonas, Tenacibaculum, Vibrio and 

Yersinia) and Gram-positive bacteria (e.g., Lactococcus, Renibacterium and Streptococcus), 

especially when water temperatures rise (Pridgeon & Klesius, 2012). Pathogenic Gram-negative 

bacteria have conserved pathogen associated molecular patterns (PAMPs), such as LPS, that are 

recognised by the vertebrate immune system via pattern recognition receptors (PRRs) on the cell 

surfaces, following a breach of physical barriers (Lulijwa et al., 2019a). 

Farmed O. tshawytscha is significantly important to the New Zealand economy. Recently, 

climate change-induced rising seawater temperatures exacerbated New Zealand rickettsia-like 

organism (NZ‐RLO2) summer mortality (Brosnahan et al., 2019c). Thus, this case study 

characterised the cellular functional and molecular immunomodulatory responses of farmed O. 

tshawytscha PBMCs in vitro using LPS from E. coli serotypes O111: B4 and O55: B5.  

Study results demonstrated that O. tshawytscha PBMCs recognised bacterial LPS by 

mounting immune defence via biphasic ROS production, with peaks at 2 h and 12 h post-
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stimulation. The fast surge in ROS production by cells reflected innate immune response (Li et 

al., 2021). This initial ROS peak 2 h post-stimulation suggested direct PBMC interaction with 

LPS which activates nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, and the 

inhibition of anti-oxidative enzymes involved in ROS regulation (L. Li et al., 2010). The enzyme 

NADPH stimulates ROS production by promoting the transfer of electrons to molecular oxygen, 

producing superoxide anions (Briggs et al., 1975). The second ROS peak resulted from LPS 

induced pro-inflammatory immune cytokine transcript production. This result was supported at a 

molecular level, by LPS induced PBMC pro-inflammatory mRNA cytokine transcripts for 

interferon gamma (ifnγ) and tumour necrosis factor alpha (tnf-α), the fast responders to pathogenic 

infections (Bjork et al., 2014). In addition, O. tshawytscha PBMCs also exhibited homeostasis via 

enhanced production of anti-inflammatory interleukin-10 (il-10), which evidently regulated LPS 

induced pro-inflammatory interleukin-6 (il-6) and interleukin-1 beta (il-1β) release. These 

findings demonstrated innate cellular ROS production, involvement of pro-inflammatory ifnγ and 

tnf-α and regulatory il-10 during pathogenic Gram-negative bacterial infection in O. tshawytscha. 

Results suggest the activation of inflammation via inflamatory marker genes as previously 

reported in vitro (Holen et al., 2012; Martins et al., 2019; Nguyen et al., 2021; Stenberg et al., 

2019). 

Despite reports of LPS induced immunomodulation in several salmonids in vitro and in 

vivo (Jang et al., 1995; Martins et al., 2019; Nya & Austin, 2010; Paulsen, 2020; Solem et al., 

1995), this study offered insights into in vitro LPS induced signalling in farmed O. tshawytscha 

PBMCs, important in pathogenic bacterial studies. The experiment postulated that immune 

related cytokine release could be regulated via Toll-like receptors (TLRs), particularly TLR4, or 

synergistic TLR1 and TLR2 ligands, probably via the myeloid differentiation primary response 

gene 88 (MyD88) and Toll-interleukin-1 receptor (TRIF) pathways. We recommend further 

studies into these observations in O. tshawytscha, considering that most teleosts lack TLR4 while 

impurities rather than LPS  itself, have been suggested to stimulate immune reactions (Álvarez de 

Haro et al., 2021). Finally, since PBS was used as culture media, it could have influenced the 

results obtained in this study. Therefore, future studies are encouraged to use cell culture media 

such as Eagle’s minimum essential medium (MEM), and Leibovitz’s L-15 to avoid stress related 

biases and unwanted immune reactions. 

9.2.5 Short-term in vivo poly (I:C) immuno-metabolic modulation  

The expanding growth in international trade of live aquaculture species and their products 

promotes the emergence of viral diseases (Kibenge, 2019). Although the New Zealand O. 

tshawytscha industry remains relatively secure (Diggles, 2016), viruses are ubiquitous (107 mL-1 

of seawater), replicate fast, and persist in the environment (Oidtmann et al., 2018; Semple et al., 

2018). Thus, continued industry growth, a changing climate and emergence of viral diseases 

necessitates the study of antiviral mechanisms in farmed fish. In addition, scanty literature exists 

regarding O. tshawytscha’s in vivo immuno-metabolic response to viral infections or poly (I:C). 
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Furthermore, most poly (I:C) studies in O. tshawytscha have been in vitro with poly (I:C) 

transfected embryonic CHSE-214 and triploid O. tshawytscha CHSS cells (Jensen et al., 2002b; 

Monjo et al., 2017; Semple et al., 2018). 

To contribute towards filling this knowledge gap, this study investigated the mechanisms 

that O. tshawytscha uses to respond to in vivo poly (I:C) 24 h post-exposure. We used an 

integrated strategy involving classical haematology, PBMC latex bead phagocytosis, the Muse® 

flow cytometry assay of viability, ROS, and NO production; liver and serum GC-MS 

metabolomics; and reverse‐transcription polymerase chain reaction (RT‐PCR) targeted immune 

cytokine expression in red blood cells (RBCs), SP and HK samples. 

Findings showed that O. tshawytscha responds to poly (I:C) in vivo at cellular, metabolic, 

and molecular levels. Changes in haematological parameters can be excellent indicators of fish 

health state given availability of reference values (Seibel et al., 2021). In this study, the lack of 

poly (I:C) effects on haematological and cellular PBMC functional parameters 24 h post-

stimulation suggested the need for a longer incubation or requirement for a larger sample size to 

detect differences. However, the general increase in monocytes, neutrophils, PBMC ROS, NO 

and phagocytosis parameters suggested enhanced cellular proliferation and PBMC functional 

activation of inflammation. We observed the most interesting results at metabolic and molecular 

levels. Poly (I:C) elevated serum metabolites involved in branched chain amino acid 

(BCAA)/glutathione pathways and phospholipid metabolism, and downregulated those under the 

glycolytic and energy metabolism 24 h post-stimulation. Therefore, poly (I:C) induced changes 

suggestive of viral mimics to reprogram the host metabolome for own replication (Eisenreich et 

al., 2019). At the molecular level, poly (I:C) upregulated antiviral ifnγ in HK, anti-inflammatory 

il-10 in fish HK and SP and Mx1 protein in HK, SP, and fish RBC, suggestive of a host 

orchestrated inflammatory and antiviral immune defence against infection (Semple et al., 2018). 

For the first time, findings enhanced our knowledge of short-term poly (I:C) induced immuno-

metabolic modulation in O. tshawytscha, important in viral pathogenesis.  

9.2.6 Prolonged in vivo poly (I:C) immuno-metabolic modulation  

We designed this case study as an extension of the experiment, which looked at the immuno-

metabolic effects of in vivo poly (I:C) administration in O. tshawytscha 24 h post-stimulation 

(Chapter 6). Here the immuno-metabolic responses of O. tshawytscha post-smolt to in vivo poly 

(I:C), over a five-day post-exposure period were examined. We adopted a multipronged approach 

that involved haematology, PBMC functional ROS and latex bead phagocytosis, serum and liver 

metabolomics and RT-PCR targeted cytokine expression in HK and SP. 

Results revealed that poly (I:C) in vivo stimulated O. tshawytscha immuno-metabolic 

responses at cellular, metabolic, and molecular levels. At cellular level, depression in erythrocyte 

counts at day three and day four post-challenge may suggest changes to respiratory capacity or 

immunological involvement (Lulijwa et al., 2020b; Tang et al., 2019). Increases in counts for 

monocytes at day one and day three and neutrophils from day three upto day five, post-stimulation 
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suggested immunocompetence and increased cellular proliferation. At the cellular functional 

level, poly (I:C) induced temporal ROS production in O. tshawytscha PBMCs from day one to 

day four suggest activation of inflammation in fish PBMCs, an important defence mechanism 

against infectious pathogens (Lulijwa et al., 2019c).  

Metabolically, poly (I:C) elevated liver and serum metabolites involved in BCAA 

metabolism and protein biosynthesis, and caused perturbations to the citric acid cycle, ROS 

regulation and liver lipid metabolism. Liver and serum molecules involved in glycolysis were 

significantly reduced from day one upto day five. Amino acids and sugars are used to generate 

metabolic energy through the glycolytic pathway and the citric acid cycle. Metabolic results 

suggested that poly (I:C) heightened energy demand and triggered response mechanisms like 

those observed in viral-infected teleosts where the virus hijacks the host metabolome to favour 

own survival (Huang et al., 2020; Tang et al., 2019). At molecular levels, upregulated fish HK 

ifnγ and both organ transcripts for antiviral Mx1 protein and the regulatory il-10 transcripts, 

suggested O. tshawytscha antiviral defence as previously reported (Martins et al., 2019; Paulsen, 

2020; Zhou et al., 2014).  

It is important to highlight that the obtained results could have been influenced by external 

variables, time, daily sampling, handling stress and experimental design shortcomings (e.g., lack 

of sham PBS controls and negative control) through the study period. However, these could be 

teased out in future studies to verify some of the hypotheses raised in this study. Nevertheless, 

these results enhanced our knowledge of poly (I:C) induced immuno-modulation at the cellular, 

metabolic, and molecular levels several days post-stimulation. Metabolic results may act as a 

primer for developing amelioration strategies against viral pathogens in aquaculture.       

9.2.7 Haemato-biochemical biomarkers associated with thermal stress and 

growth performance  

Over the past four decades, SSTs have been rising at 0.02°C annually (Sutton & Bowen, 

2019). Fuelled by global warming, marine heatwaves have hit New Zealand since the 2017/2018 

and 2018/2019 period. For instance, a 2-5°C rise in SSTs above the optimum 17°C in 2017/2018 

and 2018/2019 contributed to significant summer O. tshawytscha mortalities in the Marlborough 

Sounds (Salinger et al., 2020; Salinger et al., 2019). Temperature affects fish metabolism and 

growth, and stressed salmon show compromised immunity, growth, metabolism, and appetite 

(Malekar et al., 2018; Wade et al., 2019). Despite the negative effects of thermal stress, evidence 

of thermal tolerance and differences in growth performance at individual and population levels 

are documented in teleosts (Alfonso et al., 2020; Clark et al., 2012). This study was designed to 

disentangle haematological biomarkers associated with thermal stress (17°C vs 19-20°C) and 

growth performance (weight gain vs weight loss). An integrated approach that involved cellular 

haematology, erythrocyte osmotic fragility (EOF), the Muse® flow cytometry PBMC viability, 

ROS production and caspase activity, including serum biochemistry were employed.  
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Assessing fish performance, elevated temperature induced a 20% aggregate mortality, in 

agreement with field observations recorded by farmers during summer marine heatwave events 

in the Marlborough Sounds. Reid et al. (2019) noted in their review that increasing water 

temperatures beyond the species upper limit can be lethal. Importantly, negative, and positive 

specific growth rates (SGR) corresponded with weight loss and weight gain groups irrespective 

of culture temperature. This is corroborated with lower condition factor (K) in the weight loss 

groups, and evidence of suppressed feed intake. The result confirms different growth performance 

paths under thermal stress, suggesting the need for future studies to tease out the influence of 

other intrinsic factors (e.g., genetic variation) that maybe responsible. 

Elevated thermal stress, resulted in increased erythrocyte resistance to osmolysis, but 

activated mild immune responses in form of caspase (-3/-8) activities, and plasma acute phase 

protein (APP) haptoglobin release, with no evidence of oxidative stress at both thermal regimes 

studied outside the species range (Casanovas et al., 2021). These results may suggest within 

optimal range or adaptation to the final temperature challenge (19°C). However, thermal stress 

induced minor increases to plasma ions levels for Cl-, Na+, K+ and Mg2 suggesting disturbance to 

osmoregulatory capacity via reduced Na+/K+-ATPase activity (Vargas-Chacoff et al., 2020; Wade 

et al., 2019). In a similar study, osmoregulatory ion-transporters increased in temperature (21°C 

and 25°C) stressed O. tshawytscha (Tomalty et al., 2015). 

Most strikingly, growth performance influenced most of the haematological parameters, 

irrespective of temperature. Individuals that lost weight were characterised with reduced feed 

intake and hepatosomatic index (HIS) indicative of liver lipid use for metabolic energy. Indeed, 

we observed reduced plasma signatures of energetic molecules (cholesterol, glucose, and total 

protein), including activities for creatine kinase (CK), acid phosphatase (ACP), alkaline 

phosphatase (ALP), plus elevated bilirubin and albumin/globulin ratio. Findings indicate 

starvation/malnutrition or reduced feed intake, liver malfunction and poor health in the weight 

loss group. Results suggest reduced fitness and poor health in the weight loss group, which is 

associated with low survival and productivity in O. tshawytscha (Xu et al., 2020; Yasumiishi et 

al., 2019). These data are collaborated with reduced lactate and cortisol in the weight loss group, 

pointing to potential exhaustion from suppressed appetite and reduced feeding (De Boeck et al., 

2000).  

Collaboratively, reduction in cellular haematology biomarkers of leucocyte count, 

haematocrit values (HCT) and PBMC viability, suggested compromised immunity and starvation 

in the weight loss group (Fazio et al., 2017; Rios et al., 2005). Low HCT point to anaemia, 

erythrocyte size shrinkage, enhanced mean corpuscular haemoglobin concentration (MCHC) and 

increased oxygen demand (Ciepliński et al., 2019; Rios et al., 2005; Witeska, 2015). Cellular 

oxidative stress biomarkers included elevated PBMC ROS production and erythrocyte MCF 

(increased osmolysis) in combination with reduced antioxidant capacity and lipid peroxidation in 
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the weight loss group (Heming & Paleczny, 1987; Kiron et al., 1994; Malekar et al., 2018; Mejía 

et al., 2006). 

Lastly, significantly reduced levels for plasma osmolytes of Na+, K+, Ca+2 and PO4
3–  in the 

weight loss group illustrate disturbance to osmoregulatory capacity. Reduced plasma osmolarity 

increases the energy budget for osmoregulation (De Boeck et al., 2000), induces erythrocyte 

dehydration, reduces cell volume, and elevates MCHC as observed in this study (Rios et al., 

2005). Findings established cellular haematological and plasma biochemistry parameters 

associated with thermal stress and growth performance, that may be important in selective 

breeding programs.       

9.3 Limitations 

Despite the achievements registered regarding farmed salmonid immunological and 

metabolomics research, we still know little about the New Zealand farmed O. tshawytscha. 

However, understanding the fish health state requires the development of protocols and tools for 

health assessment. Despite the successes, we encountered several challenges. 

First, there was no O. tshawytscha cellular haematology and blood biochemistry literature. 

Knowledge of species haematology is an important step towards health assessment and requires 

proper characterisation to identify reliable reference ranges for cellular and plasma or serum 

biochemistry. Because of this challenge, we referenced cellular values reported in this study 

(Chapter 4) to those obtained from salmonids farmed in the northern hemispheres. More recently, 

however, reference range haematological data has trickled in thanks to the Ministry of Business, 

Innovation and Employment (MBIE) funding (Casanovas et al., 2021).  

Second, the study aimed to develop in vitro assays for O. tshawytscha health assessment 

using PBMCs (Chapter 4). While PBMC isolation techniques had previously been developed for 

Atlantic salmon (Salmo salar) and rainbow trout (Onchorhycus mykiss), there were no working 

protocols for use with New Zealand farmed O. tshawytscha. Thus, during the study, we trialled 

several PBMC isolation techniques using methods such as SepMate density gradient 

centrifugation, with limited success. Similarly, the use of preserved blood couriered from Nelson 

to Auckland did not work at all. Over time, it became clearer that freshly taken blood was the best 

sample for isolation of O. tshawytscha PBMCs. Subsequently, we developed a micro-volume 

continuous density gradient centrifugation method and used it to isolate cells to enable health 

assessments on Gram-negative bacterial LPS (Chapter 5), poly (I:C) (Chapters 6 and 7) and 

thermal stress (Chapter 8). In addition, the Muse® flow cytometer ROS and NO kits used in these 

chapters haven’t been validated and a recommendation is included below under future studies. 

The third challenge involved the lack of a complete O. tshawytscha genome sequence. Part 

of this thesis involved the study of fish response mechanisms to bacterial and viral PAMPs at the 

molecular level (Chapters 5, 6 and 7). However, the lack of genome data limited the choice of 

primers to those developed for O. tshawytscha and O. mykiss farmed in the northern hemispheres. 

To complicate matters, the O. tshawytscha and other salmonid genomes were duplicated for a 
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fourth time over 90 million years ago (Castillo, 2020; Christensen et al., 2018). This means that 

O. tshawytscha has paralogous gene sequences which are not yet known. Other technical 

challenges relate to the inaccuracy with the reverse primer sequence for the in housekeeping β-

actin gene which could have affected the robustness of gene results obtained in Chapters 5, 6 

and 7. This might affect the present gene results. However, genome sequence is underway for 

New Zealand farmed O. tshawytscha. This will enhance specificity of gene work and improve 

accuracy in future studies. In addition, the qPCR conditions used in these studies were based on 

previously published primers, which were not optimised for the LightCycler 480 instrument II 

used in this work, and this could have limited results reliability. Although the kit used to extract 

RNA in Chapters 5, 6 and 7 contained DNase, the molecular workflow did not account for 

gDNA contamination via inclusion of reverse transcriptase negative, RT (-) controls for all genes, 

which could also have affected gene findings in these chapters. 

Finally, there is a lack of a proper fish metabolome database, which limits the identification 

of several metabolic features currently reported as unknowns in this study. This thesis found over 

200 metabolic features and 45 of them remain unknown (Chapters 6 and 7). Statistical analysis 

found treatments to significantly affect some of the unknown metabolic features (Chapter 7). But 

because these features remain unknown, we omitted them from the discussion and interpretation 

of findings in this study.                   

9.4 Future research 

From the metabolomics literature review (Chapter 2), we identified gaps and suggested 

future studies into unravelling response mechanisms to current use pesticides, microplastics, sex 

reversal hormones, thermal tolerance, nutritional manipulations, host-pathogens relationships, 

and daily farm husbandry practices. We also encourage research into metabolic profiling of 

farmed fish fillets. Based on the second review (Chapter 3), we suggested future effort into the 

use of the O. tshawytscha PBMCs to reduce the requirement for fish euthanasia. Lagging S. salar 

and O. mykiss, the New Zealand farmed O. tshawytscha is the least studied farmed salmonid. 

Embracing this strategy will establish an in vitro approach to harness several facets of basic  

research on New Zealand farmed O. tshawytscha.           

Based on the challenges encountered during case study 1 (Chapter 4), we recommend the 

establishment of a healthy New Zealand farmed O. tshawytscha comprehensive cellular 

haematological and plasma or serum biochemistry reference range database. The database should 

include apparently healthy fish from alevin, fry, parr, smolt, juvenile to adults in freshwater and 

marine operations. The effect of sex also needs to be carefully considered at the appropriate stage, 

including seasonal variation. Availability of this database will enhance the reliability on 

haematological parameters for health assessments of the New Zealand farmed O. tshawytscha. 

With the recent emergence of NZ‐RLO2 associated summer mortalities in some farmed 

sites in New Zealand, we suggest the use of the developed in vitro PBMC techniques to model 

the fish response mechanisms to NZ‐RLO2 at cellular, molecular, and metabolic levels. Using 
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PBMCs, we have demonstrated use of the Muse® flow cytometer to investigate cellular response 

mechanisms via ROS and NO production, which will require future validation. In addition, the 

Muse® Caspase -3/7, and the Muse® MitoPotential assay of apoptosis will have to be brought 

onboard. These kits maybe be important in modulating fish responses to physical, biological, and 

chemical stressors in vitro and in vivo. Since the study (Chapter 5) did not investigate the 

signalling pathway for LPS in vitro in O. tshawytscha PBMCs, we recommend studies into the 

involved PRRs and signalling pathways. Further studies to increase the repertoire of genes 

involved in pro- and anti-inflammatory LPS signalling are encouraged. Further studies to increase 

the repertoire of genes involved in pro- and anti-inflammatory crude and pure LPS signalling in 

comparison with β-glucan and peptidoglycan are encouraged, using atleast two β-actin 

housekeeping genes.  

We strongly encourage research into the host-pathogen relationships of notifiable bacterial 

diseases and trials on metabolome reprogramming. The in vitro PBMC technique also offers the 

opportunity to model host response mechanisms to viral pathogens that have devastated global 

salmon aquaculture. Here, findings in Chapter 6 and Chapter 7 could be of value in future 

studies. For the case-study in Chapter 6 a more robust design would include a negative control, 

and a sham control with PBS. To reduce variability of haematological assessments, sample size 

of 10 is recommended. To capture early ifn1 induction, we recommend sampling points at 6, 12 

and 24 h post-challenge. For the study in Chapter 7, improvements could involve inclusion of a 

negative control and a sham PBS control over the experimental period. Sample size could be 

increased to 5 per group and the period extended to 20 days post-stimulation. Further studies are 

recommended into postulated poly (I:C) induced effects on the pentose pathway, hexosamine 

pathway and aerobic glycolysis, common findings in viral infections. The use of poly (I:C) 

affected metabolites under the glycolysis or gluconeogenesis pathways in metabolome 

reprogramming is recommended. Individual or family susceptibility to viral mimic would also 

benefit the New Zealand aquaculture industry. Overall, poly (I:C) studies should consider the 

collection of samples for poly (I:C) cellular signalling, DNA methylation, genomics, and 

transcriptomics for wholistic understanding of involved immune-related genes. In Chapters 6 and 

7, further studies of immune-related genes will be improved using atleast two β-actin 

housekeeping genes with the correct reverse primer sequences. The Pfaffl (2001) method instead 

of the comparative Ct (△△Ct) equation (Schmittgen & Livak, 2008) would be used to compute 

for relative gene expression, while accounting for the differences in primer efficiency between 

the housekeeping gene and the target gene. Care must be taken to crosscheck primer s against the 

specific gene sequences.   

In addition, the adoption of New Zealand farmed O. tshawytscha PBMCs will enable the 

design of nutritional, health and toxicological in vitro studies, prior to field trials. This approach 

will help to reduce the cost requirement for maintaining fish for in vivo studies. The strategy will 
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potentially initiate in vitro research opportunities with reduced cost and time to allow fast 

metabolomics and flow cytometry assaying in future O. tshawytscha studies. 

Although oxygen levels were varied in the thermally stressed fish group to reflect field 

conditions, we focussed our discussion to the effect of temperature stress and growth 

performance. Since temperature influences levels of dissolved oxygen, future studies into how 

thermal stress affects O. tshawytscha metabolism, feed intake and use, growth  and health are 

encouraged to better understand effects of climate change. In addition, characterising 

immunocompetence, metabolism and genetic variation between individuals with low thermal 

tolerance and survivors will help aquatic scientists understand phenotypic performance 

differences exhibited by O. tshawytscha during warmer temperatures.         

9.5 Conclusion 

 As the O. tshawytscha aquaculture industry expands, knowledge of the fish health state 

will become more valuable to safeguard against potential future pathogens. This research 

characterised for the first time healthy O. tshawytscha cellular haematological parameters 

important in health studies. The research also developed a non-invasive micro-volume PBMC 

isolation method. This strategy enables on-farm individual sampling for longitudinal experiments 

and allows in vitro immunological studies. The study also developed an in vitro PBMC based 

technique to model cellular and molecular immune responses and used metabolomics to reveal in 

vivo host responses to poly (I:C). Finally, the research used plasma biochemistry, cellular 

haematology, and in vitro PBMC assays to identify biomarkers associated with thermal stress and 

growth performance. This research demonstrated an integrated approach for fish health 

assessments. The thesis contributes to the O. tshawytscha aquaculture industry and academia. It 

also offers insights into cellular haematology, LPS, and poly (I:C) induced immunomodulation. 

We recommend an integrated approach to further gain a deeper understanding of the species 

haematology and host-pathogen relationships.             
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