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ABSTRACT

Vibrio anguillarum is a common marine pathogen that causes the disease vibriosis in
several finfish species, including lumpfish (Cyclopterus lumpus). The lumpfish is utilized
as a cleaner fish to control sea lice in the Atlantic salmon (Salmo salar) aquaculture
industry in the North Atlantic region. Lumpfish have the ability to visualize and prey upon
the ectoparasite sea lice (Lepeophtheirus salmonis) found on Atlantic salmon skin.
Lumpfish immunity is critical for their optimal performance and sea lice removal as they
are able to significantly reduce sea lice infestations up to 93-97% on Atlantic salmon in
sea pens.

Oral vaccine delivery at a young age is the desired method for fish immunization. Oral
vaccines are easy to use, reduce fish stress during immunization, and can be applied on a
large scale while the fish are at a young age. However, the efficacy of orally delivered
inactivated vaccines is controversial.

In this study, | evaluated the effectiveness of a bacterin preparation against V.
anguillarum orally delivered to cultured lumpfish and contrasted it to an intraperitoneal
(i.p.) boost delivery. | bio-encapsulated V. anguillarum bacterin in Artemia salina (live
feed) and orally immunized lumpfish larvae. The innate and adaptive immune responses of
lumpfish larvae were evaluated by using real-time quantitative polymerase chain reaction
(gPCR) analyses. Although the oral V. anguillarum vaccine delivered in A. salina live feed
reached the lumpfish gut, real-time quantitative polymerase chain reaction (qPCR)
analyses of immune-relevant transcript expression levels revealed that it only modestly

immune-stimulated the lumpfish larvae. Nine months later, lumpfish were either orally, or



orally and i.p boosted with the vaccine and two months later they were challenged with V.
anguillarum (7.8x10° CFU dose!). Oral immunization of lumpfish delayed mortality but
did not confer protective immunity against the V. anguillarum challenge, which is in

contrast to the i.p. vaccination which was protective.
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1. GENERAL INTRODUCTION

1.1. Global Atlantic salmon industry

Globally, farmed Atlantic salmon (Salmo salar) is the most cultivated salmonid
species, followed by rainbow trout (Oncorhynchus mykiss), and coho salmon
(Oncorhynchus kisutch) (FAO, 2019). The salmonid aquaculture industry has witnessed
tremendous growth in production volume and revenues (Asche et al., 2013). According to
the Food and Agriculture Organization (FAO; 2020) of the United Nations, worldwide
Atlantic salmon production reached 1.434 million tonnes ($9 billion CAD) in 2007 and
increased to 2.248 million tonnes in 2016. In 2018, the production continued to increase
and reached 2.5 million tonnes, increasing 5-6% over the previous year (Marine Harvest,
2019). Production volumes are expected to increase an additional 4% from 2018 to 2022
(Ernst & Young AS, 2018). Growth of the global Atlantic salmon industry was
approximately 180% for the period between 2000 to 2018 (6% compounded annual growth
rate), with the range varying between -4% and 22% annually (Marine Harvest, 2019).

The five major Atlantic salmon producing countries, Norway, Chile, the UK,
Canada, and the Faroe Islands produced up to 95.6% of total global Atlantic salmon in 2018
(Figure 1-1). Norway produced 55.3%, followed by Chile (25.4 %), UK (7.6%), Canada
(6%), and Faroe Islands (3.3%). The remaining countries contributed 4.4% of total

production (lversen et al., 2020).
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Figure 1-1. The production of Atlantic salmon in the five biggest producer countries from

2008 to 2018 (lversen et al., 2020).

The Atlantic salmon farming industry significantly contributes to Canadian seafood
production (Canadian Aquaculture Industry Alliance, 2018) (Fig. 1-2). In 2010, Canada
became the 4™ largest producer of farmed Atlantic salmon globally with 101,544 tonnes
(DFO, 2013; Sarker et al., 2013). In 2013, more than 100,027 tonnes of Atlantic salmon
were produced in Canada with a value of $635,059,000 CAD (DFO, 2013), and by 2014
the yield of salmon decreased to 78,979 tonnes (DFO, 2014). As of 2019, Canada is the
fourth-largest producer of farmed Atlantic salmon after Norway, Chile, the UK with a
production volume of 118,630 tonnes, corresponding to a market value of $ 914,282,000

CAD (DFO, 2019; Iversen et al., 2020).



British Columbia (BC) leads Canadian farmed finfish production with 95.7%
Atlantic salmon, 2.7% Chinook salmon, and 1.6% sablefish (DFO, 2018). British Columbia
is the largest farmed Atlantic salmon producer, contributing 92,926 tonnes in 2015 (DFO,
2015). The salmon production volume reached 88,874 tonnes in BC in 2019, valued at
$662,749 million (DFO, 2019). New Brunswick was the second-largest producer in Canada

in 2019 with 22,395 tonnes of Atlantic salmon production (DFO, 2019).
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Figure 1-2. Canadian farmed seafood production by province and species in 2017

(Canadian Aquaculture Industry Alliance, 2018)

Atlantic salmon is the most commonly cultured finfish species in Newfoundland
and Labrador (NL). In 2013, NL become the second largest producer in Canada with
approximately 15% of total volume and value (Manning and Hubley, 2015). However, like

in any intensive animal food producing sector, Atlantic salmon production in NL has had



to contend with disease outbreaks. Specifically, the Infectious Salmon Anaemia Virus
(ISAV-HPRO and ISAV NA-HPRA variants) which resulted in production losses for
Atlantic salmon producers in 2014 (Fig. 1-3; Gagné, 2017); Atlantic salmon production
volume decreased to 5,980 tonnes, accounting for 73.1 percent by volume of total
production compared to 2013 (Government of Newfoundland and Labrador, 2014).
Atlantic salmon production in NL, which is concentrated in the Bay d’Espoir and Fortune
Bay regions, was reported as 14,167 tonnes in 2019 (Government of Newfoundland and
Labrador, 2019). By 2024, Atlantic salmon production is expected to reach 50,000 tonnes

(Government of Newfoundland and Labrador, 2019).
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Figure 1-3. Aquaculture production in Newfoundland and Labrador for the period 1995-

2018 (Government of Newfoundland and Labrador, 2018)



1.2. Sea lice infestation

Sea lice have negative consequences for the Atlantic salmon industry due to their
impacts on salmon health, production yields, and the costs associated with monitoring and
treatment. Estimated global economic losses to the global Atlantic salmon industry caused
by sea lice are estimated at $460 million (CAD) annually (Costello, 2009; Erkinharju,
2020). Sea lice have a greater impact on salmon farming than other parasites (Costello et
al., 2004). Sea lice are reported to negatively impact salmon by causing stress, changes in
blood glucose or electrolytes, reduced haematocrits, reduced swimming performance,
induced osmoregulatory dysfunction, physiological stress responses, anaemia, reduced
feeding and growth, increased susceptibility to secondary microbial infections, reduced
disease resistance and increased mortality (Wagner et al., 2003; Thorstad et al., 2008;
Wagner et al., 2008; Finstad et al., 2011; Thorstad et al., 2015). Sea lice feed on the mucus,
epidermal tissues, and blood of their hosts causing stress, wounds, and anemia in farmed
and wild Atlantic salmon, which may lead to secondary infections, reduced immune
response to opportunistic pathogens like ISAV (Barker et al., 2019) and osmoregulatory
problems (Edvardsen et al., 2014; Thorstad et al., 2015; Helgesen et al., 2019; Umasuthan
et al., 2020). The impact of sea lice on salmon depends on sea lice species, the number and
stage of their development, and on the salmon species; for instance, pink salmon
(Oncorhynchus gorbuscha) is more susceptible to sea lice than Chinook salmon and Chum
salmon (Oncorhynchus keta) (Helle and Holm, 2017).

The salmon louse (Lepeophtheirus salmonis), an ectoparasite of the family
Caligidae, is principally a parasite of salmonids. Two species of sea lice which present a

major concern for Atlantic salmon farming are Lepeophtheirus salmonis, found in the



Northern Hemisphere, and Caligus rogercresseyi in the Southern Hemisphere (Johnson et
al., 2004). Lepeophtheirus salmonis is larger, feeds more aggressively on its host, and is
more pathogenic compared to Caligus rogercresseyi and other Caligus species. C.
rogercresseyi is a species of sea lice found on more than 80 species of marine fish. It causes
losses to the salmon industry in Chile, estimated up to 178 million US Dollars annually
(FAO, 2008).

Sea lice outbreaks have been reported on salmonids every place they are farmed in
the sea - Chile, Norway, Faroes, Iceland, Canada (BC & 4 Atlantic Provinces), Ireland, and
Scotland (Leslie et al., 2004; Saksida et al., 2015; Thorstad et al., 2015) leading to control
efforts through increased frequency of chemotherapy applications, vaccines, feed additives,
selective breeding for Atlantic salmon with decreased susceptibility to sea lice, and more
frequent use of cleaner fish (Raynard et al., 2002; Leslie, 2004; Jansen et al., 2012; Gharbi
et al., 2015; Saksida, 2015; Thorstad et al. 2015; Nufiez-Acufa et al., 2016). The use of
chemotherapeutants like hydrogen peroxide, emamectin benzoate, organophosphates,
pyrethroids, benzoyl phenylurea, and lufenuron to control lice can result in the development
of resistance within sea lice (Aaen, 2015; Poley, 2018) and negative impacts on aquatic
organisms and their environment (Burridge, 2013). Addressing lice infestations is one of
the biggest concerns for the Atlantic Canadian aquaculture industry, and indeed all salmon

farming jurisdictions (Marbase, 2020).



1.3.Cleaner fish

New methods for dealing with sea lice include warm-water treatments, freshwater
bath treatment, hyposaline treatment, vaccines, cleaner fish, traps (either physical or
biological), physical exclusion devices (nets, electrical fields), novel drugs for the treatment
or removal of sea lice from salmon, immunological interference (immunostimulants),
mechanical delousing systems, selective breeding for louse-resistant salmon and regulatory
approaches (zones with synchronized production and fallowing) (Stone, 2002; Torrissen,
2013; Groner, 2019; Sievers, 2019; Hannisdal, 2020). Due to the fact that the long-term
use of chemicals can lead to resistance development within the sea louse, and negative
impacts on the culture environment (Aaen et al., 2015), Integrated Pest Management (IPM),
which entails an effective approach to parasite management while minimizing risks to
people and the environment, has been employed globally by the Atlantic salmon farming
industry to manage sea lice (Brooks, 2009).

The use of cleaner fish species has re-emerged as a promising strategy to control
sea lice (Imsland et al., 2014; Leclercq et al., 2014). Cleaner fish is considered a biological
control strategy that has been documented as an alternative method for decreasing lice
levels and reducing chemotherapeutic use in Atlantic salmon aquaculture (Treasurer, 2002;
Powell et al., 2018). In the west North Atlantic, the two main species commonly employed
are cunner (Tautogolabrus adspersus) and lumpfish (Cyclopterus lumpus) (Pampoulie,
2014; Umasuthan, 2021). Cunner and lumpfish are omnivores that have proven effective
for the removal of sea lice from Atlantic salmon (Charmley, 2019). Although cunner and
lumpfish are both used to control sea lice, they are quite different in terms of biology,

ecology, and life history (Charmley, 2019). In contrast to other cleaner fish species,



lumpfish actively remove sea lice from farmed salmon in cold environments and they have
been domesticated and industrialized in the North Atlantic region (Marcos-Lopez et al.,
2013; Imsland et al., 2014; Whittaker et al., 2018; Toffan et al., 2019).

Lumpfish (Cyclopterus lumpus) is a semi-pelagic fish with diverse habitats, while
juveniles are thought to be mainly pelagic. The migration pathway of lumpfish is along
coastal areas and they display a mix of pelagic/demersal behavior (Kennedy et al., 2018).
At all stages, Lumpfish are often observed preventing drift in water currents by adhering to
other objects. Lumpfish larvae hatch at approximately 5.6 mm standard length and develop
rapidly to increase in length and weight to 1.3 mm and 7.1 mg in 33 days, respectively
(Benfey and Medvan, 1986). Cultured lumpfish are commonly transferred to Atlantic
salmon sea cages, where they reach a size of approximately 50-180 g (Imsland et al., 2014.
Wild lumpfish (or lumpsucker) are widely distributed across a large area on both sides of
the North Atlantic Ocean, from Nunavut, Hudson Bay, and Labrador, to New Jersey and
Bermuda in the western Atlantic, to the Barents Sea, Iceland and Greenland and the Iberian
Peninsula on the eastern side (Vasconcelos et al., 2004; Bafion et al., 2008; Pampoulie et
al., 2014). They occur in high densities in the Bay of Fundy, New Brunswick and on the
St. Pierre Bank off the south coast of Newfoundland (COSEWIC, 2017). Utilization and
demand for lumpfish in salmon farms in Ireland, the UK, Norway, Faroes Islands, Iceland,
and Canada have increased in recent years (Powell et al., 2018). In 2018, in Norway,
approximately 40 million juvenile lumpfish were used (Imsland et al., 2018), in the UK,
approximately 6 million lumpfish were used, in Iceland, approximately 3.5 million were
used (Foss et al., 2020), and approximately 300 thousand lumpfish were used in Ireland

(Bolton-Warberg, 2018). In Canada, the utilization of lumpfish is a more recent practice,



with approximately 1 million lumpfish being deployed to Atlantic salmon sea cage sites in
Atlantic Canada in 2019 (Foss et al., 2020). Thus, the production of this species is very

important for aquaculture in Canada (Torrissen et al., 2013).

1.4.Bacterial diseases of cleaner fish

One issue related to the cohabitation of cleaner fish with Atlantic salmon is the risk
of disease transmission between the two species. Similar to other finfish species, lumpfish
are susceptible to different types of bacterial pathogens such as Vibrio spp., atypical
Aeromonas salmonicida, Pasteurella spp., Tenacibaculum spp., Pseudomonas
anguilliseptica, and Moritella viscosa (Gulla, 2015). Lumpfish are prone to bacterial
diseases including Aeromonas salmonicida (causative agent of furunculosis in Atlantic
salmon) and Vibrio anguillarum (causative agent of vibriosis) (Rimstad, 2017).

Vibriosis is an acute bacterial septicemia that negatively impacts fish welfare and
results in economic losses for the aquaculture industry (Frans et al., 2011; Sudheesh et al.,
2012). Vibrios are a diverse group of bacteria which include V. anguillarum, V. ordalii, V.
splendidus, V. tapetis, V. wodanis, and V. logeli, V. harveyii, and V. salmonicida ( Sudheesh
et al., 2012; Nielsen et al., 2014). V. anguillarum is Gram-negative with a curved
rodshaped, has a polar flagellum, and is a non-spore-forming, halophilic and facultative
anaerobic bacterium (Austin and Austin, 2007; Frans et al., 2011; Holm et al., 2015). A
total of 23 O-serotypes (01-023) displaying different pathogenicity have been identified.
However, only serotypes O1, 02, and O3 are associated with vibriosis in fish (Pedersen et

al., 1999). The symptoms of disease include dark skin lesions, ulceration, exophthalmia,



accumulation of fluid in the intestine, and swelling of the kidney and spleen. The virulence-
related factors of V. anguillarum have been identified including chemotaxis and motility
(Larsen et al., 1994), adhesions (Wang and Leung, 2000), invasion (Hickey, 2017), iron-
sequestering systems (Crosa, 1980), secretion of extracellular enzymes, hemolytic and
proteolytic extracellular products (Singer et al., 1991), lipopolysaccharide (Norqgvist and
Wolf-Watz, 1993), and serum resistance (Trust et al., 1981). Lumpfish (Cyclopterus
lumpus), Pacific and Atlantic salmon (Oncorhynchus spp. and Salmo salar), Japanese
flounder (Paralichthys olivaceus), rainbow trout (Oncorhynchus mykiss), Coho salmon
(Oncorhynchus kisutch), sea bass (Dicentrarchus labrax), sea bream (Sparus aurata),
turbot (Scophthalmus maximus), and Atlantic cod (Gadus morhua) are susceptible to V.
anguillarum infections (Ringg et al., 2007; Naka et al., 2011; Marcos-L0pez et al., 2013;

Rajan et al., 2013; Holm et al., 2015; Xing et al., 2019; Vasquez et al., 2020a).

1.5. Vaccination in Lumpfish (C. lumpus)

V. anguillarum and A. salmonicida cause significant mortality and economic effects
(e.g., production losses and treatment costs) in both lumpfish and Atlantic salmon
(Renneseth et al., 2017; Brooker et al., 2018; Soto-Davila et al., 2020). Wild-caught
cleaner fish are more likely to be carriers of V. anguillarum and A. salmonicida that can
pose the risk of possible disease transmission to salmon when held in cohabitation
(Treasurer, 2002; Brooker et al., 2018). Vaccination against vibriosis and furunculosis is

an important factor for the control of diseases and reducing the use of chemotherapeutics

10



in the Atlantic salmon aquaculture industry (Gjerde et al., 2009; Bruno et al., 2013; Ma et
al., 2019).

Vaccines can be delivered to the fish via intraperitoneal injection (i.p.), immersion
(by dipping or bath), and oral administration (Assefa and Abunna, 2018). Intraperitoneal
vaccination is a widely employed immunization strategy affording a high level and duration
of protection, however, this method is time-consuming and stresses the fish being
vaccinated (Gould, 1978; Piganelli, 1994). Additionally, the requirement for large-scale
vaccination in aquaculture and the size of fish at vaccination is also restrictive (Assefa and
Abunna, 2018). Immersion vaccination has lower potency, shorter duration of immunity,
but it is easier to apply in small fish, and less stressful compared to injection, while also
being convenient for mass vaccination (Bggwald and Dalmo, 2019). This method might
allow antigen uptake across mucosal surfaces inducing both local and systemic immune
responses (Huising, 2003; Sudheesh and Cain, 2017). Oral administration is perhaps the
most desirable method of vaccine delivery (Gunnels et al., 1976). This method of vaccine
administration is less stressful to the fish, and it provides an economic method for mass
vaccination (Mutoloki et al., 2015). However, the level of protection afforded by oral
vaccination has been inferior to other vaccination methods as antigens are often destroyed
in the digestive system before they reach the sites where immune induction occurs
(Embregts and Forlenza, 2016). Therefore, various encapsulation methods have been
developed to protect antigens against gastric degradation (Quentel and Vigneulle, 1997;
Mutoloki et al., 2015). Besides the route of vaccine administration, additional factors affect

the immune response in fish, such as the nature of the antigen, the use of adjuvants, vaccine
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dose, as well as fish age, size, and health status (Huising et al., 2003; Gudmundsdottir and
Bjornsdottir, 2007; Embregts and Forlenza, 2016).

Formalin-killed V. anguillarum serotypes O1 and O2 are often used to formulate
vaccines for different fish species, including Atlantic salmon, Atlantic cod (Gadus morhua)
(Mikkelsen et al., 2011), gilthead sea bream (Sparus aurata), and lumpfish (Vargas et al.,
2018; Chakraborty et al., 2019). The efficacy of vaccines in lumpfish against A.
salmonicida and V. anguillarum has been evaluated with variable results (Hansen, 2005;
Bruno etal., 2013; Rgnneseth et al., 2017). Three commercial vaccines have been approved
against furunculosis and vibriosis in salmonids in Canada: Forte Micro® (A. salmonicida —
V. anguillarum — ordalii — salmonicida bacterin); Forte VII® (Infectious Salmon Anaemia
killed virus vaccine, A. salmonicida, V. anguillarum — ordalii — salmonicida bacterin); and
Alpha JectMicro 4® (A. salmonicida — V. anguillarum — Vibrio salmonicida bacterin)
(Boily et al., 2019). Vaccines against these diseases have been developed for Atlantic
salmon, but optimal efficacy in lumpfish needs to be tested and improved. In addition, the
knowledge of the immune system of the lumpfish, and its susceptibility and ability to resist
infections, is limited, especially the larval stage, which is particularly vulnerable to
infectious diseases due to the immature development of their immune system (Cui et al.,
2018).

In recent years, lumpfish utilization in the Atlantic salmon aquaculture industry in
Newfoundland and Labrador has increased significantly (Boyce et al., 2018; Marbase,
2020). However, outbreaks related to V. anguillarum have been reported (Vasquez, 2020a).
Utilization of vaccines against local isolates, including the route of administration, in

lumpfish needs to be studied and subsequently optimized.
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Here, | propose to study the oral immunization route in larval and juvenile cultured
lumpfish against V. anguillarum and provide new insights into vaccine utilization and
efficacy in lumpfish. This research will contribute to the effective development of vaccines
for use in cleaner fish and the optimization of their utility as a means of sea lice control. In

addition, this research will contribute new insights regarding lumpfish immunity.

1.6. General research objectives
The general objective of this research is to evaluate the efficacy of oral

immunization against Vibrio anguillarum in juvenile cultured lumpfish.

1.7. Specific research objectives

The specific objectives of this study are to: i) develop a bio-encapsulation method
for V. anguillarum bacterin in Artemia salina nauplii; ii) evaluate the immune protection
of orally immunized lumpfish larvae against Vibrio anguillarum; and iii) evaluate the gene

expression profile of orally immunized whole body lumpfish larvae.
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2. MATERIALS AND METHODS
2.1. Vibrio anguillarum J360 culture conditions

V. anguillarum J360 serotype O2 (NCBI IDs: Chromosome 1 CP034672;
Chromosome 2 CP034673; and plasmid CP034674), a local lumpfish isolate, was used in
this study (Vasquez, 2020). V. anguillarum J360 was grown in 3 mL of tryptic soy broth
(TSB, Difco) for 24 h at 28 °C with aeration (180 rpm, in an orbital shaker). Bacterial
growth was monitored using spectrophotometry (Genesys 10 UV spectrophotometer,
Thermo Fisher Scientific Inc., Waltham, MA, USA) and by plating to determine the CFU
mL"!. When the optical density (OD600 nm) reached ~0.7 (1 x 108 CFU mL™"), the cells
were harvested by centrifugation at 4200x g for 10 min at room temperature. The cell
suspension was washed twice with phosphate-buffered saline (PBS; 136 mM NacCl, 2.7
mM KCI, 10.1 mM NazHPQOg4, 1.5 mM KH2PO4; pH 7.2) (Sambrook, 2001) at 4200 x g and
resuspended in 300 pL of PBS 1X (~1 x 10 CFU mL™). The final inoculum was serially
diluted (1:10), and the concentration was determined by plate counting (Leboffe, 2019) in

TSB supplemented with 1.5% bacto agar (TSA).

2.2. Bacterin preparation

The bacterin preparation was conducted according to established protocols and
quantified using flow cytometry enumeration (Eslamloo, 2020) with modifications. First,
V. anguillarum J360 was grown in 500 mL of TSB supplemented with a final concentration
of 150 uM 2,2-dipyridyl (Sigma-Aldrich, St. Louis, MO, USA) at 28 °C with aeration (180
rpm, in an orbital shaker) to induce synthesis of the iron-regulated outer membrane proteins

(IROMPs) (Santander, 2012). Bacterial growth was monitored spectrophotometrically until
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it reached ~1 x 108 CFU™!. V. anguillarum cells were harvested using centrifugation (4200
x g at 4 °C for 10 min) and washed twice with PBS. Cells were fixed with buffered formalin
6% (Sigma) at room temperature for 3 d with gentle agitation in a rocker shaker. Cell
viability was determined each day by plating onto TSA. Formalin was removed using
centrifugation, and cells were then dialyzed (Spectrum™ Spectra/Por™ dialysis membrane
12-14,000 Dalton molecular weight cut-off, Thermo) in 2 L of PBS at 6 °C for 3 d with
agitation. V. anguillarum bacterins were quantified using the BD FACS Aria Il flow
cytometer (BD Biosciences, San Jose, CA, USA) and BD FACS Diva v7.0 software as
described previously (Vasquez, 2020). Bacterin cells (1 x 101° CFU mL™") were stored at

4 °C until use.

2.3. V. anguillarum bacterin fluorescent labelling

V. anguillarum bacterin was labeled with 5-([4,6-dichlorotriazinyl] amino)
fluorescein hydrochloride (DTAF; Sigma) according to previously described protocols
(Valderrama, 2019) with minor modifications. First, V. anguillarum bacterin (~1 x 10%
CFU mL™") was centrifuged at 4200 x g for 10 min and then resuspended in 950 pL of
bicarbonate buffer (0.1 M, pH 9). Following that, the cells were mixed with 50 pL of DTAF
solution (100 pg in dimethyl sulfoxide (DMSO); Sigma) and incubated overnight at 4 °C
in dark conditions. After incubation, the bacterin cells were centrifuged (4200 x g for 10
min) and washed three times with bicarbonate buffer and were finally resuspended in PBS

and kept at 4 °C until use.
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2.4. Optimization of V. anguillarum bacterin bio-encapsulation in A. salina nauplii
We describe the optimization of V. anguillarum bacterin bio-encapsulation in A.
salina. To optimize bacterin bio-encapsulation in A. salina, we used the method described
by Campbell et al. (1993) with modifications. Additionally, we developed a semi-
quantitative method to estimate the levels of bacterin bio-encapsulation in A. salina. First,
A. salina nauplii were hatched from cysts according to the supplier’s instructions (INVE,
Salt Lake City, UT, USA) (Fig. 2-1). After the A. salina nauplii hatched (~20 h at 20 °C),
nauplii were washed with seawater for 30 min (Fig. 2-1). A. salina cultures were
nutritionally supplemented with Ori-One (Skretting, Fontaine les Vervins, France) and Ori-
Green (Skretting, Fontaine les Vervins, France) commercial dry microalgae extract at a
ratio of 1:1 (Ori-One:Ori-green) for 3 h at 20 °C. To determine the optimal time for bacterin
bio-encapsulation in A. salina, supplemented A. salina nauplii were inoculated into 6 well
plates with a 3 mL total volume per well at a density of 1000 nauplii mL™!. Additionally, a
separate plate was inoculated with non-supplemented A. salina nauplii to determine the
possible effect of nutrient supplementation on bio-encapsulation. Both groups were
inoculated with DTAF-labeled V. anguillarum bacterin (5 x 107 cells mL™"). The control
group was mock inoculated with seawater and used to evaluate autofluorescence. The
nauplii were incubated at 20 °C for 48 h to determine the optimal time for bacterin bio-
encapsulation (Fig. 2-1A). A. salina samples (1 mL) were collected at 1, 3, 5, 24, 36, and
48 h, and fixed in 10% buffered formalin. The presence of V. anguillarum inactivated
bacterin in the larvae gut was examined and counted using confocal microscopy (Nikon

Eclipse Ti, Melville, NY, USA) to determine the number of A. salina containing 0%, 25%,
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50%, 75%, 100% bacterin in their gut (i.e.,where 100% was maximum gut capacity
reached) (Fig. 2-1A).

After determining the optimal time for bacterin bio-encapsulation in A. salina nauplii,
we evaluated the bio-encapsulation stability at 6 °C for 6 d (Fig. 2-1B). A. salina nauplii
were supplemented with Ori-One, Ori-Green, and DTAF-labeled V. anguillarum bacterin
at 20 °C for 3 h and then placed at 6 °C for 6 d. The A. salina control group was mock
inoculated with seawater. A. salina samples were collected each day and fixed with
buffered 10% formalin. The levels of bio-encapsulation in A. salina were determined using
confocal microscopy (40x) based on the fluorescence of bacterin present in the larvae gut
(Fig. 2-1B).

A. salina nauplii with bio-encapsulated DTAF-labeled V. anguillarum inactivated
bacterin were fed to lumpfish larvae (Fig. 2-2) to determine the presence of V. anguillarum
bacterin in the larvae gut compared to the non-orally immunized fish (Fig. 2-3). Fifty
lumpfish larvae were orally immunized and maintained at 6 °C for 24 h. The larvae gut was
observed at 0, 0.5, 1, 2, 4, 6, and 24 h post-oral immunization using epi-fluorescence

microscopy (Optika, Italy) (Fig. 2-3).
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Figure 2-1. Experimental design for optimization of V. anguillarum bacterin bio-
encapsulation in A. salina nauplii. (A) Optimization of bio-encapsulation conditions and
time. The effects of supplementation with Ori-One and Ori-Green on V. anguillarum
bacterin bio-encapsulation in A. salina nauplii were assessed. In addition, to determine the
optimal incubation time for bio-encapsulation to occur, incubations were performed at 20
°C for either 1, 3, 5, 24, 36 or 48 h post-inoculation. The presence of the V. anguillarum
bacterin in the A. salina nauplii intestine was then assessed using confocal microscopy. (B)
The stability of the V. anguillarum bacterin in the intestine of A. salina nauplii post bio-
encapsulation. Once the bio-encapsulation process was completed under the optimal
conditions determined in (A), A. salina nauplii containing the V. anguillarum bacterin were
stored at 6 °C. The presence of the V. anguillarum bacterin in the A. salina nauplii intestine

was then assessed daily for 6 days using confocal microscopy.
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Figure 2-2. Lumpfish culture conditions and embryonic development. Fertilized lumpfish
egg masses were maintained in 5 | buckets (see section 2.7 for details) during embryonic
development: (A) Segmentation and compression of yolk lipids; (B) Embryo with oocysts
and more developed eyes; (C) Eye pigmentation and otoliths; (D) Skin pigmentation; (E)
The embryo’s body; (F) Large embryo ready to hatch. At 7 dph, the larvae were subjected

to vaccination studies.
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Figure 2-3. Oral immunization of lumpfish (Cyclopterus lumpus) larvae with the DTAF-
labeled V. anguillarum bacterin bio-encapsulated in A. salina nauplii. Lumpfish larvae (7
dph) were either fed A. salina nauplii with the bio-encapsulated DTAF-labeled V.
anguillarum bacterin or control A. salina nauplii that had been inoculated with seawater,
and maintained at 6 °C for 12 h. The presence of V. anguillarum bacterin in the gut of
lumpfish larvae compared to non-orally immunized fish was then assessed at 0, 0.5, 1, 2,

4, and 6 h post-oral immunization by fluorescence microscopy.

2.5. V. anguillarum bacterin bio-encapsulation in A. salina nauplii

Based on the vaccine bio-encapsulation optimization results, larger volumes of A.

salina were prepared for lumpfish larvae immunization. A. salina nauplii were hatched and
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washed with seawater for 30 min and placed in 20 L buckets containing 15 L of seawater.
A. salina nauplii were maintained at a density of ~2.5 million A. salina per liter. A. salina
cultures were enriched with nutritional supplements derived from microalgae, OriOne
(Skretting, France) and Ori-Green (Skretting, France) according to the manufacturer’s
instructions. A. salina cultures were inoculated with V. anguillarum bacterin (107 cells
mL!) and incubated at 20 °C for 3 h with aeration. Controls were mock inoculated with
PBS. After 3 h of enrichment and bacterin bio-encapsulation, the A. salina cultures were
maintained at 6 °C for 6 d under constant light. These cultures were used for the daily oral

immunization of the lumpfish larvae (Fig. 2-4).

Bioencapsulated V. anguillarum bhacter‘in Bioencabsulated V. anguillarum bacierin‘ Week 1: 42 million 4. salina nauplii
6.3x 108 cells dose-t week! 6.3x 108 cells dose™ 4. salina nauplii Week 2: 84 million 4. salina nauplii
A. salina nauplii at 20 °C for 3 h at 6 °C for feeding larvae Week 3: 84 million 4. salina nauplii

Week 4: 100 million 4. salina nauplii

Figure 2-4. V. anguillarum bacterin bio-encapsulation in A. salina nauplii for industrial

application.
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2.6. Aquafeed coating with V. anguillarum bacterin

Commercial dry feed was coated with dry V. anguillarum bacterin to orally boost
immunized fish. Ficoll, a non-toxic polymer, was used as a cryoprotectant for bacterial
lyophilization (Wessman, 2013). Ficoll also serves as an antigen and adjuvant carrier
(Inman, 1975; Anderson, 1983; Amlot, 1986; Fissell, 2007; Wessman, 2013; Milley, 2016).
To freezedry the bacterin, a formalin-killed V. anguillarum (2 x 10° CFU mL™") suspension
was mixed with Ficoll solution (20% Ficoll400 (GE Healthcare, Sweden), 300 mM NacCl)
ata 1:1 ratio to prevent cell lysis and then lyophilized. The cells were lyophilized (Edwards
super module E2-M5, Edwards, UK) for 3 days. The bacterin powder was mixed with 3-4
mm commercial dry pellet (Skretting-Europa 15: crude protein (55%), crude fat (15%),
crude fiber (1.5%), calcium (3%), phosphorus (2%), sodium (1%), vitamin A (5000 U
kg™!), vitamin D (3000 IU kg ™), and vitamin E (200 IU kg™!) at the ratio of 0.9 g bacterin
per 100 g aquafeed. After mixing the feed with the bacterin powder, a layer of cod liver oil
was added (3 mL 100 g feed™"), and the feed was then dried at room temperature to

complete the coating process. The coated feed was stored at 4 °C until used.

2.7. Fish culture conditions

All animal protocols required for this research were approved by the Institutional
Animal Care Committee and the Biosafety Committee at Memorial University of
Newfoundland (MUN). Experiments were conducted under protocols #18-01-JS, #18-03-
JS, and biohazard license L-01. Lumpfish egg masses were in vitro fertilized and

maintained in 5 L buckets containing UV treated (300 mW cm™2), filtered, flow-through
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seawater (33 ppt) at 10-10.5 °C, with 95-110% air saturation, and held under ambient
photoperiod (spring— summer) at the Joe Brown Aquatic Research Building (JBARB),
Department of Ocean Sciences, Memorial University of Newfoundland, Canada. After
embryo development was complete, the larvae were hatched and maintained in the same
seawater conditions and air saturation at 10 °C until full egg yolk sac absorption and the

establishment of independent feeding was achieved (Fig. 2-2).

2.8. Lumpfish immunization assays

Lumpfish larvae were stocked in 4 tanks at a density of 2000 larvae per tank (20 L)
with UV treated (300 mW cm2), filtered, flow-through seawater at 8—10 °C, and with 95—
110% air saturation (Fig. 2-5). Two tanks containing lumpfish larvae (1-week post-hatch
(wph)) were orally immunized with the bio-encapsulated V. anguillarum vaccine daily for
4 weeks. Two tanks fed containing only A. salina served as controls (Fig. 2-5). Lumpfish
larvae were fed with A. salina nauplii or bio-encapsulated vaccine 3 times per day (350 mL
of A. salina culture per 2000 larvae) (Fig. 2-4). Thereafter, the fish were fed A. salina for
additional 10 d and then fed with dry pelleted diet daily (0.75-2% body weight). Whole
larvae pool samples were collected at 0, 2, and 4 weeks post-immunization (wpi) (Fig. 2-
5). At each time point, triplicate pools of 5-10 larvae were sampled from each tank and
placed in a 1.5 mL RNase-free tube containing 300 pL of TRIzol Reagent (Invitrogen,
Waltham, MA, USA), flash-frozen in liquid nitrogen, and stored at —80 °C until processing.
After 8 weeks, the juvenile lumpfish were transferred into eight 500 L tanks (Fig. 2-5). The
lumpfish were fed an assorted size pelleted diet for the remainder of the experiment (15

months). Nine months post-hatch, two tanks with 100 fish each (~72.1 + 30 g) were orally
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boost immunized using commercial pellets coated with the V. anguillarum bacterin.
Lumpfish were starved for 24 h pre-oral vaccination. Lumpfish were fed with V.
anguillarum bacterin coated dry pellets three times (every 2 weeks for 3 days) at 0.75%
body weight (Fig. 2-5). Two control tanks were mock-orally boosted with ficoll (vaccine
vehicle) coated pellets (Fig. 2-5). Two independent groups orally boosted were additionally
i.p. boosted at 40 wph (~145 * 31.8 g) with V. anguillarum bacterin (6.3 x 108 cells dose™!).
Control groups were mock-orally and i.p. boosted with the respective vaccine vehicle (Fig.
2-5). Two months later, the animals (~132—-244 g) were transferred to the AQ3 aquatic
biocontainment facility at the Cold-Ocean Deep-Sea Research Facility (CDRF) for

challenge assays.
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Figure 2-5. Immunization and challenge experimental design. Lumpfish larvae were
immunized at 1 wph. At 8 wph, the fish were distributed in 500 L tanks. Lumpfish were
boosted at 36 wph and challenged with V. anguillarum at 45 wph. *Larvae samples were

collected at weeks 0, 2, 4 post-immunization for RNA extraction.

2.9. V. anguillarum J360 challenge assays in lumpfish

The challenge assays were conducted at the CDRF AQ3 biocontainment facility
under the Institutional Animal Care Committee approved protocol (18-02-JS) and
established protocols (Amend, 1981; Chakraborty, 2019). First, after transfer to the AQ3
biocontainment facility, lumpfish were acclimated for 1 week under optimal conditions
prior to the commencement of the challenge. Lumpfish were challenged by an i.p. injection

with 7 times the lethal dose 50 (7.8 x 10° CFU dose 1) of V. anguillarum J360. Fish survival
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was monitored for 30 days post-challenge. The relative percent of survival (RPS) of the
control and vaccinated fish was calculated using the formula: RPS = [1 — (% mortality in

vaccinated fish/% mortality in control fish)] x 100 (Amend, 1981).

2.10. Total RNA extraction

RNA was extracted from the larvae pools pre-immunized (n = 3 individual pools of
10 larvae each), 2 wpi (n = 3 pools of 10 larvae each), and 4 wpi (n = 3 pools of 5 larvae
each). RNA was also extracted from the larvae post mock immunization (control) at 2 and
4 wpi. Lumpfish larvae pools, previously flash frozen in a 1.5 mL RNase-free tube
containing 300 pL of TRIzol reagent (Invitrogen), were homogenized using a micro-tube
homogenizer (ThermoFisher Scientific, Waltham, MA, USA). An additional 700 pL of
TRIzol was added to the tube, and the extractions were then completed following the
manufacturer’s instructions. The TRIzol extracted samples were then purified using the
RNeasy® Mini Kit (QIAGEN, Mississauga, ON, Canada) following the manufacturer’s
instructions. RNA samples were treated with 2 U mL™' of TURBO DNase (TURBO
DNAfree™ Kit, Invitrogen) following the manufacturer’s instructions for the complete
digestion of genomic DNA and the removal of the remaining DNase and divalent cations,
such as magnesium and calcium. Purified RNA samples were quantified and evaluated for
purity using a Genova Nano spectrophotometer (Jenway, Staffordshire, UK) and evaluated
for integrity using 1% agarose gel electrophoresis (Sambrook, 2001). A PCR test was
conducted using the 60S ribosomal protein L32 (rpl32) reference reference gene primers

and the RNA as a template to rule out the presence of DNA.
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Table 2-1. Sequences of primer pairs used in gPCR analyses of transcript expression levels in lumpfish (Cyclopterus lumpus) larvae.

Gene name (symbol)? Trinity ID from Nucleotide sequence (5'-3") Amplicon  Efficiency
NCBI SRA acc. Size (bp) (%)
no. SRP238224

C-C motif chemokine-like 19 (ccl19) DN10492_c0_gl_i4 F: GCTCAGGTACCAACGGACTG 94 94.33
R: CGTGTCCTCCGATCTGTCTC

cyclooxygenase-2 (cox2) DN750_c1 g1_i1 F: GAATTCCTCACCTGGGTCAA 122 99.18
R: ATGGCATCTCTGAGGAAGGA

hepcidin anti-microbial peptide (hamp) DN2993 c0 gl i4 F:GCTCGCCTTTATTTGCATTC 100 93.36
R: ATATGCCGCAACTGGAGTGT

interleukin 8_a (il8a) DN21169 c0_gl_i2 F: AAGTCATAGCCGGACTGTCG 109 100.39
R: CCCTGCTGATGGAGTTGTCT

interleukin 8_b (il8b) DN4613_c0_gl_i4 F: GTCTGAGAAGCCTGGGAGTG 138 98.15
R: TCAGAGTGGCAATGATCTCG

interleukin 10 (il10) DN41536_c0_gl_i1 F: AACCAGTGCTGTCGTTTCGT 106 95.24
R: TGTCCAAGTCATCGTTTGCT

ATP-dependent RNA helicase Igp2 (Igp2) DN49186 c0 gl i1l F: GCAACCTGGTGGTACGCTAT 104 81.54
R: CTCGGCGACCACTGAATACT

interferon-induced GTP-binding protein_a (mxa) DN526 _c0 g1 _i6 F: TGCACAGACTCAAGCAGAGC 144 85.43
R: CCACACTTGAGCTCCTCTCC

interferon-induced GTP-binding protein_b (mxb) DN526_c0_g1_i3 F: TTGCGGCTTGGAAAAATATC 95 92.78
R: TCCACGGTACCTTCGTTCAT

interferon-induced GTP-binding protein_c (mxc) DN237_cl1 g1 il F: GGAAGTGGCAGACATTGTGA 131 90.70
R: CTGCTGCAATCTCCTTCTCC

signal transducer and activator of transcription 1 (statl) DN3250 c2 gl i2 F: CTCAAGATGCTGGACTGCAA 104 84.99
R: ATGCTCTCGATCCACTTGCT

toll-like receptor 3 (tIr3) DN30532 c0 gl i1l F: AGAGGGCAGGGAATTTGAGT 101 90.29
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C-C motif chemokine-like 20 (ccl20)

immunoglobulin heavy chain variable region a (igha)
immunoglobulin heavy chain_b (ighb)

interferon regulatory factor 7 (irf7)

HLA class Il histocompatibility antigen gamma chain
(cd74)

serum amyloid A 5 (saab5)

T-cell surface glycoprotein CD4_a (cd4a)®

T-cell surface glycoprotein CD4_b (cd4b)°

interleukin 1 beta (il1b)°

toll-like receptor 5_a (tlr5a)*

toll-like receptor 5_b (tlr5b)°

tumour necrosis factor alpha (tnfa)®

lymphocyte antigen 6 complex locus protein G6f (ly6g6f)°

T-cell surface glycoprotein CD8 alpha chain (cd8a)°

immunoglobulin mu heavy chain_a (ighma)®

DN9266_c0_gl i3

DN1665_c0_g3_i2

DN1665_c0_g4 il

DNG6933_c0_g1_i2

DN13708_c0_g1_i6

DN41536_c0_g1_il

DN9678_c0_g2_i9

DN24146_c0_g1_i7

DN22448_c0_g2_il

DN29432_c0_g1_il

DN55824 c0 g1 i5

DN26791_c0_g1_il

DN12606_cO g1 i8

DN11791_c0_g1_il

DN121_c0_g3_i3
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R: TGCACGAGTCATTCTCCAAG

: ATGGGCTACACCATCCAGAC
: CCACTTGGATGAAGGGTCAG
: AGGACTGGAGTGGATTGGAA
: TGCATGGTCTGTCCGTTTAG

: GAATGGAACAAGGGGACAAA
:CGGTCGTTGAGTCTCTCCTC

: GGCTCATAGAGCAGGTGGAG
:CTGTCTTCGTCGTTGCAGTC

: ACGCCAAGACACCTCTGACT

: GGAAGGTCTCGTTGAACTGC
: AGAGTGGGTGCAGGAAAGAA
: GAAGTCCTGGTGGCCTGTAA
: CGTTAAGGTGCTGCAGATCA
: GCGGAAACCATTTCAGTTGT
: TGTGGGGTTAGCTCCTTCAC
:TGTTTGCGATCTCACCTTTG
:ATTGTGTTCGAGCTCGGTTC

: CGAACTATGGTCCGCTTCTC

: TGGACGAGTTTCAGCAGTTG
R: AGACCCCTCACATGTCCAAG
F: CCATCATGCACTTTGTACGG
R: TGCTGTTGATCTCCCTGATG
F: TTAGAAGGGAGCTGCGAAGA
R: ATGACGATCCGGTTGTTCTC
F: TCCATGTGGACGTGACTGTT
R: AACGGTGTCTGAGCCTGAGT
F: GCTTTGCTCTCTGGGCATAC
R: TCCGGGTTCTTAAGTGGTTG
F: CAGCTTCTGGATTAGACTTTGA

M U M X0 M X0 T X0 T 0 M X0 T X0 M X0 T 10 m

102

129

108

115

108

116

122

138

98

129

127

119

100

104

107

80.07

91.00

90.60

81.89

96.45

95.9

84.85

94.24

97.37

95.58

88.57

90.06

88.17

89.62

90.17



R: GATGTTGTTACTGTTGTGTTGG

immunoglobulin mu heavy chain_c (ighmc)® DN121 c0 g3 i4 F: CAACATCCGGAATCACATTCAG 112 87.68
R: GATTTTGAGGTCCCACTACCAT

interferon gamma (infg)© DN81754 c0 gl i1 F:CTCTGGCTGGTTGTCTGTCA 105 90.75
R: TCGCTCTCTCGATGGAATCT

immunoglobulin delta heavy chain (ighd)® DN1665 c0 g2 i7 F: GGAGACAGTGTTGTGCTGGA 121 88.41
R: GGGCTTCAGGAAATTCAACA

toll-like receptor 7 (tlr7)° DN760_cl1 g2_il F: GGCAAACTGGAAGAATTGGA 100 90.55
R: GAAGGGATTTGAGGGAGGAG

radical S-adenosyl methionine domain containing DN16769 c0 gl il F: AGGAGAGGGTGAAGGGAGAG 133 98.47

protein 2/ viperin (rsad2)° R: ATCCAGAGGCAGGACAAATG

Normalizer®

eukaryotic translation initiation factor 3 subunit D DN7623 c0 gl i5 F: AGCCAGATCAACCTGAGCAT 134 86.49

(etif3d) R: AGGCTGTACACCCGAATCAC

60S ribosomal protein L32 (rpl32) DN3569 c0 gl i2 F: GTAAGCCCAGGGGTATCGAC 107 80.08
R: GGGCAGCATGTACTTGGTCT

elongation factor 1 alpha_a (efla_a) DN12280 c0 gl i3 E: CAAGGGATGGAAGATTGAGC 151 83.81
R: TGTTCCGATACCTCCGATTT

elongation factor 1 alpha_c (efla_c) DN12280_c0 g1_i4 F AAGCGCTTTGAGGAAATCACC 160 95.60
R: GCTCGACCTTCCAACTCTTG

polyadenylate-binding protein 1_a (pabpcl_a) DN6565_c0_02_i3, F: CAAGAACTTTGGGGAGGACA 125 84.76

DNB565_¢0_g2 14 p. 1GACAAAGCCAAATCCCTTC
polyadenylate-binding protein 1_b (pabpcl_b) DN6565_¢c0_02_i5 F: GACTCAGGAGGCAGCTGAAC 102 88.11

R: TCGCGCTCTTTACGAGATTT
2 *4-pt standard curve; 2Expression levels of the transcripts of interest were normalized to expression levels of these two transcripts; "Candidate endogenous

3 control transcripts; “Expression levels of these transcripts were low in lumpfish larvae; efficiencies are those reported for lumpfish head kidney

4 (Gnanagobal et al., submitted).
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2.11. cDNA synthesis and gPCR parameters

cDNA was synthesized in 20 pL reactions from 1 pg of RNA using SuperScript IV
VILO Master Mix (Invitrogen) following the manufacturer’s instructions. PCR
amplifications were performed in 13 pL reactions using 1X Power SYBR Green PCR
Master Mix (AppliedBiosystems, Waltham, MA, USA), 50 nM of both the forward and
reverse primers, an indicated cDNA quantity. Amplifications were performed using the
QuantStudio 6 Flex Real-Time PCR system (384-well format) (Applied Biosystems,
Waltham, MA, USA). The real-time analysis program consisted of 1 cycle of 50 °C for 2
min, 1 cycle of 95 °C for 10 min, 40 cycles of 95 C for 15 s, and 60 °C for 1 min, with
fluorescence detection at the end of each 60 °C step and followed by dissociation curve

analysis.

2.12. qPCR primer quality assurance testing

All primer pairs for the transcripts of interest (TOIs) that related to innate and
adaptive immune response and the endogenous control transcripts were designed and
quality control (QC) tested using the larvae RNA samples generated herein. cDNAs were
synthesized from the individual pooled larvae RNA samples, including pre-immunized
control, mock-immunized control (2 and 4 wpi), and immunized larvae (2 and 4 wpi) to
determine the efficiency of primers and Ct values. The control and immunized cDNA
samples were independently pooled and used for primer quality evaluation. To calculate
amplification efficiencies for each primer pair (Pfaffl, 2001), standard curves were

generated for both cDNA pools (control and immunized) using a 5-point 1:3 dilution series
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starting with cDNA representing 10 ng of input total RNA. The reported efficiencies
represent an average of the two values (Table. 2-1). Each primer pair was also tested to
ensure that a single product was amplified and that there was no primer dimer present in
the no-template control. Finally, amplicons were electrophoretically separated on 2%
agarose gels and compared using a 1 kb plus ladder (Invitrogen) to verify that the correct
size fragment was amplified. Eighteen TOIs were well expressed in larvae, and as such,
amplification efficiencies could be calculated using larvae cDNA template (see
fluorescence threshold cycle (Ct) values for studies 1 to 3; Appendix I). However, fourteen
of these transcripts were expressed at low levels in larvae (see Ct values for studies 4 to 6;
Appendix ). For the latter TOls, technical replicates and spacing were acceptable over the
first three points of the cDNA dilution series. As the experimental input cDNA amount (8
ng) for these TOIs lies within the first 2 dilutions, these assays were deemed acceptable for
analysis in larvae. However, for these fourteen transcripts, the amplification efficiencies
reported in Table 2-1 and inputted into the QuantStudio Real-Time PCR Software (version
1.3) (Applied Biosystems) were those that had been previously generated for head kidney
samples, due to the fact that the efficiency of some primers of the larvae samples could not

be determined.

2.13. Endogenous control (normalizer) selection

Expression levels of the TOIs were normalized to transcript levels of two endogenous
controls. To select these endogenous controls, 5 transcripts (rpl32, elongation factor 1-
alpha (efla), eukaryotic translation initiation factor 3 subunit D (etif3d), polyadenylate-

binding protein la (pabpcl_a) and polyadenylate-binding protein 1b (pabpcl b)) were
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analyzed. Briefly, the Ct values of all 27 samples in the study were measured (in duplicate)
for each of these transcripts using cDNA representing 3.25 ng of input total RNA, and then
analyzed using geNorm (Vandesompele et al., 2002). Based on this analysis, rpl32
(geNorm M = 0.169) and etif3d (geNorm M = 0.177) were selected as the two endogenous

controls.

2.14. Experimental gPCR analyses

To study the effects of oral immunization with the V. anguillarum bacterin bio-
encapsulated in A. salina on the immunome of lumpfish larvae, expression levels of 32
TOls with immunerelevant functional annotations were assessed (Appendix ). Individual
larvae pools (n = 27 pools) were subjected to gPCR analyses (Figure 1). In the gPCR
analyses, cDNA representing 3.25 ng (study 1 to 3, Appendix I) and 8 ng (study 3 to 6, see
Appendix 1) of input RNA was used as a template in the PCR reactions. The input RNA
concentration was increased to 8 ng due to lower expression transcript levels in the larvae.
In each qPCR study, expression levels of a given transcript were measured across two
plates. On each plate, the TOIs and endogenous controls were tested in triplicate, and a
notemplate control was included for every sample. A plate linker sample was also included
to ensure that there was no plate-to-plate variability. The relative quantity (RQ) of each
transcript was determined using the QuantStudio Real-Time PCR Software (version 1.3),
with normalization to both the rpl32 and etif3d transcript levels and with the amplification
and efficiencies incorporated (Appendix Il1). For each TOls, the sample with the lowest
normalized expression (MRNA) level was set as the calibrator sample (i.e., assigned an RQ

value = 1) (Appendix I). Additionally, the transcript expression levels were determined
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using the comparative 2 *2“*method (Livak,2001) with two reference genes (Soto-Davila,

2019) (Appendix II).

2.15. Statistical analysis

All data are expressed as the mean + standard error (SE). Assumptions of normality
and homogeneity were tested for variances. A one-way ANOVA followed by Tukey’s
multiple comparison post hoc test was used to determine significant differences between
the survival of the control and infected groups. The Kaplan—Meier estimator was applied
for the estimation of the survival fractions after the V. anguillarum challenges, and the log-
rank test was used to identify differences between treatment groups (p < 0.0001). A twoway
ANOVA was used to analyze the gene expression data followed by Sidak’s multiple
comparisons post hoc test to identify significant differences between each treatment in the
control and immunized groups at each time point (2 weeks and 4 weeks). All statistical
tests were performed using Graphpad Prism version 8.0 (Graphpad Software, USA,
www.GraphPad.com (accessed on 15 June 2021)), and p-values < 0.05 were considered

statistically significant.
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3. RESULTS
3.1. Bio-encapsulation of V. anguillarum bacterin in A. salina nauplii

A semi-quantitative method (a method that approximates the level of bacterin in the
gut of Artemia based on the image produced by the fluorescence microscope) was
established to estimate the levels of V. anguillarum bacterin bio-encapsulation in A. salina
nauplii (Fig. 3-1A). Autofluorescence was ruled out using A. salina nauplii inoculated with
nutritional supplements (Ori-One and Ori-Green) (Fig. 3-1B). Using this method, we
determined that approximately 100% of the A. salina nauplii reached maximum capacity
(e.g., gut was completely full of bacterin) for V. anguillarum bacterin bio-encapsulation 3
h post-inoculation at 20 °C in both the absence (Fig. 3-1C) or presence (Fig. 3-1D) of
nutritional supplements. In the absence of supplements, a significant decrease in the
percentage of the A. salina nauplii with 100% bio-encapsulation levels was observed 24 h
post-inoculation, which gradually declined thereafter (Fig. 3-1C). In the presence of
nutritional supplements, a significant decrease occurred 36 h post-inoculation (Fig. 3-1D).
We determined that the optimal V. anguillarum bacterin bio-encapsulation in A. salina
method is the presence of nutritional supplementation with a bio-encapsulation time of 3 h
at 20 °C. As we wanted to produce a bio-encapsulated vaccine batch that could be used for
several days, we evaluated the stability of the V. anguillarum bacterin in the intestine of A.
salina nauplii post bio-encapsulation at 6 °C (Fig. 3-1E). This temperature was chosen as
it is similar to the water temperature at which lumpfish are cultured. We determined that
the bacterin concentration in A. salina nauplii remained stable for at least 6 d post-

inoculation (Fig. 3-1E). DTAF-labeled V. anguillarum bacterin bio-encapsulated in A.
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salina nauplii were then fed to lumpfish larvae and fluorescence microscopy was used to
determine if the V. anguillarum bacterin reached the larvae gut (Fig. 3-2). Fluorescence
microscopy demonstrated the presence of the V. anguillarum bacterin in the gut of the
lumpfish larvae after 6 and 24 h, whereas fluorescence was not detected in the gut of

lumpfish larvae who had been fed A. salina nauplii only (Fig. 3-2).
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Figure 3-1. Optimization of V. anguillarum bacterin bio-encapsulation in 4. salina nauplii.
(A). Relative percentage of DTAF-labeled V. anguillarum bacterin in A. salina nauplii
intestine; (B) 4. salina nauplii supplemented with dry microalgae (Ori-One and Ori-Green)
as autofluorescence control. A. salina fed with commercial dry microalgae (Ori-One and
Ori-Green) at 20 °C; (C) V. anguillarum bacterin bio-encapsulation in A. salina nauplii at
20 °C; (D) V. anguillarum bacterin and commercial dry microalgae bio-encapsulation in A.

salina nauplii at 20 °C; (E) bio-encapsulation stability at 6 °C after 3 h post enrichment
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with V. anguillarum bacterin at 20 °C. In all cases, different color bars represent the % bio-
encapsulation levels of the V. anguillarum bacterin in A. salina nauplii. Each value is the
mean = SEM for 3 groups of 100 A. salina nauplii per group. Different letters (a, b, c)
indicate the differences in the numbers of A. salina nauplii enriched with 100% V.
anguillarum bacterin at different time points. Means with different letters differ

significantly (p < 0.05). Bars represent mean + SEM.

Control larvae Oral vaccinated larvae

24 h

Figure 3-2. Selected images depicting the DTAF-labeled V. anguillarum bacterin bio-
encapsulated in A. salina nauplii in the lumpfish gut after 6 and 24 h, visualized using

epifluorescence microscopy. Its presence is indicated by green fluorescence

3.2. Transcript expression profile of the immunome of orally immunized lumpfish

larvae

Expression levels of the transcripts related to the innate and adaptive immune

response were measured in pre-immunized larvae and at 2 and 4 wpi with the V.
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anguillarum bacterin bio-encapsulated in A. salina nauplii. The transcript expression levels
were analyzed using both the 2724¢t (Figs. 3-3 to 3-5) and the RQ methods (Figs. 3-6 to 3-
8). Both methods showed similar results, with the exception of the statistical significance
demonstrated for toll-like receptor 7 (tlr7) and immunoglobulin heavy chain b (ighb) (Figs.
3-31, 3-4D; Figs. 3-6l1, 3-7D). TIr7 showed statistical significance as determined by the RQ
method, while no significant differences of this gene were found by the 224¢t method. In
the case of ighb, the significance level occurred at 2 wpi as determined by the 224t method,
whereas it was significant at 4 wpi according to the RQ method (Figs. 3-3I, 3-4D; Figs. 3-
61, 3-7D). Transcript expression levels were compared statistically in orally immunized
compared to control larvae at 2 and 4 wpi only. Comparisons over time could not be
assessed due to developmental and considerable size differences of the larvae over time.
Significant up-regulation of interleukin 8b (il8b) (Figs. 3-3C, 3-6C), immunoglobulin heavy
chain a (igha), ighb and immunoglobulin mu heavy chain ¢ (ighmc) (Fig. 3-4B, C, D; 3-
7B, C, D), chemokines (ccl19 and ccl20) (Figs. 3-4F, G and 3-7F, G), cluster of
differentiation 8 alpha (cd8a) and HLA class Il histocompatibility antigen gamma chain
(cd74) (Figs. 3-4M, N and 3-7M, N), interferon-gamma (ifng) (Figs. 3-5B and 3-8B), and
ATP dependent RNA helicase Igp2 (Igp2) (Figs. 3-5E and 3-8E) occurred at 2 wpi.
Significant upregulation of interleukin 10 (il10) occurred at 4 wpi (Figs. 3-3E and 3-6E).
Significant downregulation of lymphocyte antigen 6 family member G6F (ly6g6f) (Figs. 3-
5A and 3-8A) and ccl20 (Figs. 3-4G, 3-7G) occurred at 2 and 4 wpi, respectively. There
were no significant differences in the expression levels of the remaining transcripts at either

time point.
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Figure 3-3. Transcript expression levels of cytokines and toll-like receptors in lumpfish

larvae orally immunized with the V. anguillarum bacterin bio-encapsulated in A. salina

nauplii. (A-E). Cytokines; (F-I). Toll-like receptors. Transcript expression levels were

assessed pre-immunization (TO control, n = 3 individual pools of 10 larvae each), 2 wpi (n

= 3 pools of 10 larvae each), and 4 wpi (n = 3 pools of 5 larvae each). Time point controls

post-mock immunization were collected in a similar fashion at 2 and 4 wpi. Relative

expression was calculated using the 2C24Y method and normalized using logz; etif3d and

rpl32 were used as endogenous controls. A two-way ANOVA test, followed by the Sidak

multiple comparisons post hoc test was used to assess significant differences between the

treatments (control and vaccinated) at each individual time point. Asterisks (*) represent

significant differences (* p < 0.05, ** p < 0.01)
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Figure 3-4. Transcript expression levels of immunoglobulin heavy locus genes, cytokine

CC genes, and interferon-induced GTP-binding proteins genes, and the cluster of

differentiation genes in lumpfish larvae orally immunized with the V. anguillarum bacterin

bio-encapsulated in A. salina nauplii (A-E). Immunoglobulin heavy locus genes (F-J).

Cytokine CC genes and interferon-induced GTP-binding proteins genes (K—N). The cluster

of differentiation genes. Transcript expression levels were assessed pre-immunization (TO

control, n = 3 individual pools of 10 larvae each), 2 weeks post-immunization (n = 3 pools

43



of 10 larvae each), and 4 weeks post-immunization (n = 3 pools of 5 larvae each). Time
point controls post-mock immunization were collected in a similar fashion to those
collected at weeks 2 and 4. Relative expression was calculated using the 224€Y method
and normalized using logz; etif3d and rpl32 were used as endogenous controls. A two-way
ANOVA test followed by the Sidak multiple comparisons post hoc test were used to assess
significant differences between the treatments (control and vaccinated) at each individual
time point. Asterisks (*) represent significant differences (* p < 0.05, ** p <0.01, *** p <

0.001).
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Figure 3-5. Transcript expression levels of other immune-related genes in lumpfish larvae

orally immunized with the V. anguillarum bacterin bio-encapsulated in A. salina nauplii

(A-1). Transcript expression levels were assessed pre-immunization (TO control, n = 3

individual pools of 10 larvae each), 2 weeks post-immunization (n = 3 pools of 10 larvae

each), and 4 weeks post-immunization (n = 3 pools of 5 larvae each). Time point controls

post-mock immunization were collected in a similar fashion to those collected at weeks 2

and 4. Relative expression was calculated using the 2C44°Y method and normalized using

logo; etif3d and rpl32 were used as endogenous controls. A two-way ANOVA test followed

by the Sidak multiple comparisons post hoc test were used to assess significant differences

between the treatments (control and vaccinated) at each individual time point. me point.

Asterisks (*) represent significant differences (** p< 0.01, ***p< 0.001)
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Figure 3-6. Transcript expression levels of cytokines and toll-like receptors in lumpfish
larvae orally immunized with the V. anguillarum bacterin bio-encapsulated in A. salina
nauplii (A—E). Cytokines; (F-I). Toll-like receptors. Transcript expression levels were
assessed pre-immunization (TO control, n = 3 individual pools of 10 larvae each), 2 wpi (n
= 3 pools of 10 larvae each), and 4 wpi (n = 3 pools of 5 larvae each). Time point controls
post-mock immunization were collected in a similar fashion at 2 and 4 wpi. Relative
expression was calculated using the RQ method and normalized using logz; etif3d and rpl32
were used as endogenous controls. A two-way ANOVA test, followed by the Sidak
multiple comparisons post hoc test was used to assess significant differences between the

treatments (control and vaccinated) at each individual time point. Asterisks (*) represent
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Figure 3-7. Transcript expression levels of immunoglobulin heavy locus genes, cytokine
CC genes, and interferon-induced GTP-binding proteins genes, and the cluster of
differentiation genes in lumpfish larvae orally immunized with the V. anguillarum bacterin
bio-encapsulated in A. salina nauplii (A-E). Immunoglobulin heavy locus genes (F-J).
Cytokine CC genes and interferon-induced GTP-binding proteins genes (K-N). The cluster
of differentiation genes. Transcript expression levels were assessed pre-immunization (TO
control, n = 3 individual pools of 10 larvae each), 2 weeks post-immunization (n = 3 pools

of 10 larvae each), and 4 weeks post-immunization (n = 3 pools of 5 larvae each). Time
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point controls post-mock immunization were collected in a similar fashion to those
collected at weeks 2 and 4. Relative expression was calculated using the RQ method and
normalized using logy; etif3d and rpl32 were used as endogenous controls. A two-way
ANOVA test followed by the Sidak multiple comparisons post hoc test were used to assess
significant differences between the treatments (control and vaccinated) at each individual
time point. Asterisks (*) represent significant differences (* p < 0.05, ** p <0.01, ***p <

0.001).
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Figure 3-8. Transcript expression levels of other immune-related genes in lumpfish larvae
orally immunized with the V. anguillarum bacterin bio-encapsulated in A. salina nauplii
(A-1). Transcript expression levels were assessed pre-immunization (TO control, n = 3
individual pools of 10 larvae each), 2 weeks post-immunization (n = 3 pools of 10 larvae
each), and 4 weeks post-immunization (n = 3 pools of 5 larvae each). Time point controls
post-mock immunization were collected in a similar fashion to those collected at weeks 2
and 4. Relative expression was calculated using the RQ method and normalized using logz;
etif3d and rpl32 were used as endogenous controls. A two-way ANOVA test followed by
the Sidak multiple comparisons post hoc test were used to assess significant differences
between the treatments (control and vaccinated) at each individual time point. Asterisks

(*) represent significant differences (** p< 0.01, ***p< 0.001)
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3.3. Vaccine challenge

Immunized lumpfish were challenged at 45 wpi with 7 times the LD50 dose for V.
anguillarum J360 (7.8 x 10° CFU dose ') to determine the effectiveness of the vaccine
(Fig. 2-5). Mortality in lumpfish who had been orally mock immunized as larvae and then
mock-orally boosted as juveniles started at 3 days post-challenge, with 100% mortality by
day 10 post-challenge. Mortality in lumpfish that had been orally immunized as larvae and
then orally boosted as juveniles started at 3 days post-challenge, with a final RPS of 2%
(Fig. 3-9A). Mortality in lumpfish that had been mock orally immunized as larvae and then
both mock orally and i.p. boosted as juveniles started at 7 days post-challenge, with 100%
mortality by 20 days post-challenge (Fig. 3-9B). Lumpfish that had been orally immunized
as larvae and then both orally and i.p. boosted as juveniles survived the i.p. challenge with

V. anguillarum, with a RPS of 76.5% (p < 0.0001) (Fig. 3-9B).

A Orally boosted lumpfish challenged with B Orally and i.p. boos immunized lumpfish challenged
¥ anguiliarum with ¥ anguillarum
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Figure 3-9. Cumulative survival rate of orally and i.p. immunized lumpfish after i.p.
challenge with V. anguillarum (7.8 x 10° CFU dose™'). (A) Survival (%) of orally

immunized and orally boosted lumpfish after V. anguillarum challenge. Lumpfish were
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orally immunized as larvae and then orally boosted as juveniles. Control groups were mock
-vaccinated using the same inoculation route. After 45 weeks post-initial immunization, the
animals were then i.p. challenged; each treatment consisted of two tanks (see Fig. 2-5). (B)
Survival of orally immunized and i.p. boosted lumpfish. Lumpfish were orally immunized
as larvae and then orally boosted as juveniles (see Fig. 2-5). Control groups were mock-
vaccinated using the same inoculation route. After 45 weeks post-initial immunization, the
animals were then i.p. challenged; Each treatment consisted of two tanks (see Fig. 2-5).

Survival was assessed for 30 days. RPS: relative percentage survival; p < 0.0001.
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4. DISCUSSION AND CONCLUSION

4.1. Discussion

Vibriosis is one of the most common bacterial diseases affecting lumpfish
aquaculture (Vasquez, 2020a). As mentioned previously, immunization of fish at an early
age with a needle-free vaccine, and with minimal stress during immunization is the ideal
vaccine delivery method for finfish aquaculture (Plant, 2011). However, the effectiveness
of bath and oral vaccine delivery to small fish or larvae has been evaluated with varied
results (Villumsen, 2014). Commercial bath vaccines have been used in lumpfish with low
effectiveness against local V. anguillarum isolates (Chakraborty,2019). However, the
efficacy of an orally administered vaccine in lumpfish at the early-life stages remains
unknown. Here, we evaluated the efficacy of an orally delivery V. anguillarum bacterin
bio-encapsulated in A. salina nauplii in lumpfish larvae. Approximately 9 months after the
initial oral vaccination, lumpfish were either orally or both orally and i.p. boosted, and the
effectiveness of the vaccines was evaluated by assessing the RPS after a lethal i.p. V.
anguillarum challenge.

First, we evaluated the V. anguillarum bacterin uptake in A. salina nauplii and,
thereafter this bio-encapsulated bacterin, in the gut of lumpfish larvae. Our observations
indicated that the V. anguillarum bacterin was fully bio-encapsulated by the A. salina
nauplii after 3 h and was maintained for at least 6 d at 6 'C (Fig. 3-1). Similar results were
observed by Campbell et al., (1993), where the V. anguillarum bacterin showed maximum
bio-encapsulation after 1 h or 2 h using 1.5x10° CFU mL™? or 1.5x10° cells mL™,

respectively. Vaccine bio-encapsulation in A. salina nauplii protects the antigens from the
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intestinal tract of the fish and facilitates the recognition of antigens by macrophages in the
mucosal layer of the hindgut (Lin, 2005). The effectiveness of protecting the antigen from
gastrointestinal digestion and its delivery to the hindgut of fish larvae has been
demonstrated in previous studies (Lin, 2005; 2007). Here, we confirmed the presence of
the V. anguillarum bacterin in the A. salina nauplii and in the gut of fish larvae 6 h post-
oral immunization (Fig. 3-2). These results validated the internalization of the V.
anguillarum bacterin in the lumpfish gut.

The expression profiles of 32 TOIs related to innate and adaptive immunity were
evaluated at 0, 2, and 4 wpi. In pre-immunized larvae, we did not see any expression of the
TOls, which was expected. When considering orally immunized compared to larvae who
had been orally mock immunized at 2 and 4 wpi, there were no significant differences in
levels of pro-inflammatory cytokines (tnfa, illb, il8a; Fig. 3-3A, B, D; Figs. 3-6A, B, D),
toll-like receptors (tIr3, tlr5a, tlrSb; Figs. 3-3F, G, H; Figs. 3-6F, G, H), immunoglobulin
heavy chain transcripts (ighma, ighd; Figs. 3-4A, E; Figs. 3-7A), interferon-induced
effectors (mxa, mxb, mxc; Figs. 3-4H, 1, J; Figs. 3-7H, 1, J), cluster of differentiation
transcripts (cd4a, cd4b; Figs. 3-4K, L; Figs. 3-7K, L) and other immune-related transcripts
(cox2, irf7, Igp2, statl, rsad2, hamp, saa5; Figs. 3-5 and 3-8) Figs. 3-5 and 3-8) at either 2
or 4 wpi. In contrast, levels of il8b, igha, ighmc, ighb, ccl19, ccl20, cd8a, cd74, infg and
Igp2 were significantly up-regulated, and levels of ly6g6f and tlr7 were significantly down-
regulated at 2 wpi (Figs. 3-3 to 3-5; Figs.3-6 to 3-8). Levels of il10 were significantly up-
regulated and levels of ccl20 were significantly down-regulated at 4 wpi (Figs. 3-3E, 3-4G;

Figs. 3-6E, 3-7G). These results indicate that 35 d old lumpfish larvae are not highly
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immune stimulated by oral immunization, suggesting that the interaction between the
lymphoid tissues and the vaccine was not enough to trigger adaptive immune protection.

118 and infg play important roles in the recruitment of monocytes and neutrophils to
sites of inflammation. Whereas 1110 acts as anti-inflammatory cytokine and, as such, plays
a crucial role in the regulation of the inflammatory response (Min, 2001). Although there
are studies on the expression of il8 and il10 in fish, the role of these interleukins in early
developmental stages of lumpfish is still unknown. In the current study, in orally
immunized larvae compared to mock-orally immunized larvae, il8 and infg were
significantly up-regulated at 2 wpi, and il10 significantly up-regulated at 4 wpi (Figs. 3-
3C, E, 3-5B; Figs. 3-6C, E, 3-8B). Similar expression profiles for infg and 1110 have been
observed in Atlantic salmon that had been infected with the salmonid alphavirus subtype-
3 (SAV-3) (Xu, 2012) or immunized with the A. salmonicida vaccine (Kumari, 2013). Igp2
is a member of the RLR family, which participates in the recognition of viral RNA
pathogen-associated molecular patterns (PAMPs) in the cytoplasm and induces the
synthesis of infg (Ohtani, 2010; Chang, 2011; Van der Veen, 2018; Zhang, 2018).
Similarly, our results showed that Igp2 and infg were significantly up-regulated at 2 wpi
(Figs. 3-5B, E; Figs. 3-8B, E). The results suggest that the oral immunization of lumpfish
larvae triggers an innate immune response that is later regulated via the canonical anti-
inflammatory cytokine il10.

TLRs play an important role in early innate and adaptive immunity by detecting
PAMPs in bacteria and viruses (Arancibia, 2007; Jayaramu, 2017; Ji, 2018). TLRs activate
the transcription factor NF-kB, resulting in the production of several pro-inflammatory

cytokines such as illb, tnfa, il8, il10, il6, il12, il17, infg, and tumour necrosis factor (tnf)
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(Barton, 2002; Eggestol, 2018). Expression levels of tIr3, tir5 and tlr7 were not
significantly different in orally immunized compared to mock-orally immunized larvae at
either time point (Fig. 3-3F, G, H, I), however tlr7 was significantly down-regulated at 2
wpi in RQ statistical analysis (Fig. 3-61). These results suggest that the vaccine does not
induce a full immune response in larvae.

ly6g6f is a member of the superfamily lymphocyte antigen-6 (Ly6)/urokinase-type
plasminogen activator receptor (UPAR) (Upadhyay, 2019). Ly6/uPAR proteins have
functions in cell proliferation, migration, cell-cell interaction, immune cell maturation,
macrophage activation, T lymphocyte development, differentiation, and cytokine
production (MacNeil, 1993; Mallya, 2006; Loughner, 2016). The function of ly6g6f in fish
is not yet defined and, in this study, the expression of ly6g6f was significantly down-
regulated at 2 wpi in lumpfish larvae (Figs. 3-5A, 3-8A). These results agree with the low
level of immune protection.

The igh (immunoglobulin heavy locus) encodes the IgM heavy chains and these
loci have been characterized in several fish species, including fugu, rainbow trout,
zebrafish, and Atlantic salmon (Danilova, 2005; Savan, 2005; Yasuike, 2010). It has been
established that igh plays a role during the adaptive immune response by recognizing
foreign antigens for phagocytosis, and the complement system (Schroeder, 2010). Here, we
found that igha, ighd, and ighmc expression were significantly upregulated in orally
immunized compared to larvae who had been orally mock immunized at 2 wpi (Figs. 3-4B,
C, E; and 3-7B, C, E). These results suggest the oral immunization of larvae triggers some
level of an adaptive immune response, but it seems insufficient to trigger memory immune

protection.
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ccll19 is a chemokine known to orchestrate the migration of dendritic cells (DCs)
and T cells into lymphoid tissue or vaccination sites, and is also involved in immune
tolerance and inflammatory responses (Bromley, 2008; Yan, 2019). ccl20 attracts
lymphocytes and DCs towards epithelial cells to mucosal immune sites under inflammatory
conditions early in an immune response (Liu, 2020). In orally immunized compared to
larvae who had been orally mock immunized, there was a significant increase in levels of
ccl19 and ccl20 at 2 wpi, while there was a significant decrease in ccl20 levels at 4 wpi
(Figs. 3-4F, G and 3-7F, G). These results aligned with the expression patterns of other
transcripts evaluated here, supporting the idea that lumpfish larvae did initiate and adaptive
immune response to the oral immunization.

CD4 (a classical marker of T helper cells) and CD8 (a marker of cytotoxic
lymphocytes) are polypeptides playing an important role in signal transduction, and
activation of T-helper cells and cytotoxic T cells, respectively (Buonocore, 2006). We
found that cd8 was significantly up-regulated in orally immunized compared to larvae who
had been orally mock immunized at 2 wpi (Figs. 3-4M, 3-7M). However, cd4 was not
significantly dysregulated. These results suggest that CD8 cellular-mediated adaptive
immunity, but not the CD4 response, was activated in lumpfish larvae aligning with the
lack of immune protection triggered by the oral immunization.

CD74 is the MHC class Il-associated invariant chain, which plays a role in antigen
presentation (Moldenhauer, 1999; Beswick, 2009). CD4 and CD74 lost their original
functions in anglerfish (Lophius piscatorius) and Atlantic cod (Gadus morhua) (Star, 2011;
Trowsdale, 2013; Dijkstra, 2018; Dubin, 2019). Here, we found that these transcripts are

present in lumpfish, and although cd74 was upregulated in orally immunized compared to
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larvae who had been orally mock immunized at 2 wpi, cd4a and cd4b were not (Fig. 3-4K,
L, N; Figs. 3-7K, L, N). These results revealed that oral immunization in lumpfish larvae
triggers a partial adaptive immune response.

The lumpfish larvae were vaccinated after the yolk sac was absorbed, after which
the larvae exhibited an active feeding behavior. Although there is no literature about the
immunity of lumpfish larvae, it is well known that lumpfish larvae are more mature and
active than other marine fish (Brown, 1986). It has also been shown that the main immune
organs of lumpfish develop after hatching (Imsland, 2019). These reports, in addition to
our current results, suggest that lumpfish larvae are immune competent, and antigens need
to be delivered across the epithelia to trigger full immunity. The transcript expression levels
(Figs 3-3 to 3-8) also indicated that lumpfish larvae are immune stimulated by oral
immunization, but not enough to trigger immune protection. For instance, the expression
of i18b, il0, igha, ighmc, ighb, cd8, and cd74 was upregulated in orally immunized larvae
(Figs. 3-3, 3-4; Figs. 3-6, 3-7). It seems that oral immunization with V. anguillarum bacterin
in lumpfish larvae triggered Thl-like immune response and cellular immunity, which is
related to il110 and cd8 upregulation. This is the first study on lumpfish larvae molecular
immunity and provides novel knowledge and a baseline to study the ontogeny of the
immune system in lumpfish.

The effectiveness of vaccination in fish depends on the delivery, vaccine design,
and the fish species. For instance, mortality in lumpfish bath immunized and i.p. boosted
with a commercial polyvalent formalin-inactivated V. anguillarum O1 and O2 vaccine was
only delayed in an i.p. challenge using V. anguillarum (Chakraborty, 2019). Similar to our

current results, a commercial bivalent whole-cell V. anguillarum O1 and O2 vaccine
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delivered by immersion and followed by an i.p. boost immunization in European sea bass
(Dicentrarchus labrax) conferred approximately 99% survival against a V. anguillarum i.p.
challenge (Galeotti, 2013). In this study, we observed that lumpfish orally immunized as
larvae and then orally boosted as juveniles did not survive the V. anguillarum i.p. challenge
(Figure 3-9A). Nevertheless, we determined that oral vaccination delayed mortality in
lumpfish challenged with V. anguillarum, suggesting that the oral vaccination did stimulate
fish immunity, but not enough to confer protection. Similar results were found in salmonids
orally immunized against Yersinia and V. anguillarum, where oral immunization conferred
no or low immunity to juvenile immunized fish (Johnson, 1983a, b, c; Chettri, 2015). In
contrast, lumpfish orally immunized as larvae and then both orally and i.p. boosted as
juveniles showed a significant RPS (76.5%) to the V. anguillarum i.p. challenge challenge
(Figure 3-9B). This suggests that the orally administered vaccines were not reaching the
deep lymphoid tissues, either in the larvae or juvenile fish, and as such, oral immunization
was not effective in contrast to the i.p. delivered vaccine. Therefore, it is suggested that
inactivated V. anguillarum vaccines for lumpfish should be administered using the i.p. route

to confer acceptable levels of immune protection.

4.2. Conclusions

Oral immunization of lumpfish larvae wusing bio-encapsulated bacterin
demonstrated that it reached the larval gut and stimulated an immune response by
increasing innate immunity. However, oral immunization did not trigger an evident
adaptive immune response, even after oral boost immunization. V. anguillarum bacterin

that had been orally administered delayed mortality and did not confer protection against
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the i.p. V. anguillarum. In contrast, i.p. immunization conferred significant immune
protection. These results suggest the need for oral vaccines that have the capability of
crossing the epithelium and reaching the deep lymphoid tissues to trigger immune

protection.

5. SUMMARY

The development of effective oral vaccines to overcome the need for injection is
essential for vaccines applied in aquaculture. In this study, V. anguillarum bacterin
delivered as an oral vaccine demonstrated a delay in mean time to death after ip challenge
but was not effective in lumpfish, which is in contrast to the i.p. vaccine delivery method
that protects lumpfish against vibriosis. This suggests that orally administered vaccines
were not reaching deep lymphoid tissues, either in the larvae or juvenile fish, and as such,
oral immunization was not effective. Oral vaccines that have the capability of crossing the
epithelium and reaching deep lymphoid tissues are needed to confer an effective protection
to the fish. Although high levels of protection were not observed by oral vaccine against V.
anguillarum in the current study, novel information has been gained regarding the immune
response of lumpfish larvae during early immunization. Additionally, an i.p. injection
method was deemed to be the most efficient method for stimulating a protective immune

response in cultured juvenile lumpfish against V. anguillarum.
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7. APPENDICES

Appendix I. Ct values of transcript expression levels of immune-related genes in lumpfish (Cyclopterus lumpus) larvae orally

immunized with the V. anguillarum bacterin bio-encapsulated in A. salina nauplii.

Sample Study 1 Study 2

ccll9 cox2 hamp il8a iI8b  il10 etif3d rpl32 lgp2  mxa mxb mxc  statl tlr3  etif3d rpl32
WO0_C1 F1 2897 2742 2501 26.89 2898 3040 2212 21.12 | 2880 27.11 29.48 29.67 26.77 29.29 2226 21.98
WO0_C1 F1 29.06 27.22 2512 2696 2898 29.94 2218 20.87 | 28.86 27.34 29.61 29.74 26.69 29.11 2235 22.00
W0 C1 F1 28.93 27.27 25.18 26.98 29.00 30.21 22.03 20.89 | 29.04 27.43 29.49 2956 26.62 29.16 2232 22.01
W0 _C1 F2 29.08 27.25 25.60 27.26 29.13 30.78 2220 2091 | 28.72 27.25 29.09 2955 27.03 - 2246 22.15
W0 _C1 F2 29.18 27.11 25.66 27.17 29.34 30.26 2220 21.11 | 29.00 27.31 29.24 29.40 27.06 29.25 2247 2251
WO0_C1 F2 29.16 27.11 2553 2749 29.20 30.67 2223 21.13 | 29.00 27.11 29.13 29.20 26.96 29.30 2250 22.13
WO0_C1 F3 29.72 2740 2571 2732 29.07 3114 2221 2120 | 29.10 27.05 2899 29.24 26.99 29.65 2244 22.29
WO0_C1 F3 29.37 2741 2563 2730 29.25 30.75 2220 21.25 | 29.00 27.04 29.18 2950 27.01 29.89 2239 22.23
W0 C1 F3 29.35 2744 2558 2723 29.09 30.34 2217 20.98 | 29.19 27.28 29.26 29.35 26.99 29.70 2239 22.20
W2 C1 F1 28.04 2849 2450 26.88 27.78 31.17 2198 20.87 | 28,59 26.97 29.83 29.56 26.19 2872 2222 22.00
W2 C1 F1 28.21 2843 24.62 27.08 - 30.81 2195 20.97 | 28.80 26.99 2959 29.62 26.20 28.69 2228 21.95
W2 _C1 F1 28.16 28.24 2463 2699 2783 3148 22.05 21.04 | 2861 2692 29.80 2942 26.24 28.64 2226 22.03
W2_C1 F2 2789 2831 2452 2685 2836 3135 21.89 2089 | 28.63 26,59 2895 29.22 26.08 2847 22.06 22.05
W2 _C1 F2 27.88 28.32 2451 26.80 - 30.90 2189 20.81 | 2843 2656 2858 28.85 26.02 2848 2210 21.77
W2 C1 F2 27.98 28.33 2449 2692 2837 31.62 21.88 20.65 | 2845 26.80 28.70 2891 2594 2843 2199 21.71
W2 C1 F3 2749 2796 2448 26.67 28.04 30.93 2187 20.78 | 2858 26.86 29.15 29.21 26.12 2831 22.19 21.93
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Sample Study 1 Study 2

ccll9 cox2 hamp il8a iI8b 1110  etif3d  rpl32 lgp2 mxa mxb  mxc  statl tlr3  etif3d  rpl32
W2_C1_F3 27.22 2832 2443 2654 27.79 - 2186 20.71 | 28.60 26.79 2945 2952 26.26 2859 2220 2197
W2_C1_F3 27.25 2797 2445 2657 27.75 30.92 2195 20.66 | 28.67 26.81 29.61 29.29 26.22 2826 2222 2198
W2_C2_F1 28.19 28.79 2546 2754 28.65 22.07 21.14 | 29.18 27.03 29.84 29.98 26.38 29.46 2242 2251
W2_C2_F1 28.06 2891 2546 27.62 2871 31.27 2213 2116 | 28.81 27.18 2991 2996 2640 2946 2241 2241
W2_C2_F1 28.11 28.73 2552 2748 2878 3135 2203 21.14 | 2894 27.01 30.17 30.02 26.37 2940 2237 2232
W2_C2_F2 28.29 2851 2503 27.08 2859 3152 2198 2094 | 2876 26.90 29.39 28.97 - 28.84 2221 21.98
W2_C2_F2 28.04 2846 2504 2726 2881 3230 2196 21.01 | 28.66 26.78 29.57 28.96 26.17 29.15 2214 2197
W2_C2_F2 27.75 28.62 2492 27.12 2858 31.84 2202 2087 | 28.32 2696 29.30 29.28 26.31 29.02 2225 2196
W2_C2_F3 28.10 28.75 25.00 26.84 28.66 31.98 21.84 21.02 | 28.87 26.96 29.48 29.84 26.33 29.11 22.04 21.98
W2_C2_F3 28.22 2853 25.07 2691 2853 31.77 2192 2098 | 28.83 27.12 2942 30.16 26.35 29.25 22.08 21.98
W2 _C2_F3 28.21 28.69 2522 26.89 28.55 - 2193 2112 | 28.90 27.02 29.78 29.51 26.38 29.11 22.03 22.02
W2_V1_ F1 26.94 28.76 2521 2653 2789 3106 2241 2125 | 28.02 26.75 29.07 29.06 25.72 28.71 2251 22.19
W2_V1 F1 26.81 28.36 25.06 26.68 27.89 3055 2236 21.34 | 2811 26.79 29.01 29.10 25.69 28.68 2249 2218
W2_V1 F1 26.68 2854 25.09 26.53 27.76 30.67 2238 21.17 | 28.00 26.83 2899 29.16 25.88 28.64 2254 22.16
W2_V1 F2 27.14 2880 25.62 27.12 28.06 30.50 2249 2150 | 2856 27.31 29.44 29.63 2640 28.79 2276 22.61
W2_V1 F2 27.21 28.79 2556 27.20 2799 30.84 2257 2148 | 28.64 2721 29.80 29.62 26.27 2874 2281 2254
W2_V1_F2 27.22 28.74 2556 27.07 2792 - 2254 2150 | 2845 2739 29.72 29.79 26.35 2872 2275 2243
W2_V1_F3 27.76 28.93 26.03 27.67 28.04 3173 2260 2143 | 29.16 27.75 2955 30.36 26.70 29.00 2280 22.57
W2_V1_F3 27.67 2898 26.12 2766 27.78 3200 2254 2170 | 28.86 2756 30.08 30.33 26.66 28.96 22.75 22.68
W2_V1 F3 27.73 29.28 2599 27.62 28.17 3134 2261 2149 | 28.88 2761 29.99 3032 26.74 29.17 2281 22.67
W2_V2 F1 2746 2848 25.09 27.07 2843 30.79 2248 2137 | 2857 2749 2937 2959 2650 28.79 2269 2251
W2 V2 F1 27.63 28.68 25.29 27.10 28.59 - 2247 2137 | 2890 2740 29.87 29.93 26,57 28.94 2277 22.34
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Sample Study 1 Study 2

ccll9 cox2 hamp il8a i18b  il10  etif3d  rpl32 lgp2 mxa mxb  mxc  statl tlr3  etif3d  rpl32
W2_V2 F1 2751 2850 25.21 27.27 2845 30.85 2237 2120 | 2845 2731 29.70 29.17 26.69 28.78 2272 2237
W2_V2_F2 27.96 2891 25.74 2843 2831 31.76 2245 2139 | 28.97 2748 29.73 3044 2655 2954 2276 22.62
W2_V2_F2 28.02 29.23 25.75 28.10 28.26 - 2238 2149 | 2897 27.68 29.80 30.08 26.71 29.57 22.68 22.48
W2_V2_F2 28.05 2897 2561 2799 2830 3176 2244 2129 | 29.09 2766 29.60 30.35 26.61 29.55 22.72 2244
W2_V2_F3 2797 29.11 2567 28.01 29.02 3166 2243 2186 | 29.11 27.70 30.27 30.25 26.69 29.78 2278 22.13
W2_V2_F3 28.05 29.14 2587 28.07 29.03 3196 2250 2193 | 29.18 27.67 2994 30.37 26.91 2955 2285 22.25
W2 V2 F3 28.04 29.19 2578 2791 29.03 2245 21.88 | 29.27 27.67 30.08 30.21 27.17 29.57 2283 2221
W4 _C1 F1 28.66 30.08 26.08 2894 30.73 3223 2333 2279 | 2945 2795 2997 3042 27.02 30.11 2353 22.82
W4 _C1 F1 28.69 29.86 26.13 28.91 - 31.97 2330 2261 | 2938 27.77 30.16 3094 26.82 2990 2359 22.88
W4_C1_F1 28.69 30.20 26.12 2896 30.72 3273 2333 2273 | 29.71 27.72 3031 30.60 26.98 3042 2356 22.85
W4_C1_F2 27.31 29.16 2568 2853 2951 3103 2298 2198 | 28.80 26.89 29.19 2980 26.37 29.53 23.04 22.20
W4_C1_F2 27.31 29.12 2568 2875 29.52 3132 2297 2200 | 2851 26.81 2956 29.71 26,57 29.64 23.13 2247
W4_C1 F2 27.34 2889 25.75 28.57 - 31.24 2294 2212 | 2861 27.13 2935 30.08 26.74 2951 2310 2225
W4 _C1_F3 28.17 29.17 2550 28.40 31.75 23.00 2226 | 28.76 2693 29.85 2956 26.81 29.92 23.08 22.36
W4 _C1_F3 28.61 29.15 2544 2859 29.68 31.02 2291 2217 | 28.87 26.86 29.77 29.86 26.71 30.15 23.06 22.32
W4_C1_F3 28.19 29.27 2548 2849 29.82 3138 2294 2227 | 29.00 2691 2940 30.07 26.71 30.01 23.06 22.26
W4_C2_F1 28.12 3047 26.13 28.09 29.72 3336 2328 2280 | 29.11 2740 2996 29.94 26.76 29.71 2341 2287
W4_C2_F1 2796 30.13 2572 2820 2994 3341 2327 2259 | 29.22 2721 30.05 30.04 26.99 2996 2337 22.80
W4_C2_F1 27.98 30.29 25.77 28.13 30.12 - 23.21 22,63 | 29.38 2741 29.78 29.97 2697 3045 2339 2285
W4_C2_F2 27.96 30.01 25.67 2853 29.92 23.04 2225 | 2892 26.73 29.18 29.80 26.68 29.88 23.22 2252
W4_C2_F2 28.03 29.68 25.65 2853 29.64 3251 2297 2232 | 28.78 26.98 29.66 29.88 26.55 29.68 23.25 2250
W4_C2_F2 28.03 29.89 2555 2846 29.86 3211 2299 2221 | 2890 26.80 29.47 29.64 26.60 29.65 23.21 2251
W4 C2_F3 27.83 30.01 26.17 2890 29.35 3273 2320 2242 | 2898 2759 30.29 30.78 2654 3042 2345 2251
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Sample Study 1 Study 2

ccll9 cox2 hamp il8a i18b  il10  etif3d  rpl32 lgp2 mxa mxb  mxc  statl tlr3  etif3d  rpl32
W4 C2 F3 2779 2997 2617 2883 2059 32.61 23.14 2239 | 2898 27.47 3011 3037 2676 2091 2338 22.57
W4 C2 F3  27.84 3030 26.27 2848 2030 3305 2310 2241 | 2901 27.33 3018 30.15 2649 30.21 2336 22.54
W4 V1 F1 2802 30.5 2591 28.86 30.80 3153 2342 2294 | 2961 2770 2097 3078 27.13 [GOON 23.68 22.96
W4 VI F1 2795 3052 2598 2912 3059 3125 2344 2292 | 2952 2759 3025 3041 2698 3038 2363 22.83
W4 VI F1 2751 30.18 2580 2895 30.82 3153 2344 2286 | 29.17 27.63 3045 3003 27.05 3023 2367 22.95
W4 VI F2 2716 2014 2468 27.60 2870 3046 2212 2143 | 2840 2665 2911 2928 2638 29.16 2229 21.83
W4 V1 F2 2719 2897 2473 27.84 2863 2993 2214 2151 | 2855 2680 29.37 2972 2618 29.05 2229 2186
W4 VI F2 2719 2009 2478 27.98 2885 3033 2223 2170 | 2848 2663 29.38 29.49 2624 2956 2232 21.92
W4 V1 F3 2802 3025 2613 2884 2997 3200 2315 2273 | 2956 27.72 3032 3088 27.07 3012 2339 2293
W4 VI F3  27.83 3009 2599 2900 29.92 3200 2318 2252 | 2938 27.81 3000 3061 27.00 3053 2336 22.88
W4 VI F3  27.83 3032 2602 2873 30.06 NOMGON 23.13 2277 | 29.85 27.82 3069 3072 27.10 3055 2333 22.73
W4 V2 F1 2748 2996 2543 2825 2961 3112 2306 2250 | 2897 2687 2005 2878 2680 30.09 23.18 22.76
w4 v2 F1 2740 EOBEE 25.44 2790 2971 3121 2304 2261 | 2916 2678 2859 28.83 2692 3007 2324 22.69
W4 V2 F1  27.57 20.62 2548 27.98 2973 3090 2303 2233 | 2002 2675 2876 2887 2670 29.96 2322 2281
W4 V2 F2 2885 30.36 2597 2856 3060 31.98 2334 2288 | 2077 27.90 3025 3031 26.80 [GUMEM 2335 22.98
W4 V2 F2 2853 30.66 26.04 28.64 3228 23190 2298 | 2065 27.83 3020 3030 27.10 3062 2336 22.99
W4 V2 F2 2880 30.83 26.03 28.66 30.44 2324 2282 | 2952 2804 3045 3076 27.12 3036 2335 2294
W4 V2 F3  27.61 2034 2558 27.94 2905 3094 2313 2234 | 2896 27.18 3004 29.89 2656 29.26 2323 22.64
W4 V2 F3  27.68 2054 2565 28.04 29.43 2312 2259 | 2897 27.10 29.97 29.99 2660 2952 2327 2245
W4 V2 F3  27.61 2944 2558 27.97 29290 30.83 2303 2239 | 2001 2729 2962 29.63 2638 2991 23.18 2247
linker platel  27.48 28.02 2494 26.87 2819 3048 2207 20.87 | 2844 2684 29.46 2014 2596 2879 2235 22.15
linker platel 2752 28.05 2493 26.98 2803 30.14 2212 2082 | 2827 2671 2930 2022 2599 2885 2242 22.07
linker platel  27.46 28.12 2486 26.86 2805 30.30 2205 2092 | 2844 2690 2921 2910 26.00 2884 2236 22.14
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Sample Study 1 Study 2
ccll9 cox2 hamp il8a i18b  il10  etif3d  rpl32 lgp2 mxa mxb  mxc  statl tlr3  etif3d  rpl32
linker_plate2 ~ 27.32 28.07 2480 2698 28.13 30.61 2216 2157 | 2830 26.83 2898 29.12 2594 28.73 2238 21.80
linker_plate2 ~ 27.38 28.10 2499 2706 2827 30.22 2205 2131 | 2834 26.73 29.06 29.18 2593 2862 2230 21.68
linker_plate2 2757 28.17 24.86 26.98 28.15 30.68 22.18 2120 | 28.27 26.80 29.19 29.04 2596 2896 2234 21.67
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Sample Study 3 Study 4

ccl20 igha ighb irf7  cd74 saa5 etif3d rpl32 cdda cddb illb  tlrba  tlr5b tnfa etif3ad rpl32
WO CLF1 2846 33.16 2065 2565 2408 2201 1867 | 31.01 2851 32.62 2933 2958 29.37 2059 17.55
WO CL F1 2863 3332 3230 2955 2550 2406 2203 1870 | 30.87 28.75 2051 2046 2922 2067 1758
WO C1 F1 2833 3315 3235 30.0L 2554 2404 2204 1880 | 3091 28.80 32.54 2069 2952 2060 17.58
wo c1 F2 2885 [JGBOMN 328. 2956 2580 2399 22.08 1883 | 3092 29.47 30.72 30.94 2896 2065 17.55
WO Cl F2 2002 3376 3322 30.00 2563 2415 2216 1880 | 3130 29.29 3133 29.66 30.7L 29.34 20.65 17.53
WO C1 F2 29.08 3356 33.34 2080 2562 2402 2210 1877 | 30.65 20.58 31.08 29.66 30.26 28.89 2067 1751
WO C1 F3 2878 3313 3284 3018 2592 2457 2214 1888 | 30.85 2050 32.84 20.65 30.54 2975 2082 17.88
WO C1 F3 2876 3292 3244 3009 2574 2455 2208 1887 | 30.94 2050 32.94 2097 3044 2986 2077 17.77
WO C1 F3 2879 3291 3276 30.06 2587 2452 2204 1889 | 3104 2938 3314 2977 30.65 2971 2071 17.71
W2 CLFl 2748 3073 3008 28.96 2381 2348 2195 1861 |NGONMMN 2850 3201 3020 2899 2942 2063 17.55
W2 C1F1l 2762 3024 3022 2873 2390 2356 21.88 1862 | 30.87 28.70 32.13 [EONGEN 20.24 OB 2058 17.56
W2 CL F1 2763 3046 GO 2880 2393 2350 21.84 1864 | 3101 2855 32.07 30.37 29.37 2929 2060 17.55
W2 CLF2 2764 3023 2998 2007 2387 2362 2199 1868 | 30.06 2825 3179 3042 2955 2926 2061 17.47
W2 CLF2 2760 2994 3076 2881 23.83 2346 2192 1865 | 30.30 2844 3175 30.06 2047 2913 2062 17.43
W2 Cl F2 2773 3034 3037 2890 2382 2360 2205 1874 | 3052 2835 31.88 29.48 2046 2894 20.67 17.47
W2 C1 F3 2743 2079 30.18 2855 2374 2399 21.86 1862 | 3019 2813 3140 2948 20.07 2882 20.54 17.36
w2 c1 r3 |EOHOIISEOBN 004 2840 2370 2398 21.92 1856 | 3030 28.12 3134 2957 2880 2849 2041 17.39
W2 C1 F3 2738 2949 3036 2851 2378 2397 2191 1863 | 30.39 2819 3130 2926 2862 2862 2057 17.35
W2 C2 F1 2798 3159 31.32 2053 2429 2212 2213 19.05 | 30.51 2873 32.16 28.68 29.66 29.81 2066 17.78
W2 C2 F1 2829 3161 3115 2044 2423 2204 2205 1898 | 30.68 JEOIGGN 31.95 2882 29.74 2944 2055 17.73
W2 C2 F1 2807 3179 3172 2925 2416 2206 22.09 1901 | 3044 2867 3232 2865 30.03 2994 20.61 17.79
w2 c2 F2 2800 JEOMBN 31.06 2045 2428 2430 2231 1917 | 30.91 2853 GBS 20.98 2011 2929 2043 17.50
W2 C2 F2 2801 3136 3103 2945 2425 2438 2234 1920 | 3073 2836 32.35 29.94 2952 2932 2047 1757
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Sample Study 3 Study 4

ccl20 igha ighb  irf7  cd74 saa5 etif3d  rpl32 cdda cddb  illb  tlrba  tlr5b tnfa  etif3d rpl32
W2_C2 F2 27.75 3133 30.98 2944 2433 2430 2230 19.14 - 28.23 31.64 29.87 29.77 29.48 20.46 17.46
W2 _C2 F3 2798 3125 30.35 29.29 2406 2391 2196 1874 | 30.38 28.85 32.00 2991 29.63 - 2045 17.46
W2_C2 F3 2771 3095 3056 29.33 2412 2398 2197 1886 | 30.70 28.89 3155 30.00 29.73 2894 2046 17.68
W2 C2 F3 2795 31.58 - 20.28 2423 2392 22.03 18.88 | 30.12 2894 31.88 30.18 29.62 28.83 20.48 17.67
W2 V1 F1 2711 2897 2890 2890 2331 21.03 2242 19.02 | 30.87 28.50 - 27.79 28.88 28.87 2099 17.88
W2 V1 F1 2721 29.27 29.42 2893 2330 21.03 2244 1896 | 30.68 2897 3141 2769 29.01 28.67 2107 17.85
W2 V1 F1 2727 28.69 29.26 28.75 2332 2103 2248 19.00 | 30.38 28.82 3125 27.72 29.10 2850 21.03 17.91
W2 V1 F2 2742 29.42 29.57 2898 23.61 2158 2243 19.01 | 3143 2897 3166 2835 2959 29.08 2098 17.84
W2 V1 F2 2742 29.68 29.65 28.95 23.68 2170 2247 19.05 | 3098 2898 3153 2850 29.73 2895 21.10 17.92
W2 V1 F2 2745 29.48 30.01 29.12 2350 21.71 2241 19.01 | 31.14 2883 3144 2842 2982 2870 2099 17.87
W2 V1 F3 27.76 30.14 30.23 29.13 24.02 2437 2256 19.18 | 31.29 29.74 3172 3042 30.67 29.37 2118 18.08
W2 V1 F3 2759 3032 3034 2936 24.10 2440 2244 19.18 | 31.38 2931 3219 30.60 30.34 2951 2120 18.05
W2 V1 F3 2757 3058 30.81 29.24 2401 2431 2257 1930 | 3131 2944 3235 30.69 30.83 2894 21.18 18.06
W2 V2 F1  27.84 2939 29.99 2925 2378 2437 2243 19.03 | 3144 2883 33.05 30.38 29.71 29.20 20.98 18.10
W2 V2 F1 2792 29.29 29.97 29.06 2375 2451 2265 19.06 | 31.23 2880 3286 30.15 30.03 29.74 2111 17.94
W2 V2 F1 2779 2933 30.13 29.08 23.86 2452 2266 19.01 | 31.14 29.00 3250 3051 29.96 29.46 21.06 17.91
W2 V2 F2 2830 3095 3097 30.05 2419 2361 2254 1932 | 30.79 2990 33.00 3131 3115 30.89 2111 18.07
W2 V2 F2 28.30 - 30.64 29.87 24.08 23.68 2242 1923 | 30.86 2952 3280 3200 31.15 3029 2112 18.03
W2 V2 F2 28.00 3102 30.76 30.20 24.23 23.66 2248 19.28 | 3117 29.71 - 30.57 30.89 29.49 21.05 18.01
W2 V2 F3 2791 30.23 30.53 2950 2447 2440 2252 1934 | 30.76 29.11 3291 31.11 3058 29.84 21.07 18.11
W2 V2 F3 27.72 3041 30.57 29.70 24.61 2427 2251 1931 | 31.14 2929 3246 31.04 30.93 3045 21.15 18.04
W2 V2 F3  27.82 30.22 - 29.73 2447 2433 2251 1933 | 31.34 2939 3242 3144 3073 29.96 21.14 18.08
W4 C1 F1  28.02 30.52 29.84 30.32 24.02 2499 2347 20.12 | 31.94 30.03 32,72 3157 30.87 30.89 2194 18.89
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Sample Study 3 Study 4

ccl20 igha ighb  irf7  cd74 saa5 etif3d  rpl32 cdda cddb  illb  tlrSa  tlr5b tnfa  etif3d rpl32
W4 C1LF1 2815 30.62 2090 3030 2407 2508 2336 20.12 | 31.93 3040 JGBESN 31.79 3039 3092 22.02 18.86
W4 C1 FL 2820 3071 2956 30.43 2395 2504 2340 2007 | 3211 3029 3320 3146 30.70 [JEOMOM 22.03 18.87
W4 C1 F2 2760 2954 2873 30.07 2345 2408 2305 1954 | 31.38 2938 31.65 3134 30.62 3021 21.66 18.40
W4 CLF2 2763 2921 2870 29.86 23.41 2400 2304 1962 | 3157 2056 31.89 31.33 3036 30.15 21.66 18.44
W4 C1F2 2763 2901 2896 2096 2354 2405 2306 19.66 | 31.51 [JEOIEN 32.05 31.12 30.25 - 2166 18.35
W4 C1L F3 27.74 2953 2888 30.17 2348 2430 2291 19.60 | 32.08 3023 3211 3164 30.83 2152 1841
W4 C1 F3 2758 2085 28.86 29.97 2346 2446 2304 1959 | 3215 29.94 3242 3173 30.08 3047 2176 18.38
W4 C1 F3 2765 2098 2878 29.83 2339 2439 2293 19.62 | 31.98 3012 32.3c JEOMBN 30.38 3064 21.61 18.48
wa c2 F1 BOBEN 2083 2894 3027 2390 2472 2344 2013 | 3201 3073 32.69 3223 30.34 3107 21.96 18.97
W4 C2 F1 2832 30.39 2895 3027 23.96 2464 2335 2011 | 31.86 3098 32.96 3154 3063 3106 21.99 18.95
W4 C2 F1 2846 3054 2890 3023 2395 2470 2335 2017 | 3183 30.89 -% 3114 3124 2193 18.92
W4 C2 F2  27.85 2950 2850 2976 2354 2462 2298 1971 | 32.82 3040 32.71 3016 3064 21.63 1851
W4 C2 F2 2792 2970 2846 2971 2360 2476 2309 19.89 | 3230 30.14 3256 31.36 30.78 3047 2170 1859
W4 C2 F2 2800 2936 2831 2973 2360 2458 2303 19.77 3013 3224 3138 3035 3038 2164 18.54
W4 C2 F3 2847 3100 30.00 29.79 2401 2453 2330 19.92 | 31.82 3202 3092 3116 2183 1874
W4 C2 F3 2838 30.88 30.03 3002 2400 2444 2319 1983 | 3238 3000 3326 3250 3077 3101 21.83 18.70
W4 C2 F3 2827 3072 30.25 30.15 2396 2445 2339 19.85 | 3212 3030 3317 3227 3091 2181 18.67
W4 V1 FL 2898 3029 2006 3050 2405 2518 2363 2024 | 3231 30.87 3296 3183 3058 2213 19.07
W4 VI_F1 2895 3036 2929 3059 2410 2515 2359 2027 | 3252 3115 33.44 3034 31.04 2216 19.06
wa vi F1 BBEEN 3033 2910 3040 2407 2512 2362 2024 | 3295 3026 3296 3157 3014 3031 2210 19.03
W4 VI F2 2743 29.00 27.72 29.38 23.06 2430 2237 1899 | 31.87 2994 3161 [BOMEN 2998 2939 2096 17.88
W4 VI F2 2751 2895 27.65 2013 2312 2429 2234 19.09 | 32.03 2044 3144 3031 3029 [EOREN 2096 17.99
W4 VL F2  27.47 28.87 27.98 2043 2307 2415 2235 1000 [JEHOMN 2096 3152 3041 3011 2945 20.94 17.92

87




Sample Study 3 Study 4

ccl20 igha ighb  irf7  cd74 saa5 etif3d  rpl32 cdda cddb  illb  tlr5a  tlr5b tnfa  etif3d rpl32
W4 V1 F3 2001 3036 2911 3008 2424 2490 2329 1991 | 3200 3025 3323 3175 3004 30.17 2193 18.86
W4 V1 F3 2885 29.80 29.11 3013 2413 2479 2327 19.99 | 31.57 3005 3340 3196 3056 3057 2190 1881
W4 V1 F3 2857 2986 29.13 [OIGBN 2423 2482 2315 19.97 | 3130 2972 3396 3151 3016 3061 2190 18.74
W4 V2 F1 2867 2878 30.36 2437 2480 2312 19.86 | 31.66 29.98 32.02 32.09 30.3L 3058 2172 1861
W4 V2 F1 2853 2946 2855 3003 2421 2491 2308 19.84 [NGOIGGN 3030 3269 3174 3037 3060 2174 18.76
W4 V2 F1 2858 2942 2849 2093 2412 2490 2321 19.93 | 31.62 30.05 3221 3255 30.39 3057 2161 18.69
wa v2 F2 BB 2987 2876 3065 2463 2524 2322 2016 | 31.96 29.98 3302 3156 3065 3041 2176 18.96
wa v2 F2 2893 29.72 [BOIBEN 3044 2476 2521 2326 2013 | 3157 30.00 3333 [OIGUMNGONGE 30.66 2177 18.82
W4 V2 F2 2888 29.75 2862 3044 2459 2526 2317 2021 | 3110 29.99 3365 31.68 3074 30.97 21.86 18.90
wa v2 ;3 2810 29.79 EOI0BN 2062 NG 2262 2300 1977 | 3155 2084 3154 3043 3036 3008 21.72 1853
W4 V2 F3 2813 2931 2842 2069 2377 2467 2321 19.80 | 31.64 2985 3160 30.20 20.57 29.89 2163 1856
W4 V2 F3 2807 2955 2853 20.62 23.65 2456 23.15 19.83 2090 3205 3025 2993 29.90 2166 1851
linker platel 28.28 30.32 29.99 2945 2398 23.44 2270 1044 | 3074 2877 3163 2922 2950 2951 20.98 17.98
linker platel 2826 30.15 30.75 2042 2405 2340 2276 1048 | 30.76 20.07 3164 2011 2948 2917 21.00 1807
linker platel 2821 29.69 30.61 2031 2395 2345 2269 1045 | 30.72 2892 3195 2926 2975 29.65 2098 17.93
linker plate2 28.42 2099 30.08 20.11 2398 2342 2273 1952 | 3094 2008 3177 29.46 2951 29.08 21.09 18.04
linker plate? 28.17 30.07 30.31 29.11 2399 2345 2278 1044 | 30.86 2891 3179 28.86 2940 29.48 20.97 17.99
linker plate2 28.31 29.57 30.09 29.32 24.08 2342 22.76 19.47 [GHOEN 29.29 NEEOON 29.69 2979 2930 21.01 17.94
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Sample Study 5 Study 6

ly6g6f cd8a ighma ighmc infg etif3d rpl32 | ighd tIr7 rsad2  etif3d rpl32
WO0_C1 F1 3251  33.22 3333 2084 17.74 | 32.12 3009 30.76 2042  17.34
WO CLF1 3242 3279 3318 3540 3365 2085 17.71 | 32.07 29.99 3044 2044  17.40
WO C1 FL 3256 3215 3281 3584 3397 2084 17.60 | 32.36 30.54 2048  17.30
WO Cl1 F2 3284 3237 3328 3625 3380 20.84 17.75|3244 3003 3058 2058  17.46
wo c1F2 3237 3183 [UMCEINORN 3330 2089 17.78 | 32.12 3052 3069 2055  17.49
WO C1 F2 3191 3238 3343 3604 3404 2098 17.77 | 31.80 30.29 2060  17.44
WO C1 F3 3233 3360 3276 3554 3485 2097 1791 | 3338 3052 30.94 2057 17.56
W0 _C1 F3 3395  33.64 3416 2090 17.87 | 3302 3041 3070 20.63  17.62
WO C1 F3  32.46 3337 3504 3446 2099 17.97 | 32.41 30.62 2065 1757
W2 CLFL 3159 3075 3242 3396 3150 20.83 17.81 |2083 30.89 3171 2052  17.45
W2 C1LF1 3200 3077 3241 3306 [JEGBE 2085 17.81 | 30.06 3155 2053 17.47
W2 CLFl 3166 3067 3231 3352 3143 2081 17.84 | 20.96 3126 3177 2047  17.40
W2 CLF2 3134 2994 3274 3350 3250 2079 17.69 | 30.04 3150 29.96 2040  17.35
W2 CLF2 3187 2083 3238 3310 [JOBMGN 2068 17.72 | 2098 3161 30.14 2034  17.37
w2 ct > BB 2063 3247 3280 3233 2077 17.70 JEOGM 31.23 30.14 2039  17.39
W2 C1 F3 3085 2964 3229 3364 3172 2062 17.62 | 2098 3094 [NGOIBOM 2025 17.28
w2 c1r3 [EEEEN 2082 3193 [EH0OM 3154 JBBON 1763 | 2057 3085 3165 2014 1721
W2 CLF3 3060 2997 3201 3235 3168 2076 1761|2971 3048 3156 2025  17.29
W2 C2 F1 3248 3012 3369 3417 3262 2081 17.95|30.87 31.94 3120 2067 17.67
W2 C2 F1 3196 3015 3314 3407 3199 2083 17.99 JGHGM 3170 3132 2058  17.72
W2 C2 F1 3200 2098 3299 3378 3250 2090 17.96 | 31.00 32.13 2055  17.65
W2 C2 F2 3207 2085 3237 3324 3150 2060 1771|3002 3181 29.90 2018  17.35
W2 C2 F2 3183 2955 3293 3342 3200 2064 17.80 | 2069 3181 3028 2024  17.37
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Sample Study 5 Study 6

ly6g6f cd8a ighma ighmc infg etif3d rpl32 | ighd  tlr7 rsad2  etif3d rpl32
W2 C2 F2 3142 2069 3255 3351 3192 2062 1771|2083 3202 3035 2027  17.30
W2 C2 F3 3166 30.08 33.14 3345 3220 2084 17.82 |30.04 3124 3158 2044  17.49
W2 c2 F3 3177 2995 [EBROM 3467 3156 2084 17.87 | 30.06 3091 31.83 2043  17.47
W2 C2 F3 3010 3332 3419 3203 20.84 17.94 | 3034 3144 3215 2043 17.53
W2 V1 FL 3272 2952 3218 3108 JGOMGN 2131 1805 | 3046 3174 3130 2097 17.81
W2 VI F1 3223 2928 3238 31.80 3114 2130 1803|2080 3220 3109 2094 1776
W2 VI F1 3198 2960 3234 3140 3114 2127 1821 | 30.14 3281 3145 2091  17.83
W2 V1 F2 3294 2974 3236 3167 3099 2112 1806|3070 3213 3078 2085  17.73
W2 VI F2 3298 2957 3269 3179 3080 2129 1810|3070 3191 3056 2094  17.81
w2 viF2 BB 2083 3273 3177 3113 2124 1810|3041 3259 3113 2088  17.76
W2 VI F3 3292 3034 3264 3391 3131 2138 1825|3081 3276 3096 2099  17.93
W2 Vi F3 3354 2962 HEOHOIIREEEN 3203 2131 1821 | 30.53 3280 31.96 2092  17.95
W2 V1 F3 3349 2996 32.88 3333 3170 21.34 1826 |30.93 3258 3137 2098  17.94
W2 V2 F1 3268 2955 3253 3104 2124 1808 |30.18 3219 3187 2084  17.70
W2 V2 F1 3257 2959 3263 3250 3157 2127 1802|3031 3214 3179 2089 1776
W2 V2 F1 2009 3237 3246 3146 2125 17.98 | 30.14 3251 3131 2089  17.66
w2 v2 F2 3324 23003 3400 [EBGOM 3113 2110 1824 | 3133 3272 3163 2080  17.83
w2 v2 2 B 2079 3359 3408 3216 2129 1820 | 31.20 3259 3123 2087 1781
W2 V2 F2 3367 3001 3411 3405 3323 2120 1822 | 3141 3265 3143 2096  17.93
W2 V2 F3 3319 2999 3301 [NEBMIOM 3117 2129 1819 | 3134 3296 3237 2094  17.99
W2 V2 F3 3310 3008 3322 3350 3147 2123 18.23 3209 2082  17.85
W2 V2 F3 2077 33.02 3348 2120 1828 | 31.27 3237 3157 2099 |[GEMH
W4 C1 FL 3470 2955 3378 33.23 2202 1899 | 31.18 IO 3245 2179  18.83
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Sample Study 5 Study 6

ly6g6f cd8a ighma ighmc infg etif3d rpl32 | ighd  tlr7 rsad2  etif3d rpl32
W4 CLFL 3267 2959 h 3328 3175 2200 1013 |31.38 3465 3247 2181 1879
W4 C1 FL 3624 2027 3385 3286 3188 2208 1898 | 31.03 3425 GO 2176 1871
W4 CLF2 3361 2892 3299 3172 3052 2176 1855|3039 3322 3315 2142  18.10
w4 c1 F> [EBBBM 2966 3265 3203 3116 2186 1854 | 30.42 3325 3128 2142  18.38
W4 C1 F2 3366 2017 3249 3173 3075 2185 18.68 3232 2170  18.49
W4 Cl F3 3347 2040 32.82 3212 3140 2177 1849 3179 2149  18.23
wa c1r3 OB 2017 3314 3225 3082 2180 18.66 3168 2172 1834
W4 CL F3 3318 29.06 33.05 -% 21.76 1857 | 31.16 30.88 2138 1821
W4 C2 F1 3381 3024 3365 32.86 2211 19.10 | 31.77 3476 2170  18.84
w4 c2 F1 [BBBM 3004 3396 3275 3149 2215 1013 | 3194 3629 3177 2178 1876
W4 C2 FL 3320 2996 3398 33.08 3164 2206 19.05 3171 2175  18.77
wa c2 F2 OB 2062 3276 3222 3146 2170 1872 | 30.76 3375 3262 2145 1833
W4 C2 F2 3298 2046 3291 [GHGGM 3195 2171 1873 | 3111 3402 3128 2139 1841
W4 C2 F2 3278 2940 3279 3231 3194 2191 1865|3109 3363 3210 2137 1840
W4 C2 F3 3389 2051 3391 3276 3168 2213 1886 | 31.35 3342 3499 2174 1861
w4 c2 F3 IOl 3390 3320 3239 2211 1884 | 3140 3390 3150 21.86  18.60
W4 C2 F3 3403 2048 3352 31.00 2206 18.86 | 31.25 3455 3338 2166 1859
W4 VI F1 3271 3019 3343 3356 31.60 2243 1017 | 32.37 3466 3359 2192 1895
w4 vi F1 BB 2964 3329 3212 3187 2238 1923 | 3221 3512 3323 2222 1898
W4 VI F1 3311 3020 3316 3298 3179 2227 19.19 3499 3417 2193  18.98
W4 VI F2 3291 2894 3244 3141 3042 2098 17.99 | 30.73 2056  17.70
W4 VI F2 3221 2910 3296 3155 3031 2101 1811|3083 3354 3292 2068  17.65
W4 V1 F2 3254 2917 3280 3111 30.24 2063 18.02 | 30.64 3374 3294 2080  17.80
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Study 5 Study 6

Sample - - - - - -
ly6g6f cd8a ighma ighmc infg etif3d rpl32 | ighd  tlr7 rsad2  etif3d rpl32

W4 V1 F3 3344 2951 3277 3270 3156 21.88 18.96 | 31.22 3411 3209 2164 1870
W4 V1 F3 3449 2962 3343 3254 3155 2198 1896 | 31.74 3451 3314 2164  18.69
W4 V1 F3 3547 2921 3311 3309 3143 2197 1890 | 31.69 3456 32.66 21.62  18.67
W4 V2 F1 3340 2921 3347 3212 3197 21.86 1883 |30.65 3360 3011 2148 1852
W4 V2 F1 3353 2931 3341 31.83 3132 21.87 1001 | 31.26 3340 29.99 2149  18.49
wa v F1 R 2015 3294 3222 3171 2187 1887 | 30.87 EMGBN 29.75 2148 1850
W4 V2 F2 3569 2944 3339 3281 [JGBBEN 2188 1003 | 31.07 3415 3267 2153 1870

wa v2 F2 BB 2936 3369 3204 3229 2197 1003 | 3143 3430 3169 18.78
w4 v2 F2 3376 2932 [JGBROM 3244 3212 2196 19.16 | 31.31 2155  18.78
W4 V2 F3 3277 2928 3317 3171 3081 21.88 18.71 | 30.65 2141 1836

wa v2 ;3 3332 [NEBHOM 3361 3165 30.80 2178 1878 | 30.39 3333 30.80 2143 1835
W4 V2 F3 3300 2922 3282 [RGB 3070 2182 1870 | 3038 3354 3118 2142  18.40

linker platel 31.85 2943 3254 3133 3100 2125 18.13 ] 30.13 2088  17.83
linker platel 3221 2925 3285 3141 3089 21.20 1817 | 3020 3277 3089 2090  17.85
linker platel [IGGIOOM 2972 3275 3177 3084 21.18 1808|3042 32.89 3074 2084 17.74
linker plate? 3233 2010 3233 3134 3132 2116 1815|3032 3293 3023 2077 17.75
linker_plate2 31.60 2921 32.67 3107 3075 2119 18.10 | 3043 3293 3024 208L  17.70
linker plate? 32.62 2924 32.88 3194 3100 2121 18.08 | 3028 3265 30.86 20.90  17.78

*Each value represents the mean of technical replicates (n=3).
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Appendix I1. Transcript expression levels of immune-related genes in lumpfish (Cyclopterus lumpus) larvae orally immunized
with the V. anguillarum bacterin bio-encapsulated in A. salina nauplii calculated using the 2C44°Y method and log. converted.

Sample ccll9 cox2 hamp il8a i18b i110 lgp2  mxa mxb  mxc  statl tlr3 ccl20 igha ighb irf7

WO0_C1_F1 014 -009 026 016 005 024 -006 -021 -038 -032 008 009 021 001 032 0.08
WO0_C1_F2 008 016 -013 -011 -009 -005 015 008 021 017 -003 021 -022 -036 -040 0.11
WO0_C1_F3 -0.22 -0.0r -0.13 -005 004 -019 -009 013 017 015 -005 -030 0.01 034 007 -0.19
W0 _Ctrl_ Avg 000 000 000 000 000 000 000 OO0 OO0 000 OO0 000 000 0.0 0.00 0.0

W2_C1_F1 -015 011 030 005 056 029 005 -005 -025 -006 004 018 002 011 028 0.07
W2_C1_F2 -0.08 004 024 004 -014 001 003 009 056 030 006 023 002 050 014 0.05
W2_C1_F3 049 024 026 027 033 034 006 005 004 009 000 044 018 094 023 041
W2_C2_F1 000 -01v -046 -037 -021 027 002 012 -020 -023 015 -029 -023 -0.78 -0.67 -0.22
W2_C2_F2 -0.06 -005 -0.13 -0.13 -031 -046 010 000 003 036 -004 -018 014 -027 -0.10 -0.06
W2_C2_F3 -0.20 -0.17 -022 015 -022 -044 -025 -022 -0.17 -047 -021 -039 -013 -052 012 -0.25
w2 _Ctrl Avg 000 000 000 000 000 000 000 000 OO0 000 OO0 000 000 0.0 0.00 0.0

W2_V1_F1 152 028 010 080 0.86 102 089 035 068 059 070 041 086 2.08 1.70 051
W2_V1_F2 133 026 -015 044 091 131 070 014 036 032 044 065 064 154 116 0.36
W2_V1_F3 08 002 -058 -003 09 034 034 -013 020 -028 013 041 057 08 059 0.27
W2_V2_F1 084 034 009 029 0.27 1.02 052 -004 028 035 010 047 0.30 181 095 032
W2_V2_F2 040 -011 -038 -071 050 011 020 -020 027 -033 011 -019 002 023 026 -0.52
W2_V2_F3 066 005 -019 -027 003 033 -009 -038 -023 -042 -029 -038 044 097 055 -0.08
W2 VA Ayg 093 014 -019 009 05 069 043 -004 026 004 020 023 047 125 087 0.14

W4 _C1_F1 -038 -002 -001 -010 -060 019 -021 -032 -008 -029 006 008 013 -028 -0.39 -0.06
W4_C1_F2 046 045 -012 -029 009 078 015 005 020 000 -006 016 020 066 015 -0.11
W4 C1 F3 -045 041 020 -008 -005 069 -009 008 -011 o003 -025 -031 012 0.08 0.06 -0.18
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Sample ccll9 cox2 hamp il8a i18b i110 lgp2  mxa mxb  mxc  statl tlr3 ccl20 igha ighb irf7

W4_C2_F1 022 -033 017 064 014 -094 -002 007 005 030 001 010 -014 -024 045 0.03
W4_C2_F2 -0.10 -0.22 009 -005 -0.07 -020 010 032 030 026 006 016 -0.02 048 061 021
W4_C2_F3 025 -029 -033 -012 049 -052 007 -020 -036 -030 018 -019 -030 -0.70 -0.89 0.12
W4 Ctrl Ayg 000 000 000 000 000 000 000 000 OO0 000 OO0 000 000 0.00 0.00 0.0

W4_V1_F1 063 -010 033 002 -046 122 -005 -006 -0.07f 005 003 001 -054 020 041 -0.04
W4_V1_F2 -0.04 -020 021 -016 0.24 110 -029 -032 -033 -024 -038 -014 -027 036 054 -0.08
W4_V1_F3 03 -030 -0.05 -012 o003 039 -040 -038 -036 -047 -015 -027 -0.72 018 010 0.02
W4_V2_F1 054 -002 040 054 0.19 117 0.03 048 1.05 132 -0.02 -0.08 -059 065 052 -0.07
W4_V2_F2 -0.37 -053 014 028 -034 043 -039 -047 -027 -013 -0.04 -030 -0.72 050 063 -0.29
W4_V2_F3 041 034 024 060 061 136 -001 -002 -0.14 020 016 034 -013 051 062 0.36
W4 VA Avg 024 014 021 019 005 094 -018 -0a13 -002 012 -0.07 -007 -049 040 047 -0.02

Sample cd74 saa5 cd4a cddb illb tlr5a tlIrSb  tnfa ly6g6f cd8a ighma ighmc infg ighd tlr7  rsad2

W0_C1_F1 007 009 -005 045 -044 015 062 -003 -014 027 009 000 023 012 0.02 -0.02
WO0_C1_F2 003 019 -007 -031 109 -009 -045 028 003 060 -014 -047 022 030 0.07 0.06
WO0_C1_F3 -0.10 -028 012 -0.14 -065 -005 -0.17 -025 011 -087 0.06 048 -045 -043 -0.09 -0.04
WO Ctrl Ayg 000 000 000 000 000 00O 000 00O0 OO0 000 OO0 000 000 0.0 0.00 0.0

W2_C1_F1 -003 -012 -036 -0.04 -017 -052 024 -014 -010 -065 035 007 053 022 023 -056
W2_C1_F2 009 -008 026 016 006 -025 -008 008 -004 017 010 031 -053 006 -0.08 1.00
W2_C1_F3 010 -059 015 025 041 019 048 043 078 010 049 042 017 018 048 -0.66
W2_C2_F1 -0.08 162 015 -005 -014 115 -026 -040 -039 008 -045 -034 -030 -0.60 -029 0.08
W2_C2_F2 005 -044 -033 007 -019 -026 -012 -024 -025 023 -003 004 003 013 -060 0.81
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Sample cd74 saa5 cd4a cddb illb tlr5a tirSb  tnfa ly6g6f cd8a ighma ighmc infg ighd tlr7  rsad2
W2_C2_F3 -0.13 -039 014 -039 004 -031 -026 028 -001 007 -046 -049 009 001 026 -0.68
W2 Ctrl Ayg 000 000 000 000 000 000 000 OO0 OO0 000 OO0 000 000 0.0 0.00 0.0
W2 V1 F1 100 283 032 016 094 241 082 091 -027 098 081 253 122 043 -039 0.30
W2 V1 F2 073 221 -023 -001 072 171 010 068 -096 069 047 217 134 -008 -039 0.71
W2_V1 F3 042 -034 -020 -041 036 -026 -063 048 -118 057 044 043 077 -011 -077 0.23
W2_V2 F1 060 -052 -025 010 -047 -0.14 -002 019 -064 098 055 140 095 027 -050 -0.16
W2_V2 F2 031 037 013 -068 -051 -1.04 -113 -052 -138 053 -0.77 -008 021 -075 -079 0.14
W2 V2 F3 000 -027 002 -020 -0.18 -091 -0.78 -035 -1.06 054 006 050 108 -069 -0.75 -0.38
W2 VA Avg 051 071 -004 -017 014 030 -027 023 -091 072 026 116 093 -0.16 -0.60 0.14
W4 C1 F1 -0.04 -025 024 015 -013 030 015 004 -072 021 -031 -040 -0.18 0.16 -0.22 -0.05
W4 _C1 F2 008 031 03 051 055 023 -002 035 -016 008 045 055 048 059 0.64 -0.20
W4 _C1 F3 006 -008 -025 -0.11 013 -0.19 -0.04 -002 012 009 013 016 019 -014 068 057
W4 _C2 F1 004 010 036 -046 002 -002 012 -017 036 -03 -031 -012 012 -051 -130 0.65
W4 _C2_F2 005 -022 -066 -017 -001 020 003 011 063 -013 038 014 -046 -0.02 0.04 0.02
W4 _C2_F3 -0.19 013 -004 007 -056 -053 -024 -031 -022 011 -0.34 -033 -013 -0.08 0.16 -0.99
W4 Ctrl Ayg 000 000 000 000 000 000 000 OO0 OO0 000 000 000 000 000 0.00 0.0
W4 V1 F1 008 -019 -020 -0.21 -0.13 -0.17 0.71 0.45 113 -0.11 044 0.07 011 -0.71 -0.48 -1.04
W4 V1 F2 -0.15 -051 -070 -038 031 -003 -032 053 017 -049 -032 027 021 -046 -049 -1.60
W4 V1 F3 -0.38 -021 054 031 -078 -024 047 041 -076 012 030 -016 001 -0.31 -0.28 -0.34
W4 V2 F1 -050 -034 035 003 027 015 020 011 019 029 007 051 -020 0415 045 218
W4 V2 F2 -0.75 -052 061 031 -061 -015 001 017 -096 026 -0.08 025 -062 -0.04 -0.13 0.09
W4 V2 F3 -002 -011 031 019 077 048 051 065 051 015 003 077 059 050 041 0.98
W4 VA Avg -029 -031 015 004 -003 001 026 039 005 004 008 028 002 -015 -0.09 0.04
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Appendix I11. RQ values of transcript expression levels of immune-related genes in lumpfish (Cyclopterus lumpus) larvae orally

immunized with the V. anguillarum bacterin bio-encapsulated in A. salina nauplii.

Sample ccll9 cox2 hamp il8a i18b i110 lgp2  mxa mxb mxc  statl tlr3  ccl20 igha ighb irf7

WO0_C1_F1 1.28 3.88 1.35 1.87 1.34 361 1.06 1.02 117 1.22 1.09 1.30 1.29 1.28 1.60 1.17
WO0_C1 F2 123 456 1.04 1.54 121 295 1.21 122 171 1.66 1.02 1.39 1.00 1.00 1.00 1.19
WO0_C1_F3 1.00 3.89 1.03 1.60 131  2.69 1.05 126 167 1.63 1.00 1.00 1.15 1.57 1.35 1.00
WO_Ctrl_Avg 1.17 411 1.14 1.67 1.29 3.08 1.11 117 152 150 1.04 1.23 1.14 1.28 132 112

wW2_C1 F1 2.18 1.78 184 176 291 1.82 1.20 123 100 130 144 1.76  2.02 6.94 6.04 1.88
W2_C1_F2 2.31 1.71 178  1.77 1.82 1.52 1.18 134 173 1.65 1.46 1.82  2.03 8.89 550 1.86
W2_C1_F3 3.38 1.97 181 208 253 1.91 1.20 131 122 1.43 1.41 208 2.23 11.89 5.84 2.29
W2_C2_F1 2.39 144 111 1.29 1.70 1.78 1.18 136 1.02 1.15 1.53 1.28 1.76 3.85 3.23 158
W2_C2_F2 2.32 1.60 1.39 1.55 1.61 1.10 1.23 126 121 170 138 139 218 5.31 461 174
W2_C2_F3 2.11 1.46 1.31 1.88 1.70 1.11 1.00 111 106 100 124 1.22 1.85 4.58 542 155
W2 Ctrl Avg 245 1.66 154 172 205 1.54 1.17 127 120 137 141 159 201 6.91 511 1.82

W2_V1_F1 6.47 194 159 286 348 291 1.99 157 183 195 217 202  3.36 2431 1482 244
W2_V1_F2 5.66 1.88 132 220 355 349 1.77 137 146 1.62 1.83 232 295 1716 1046 2.24
W2_V1_F3 4.09 1.59 1.00 158 3.63 1.81 1.43 116 131 110 152 199 2383 10.97 718 212
W2_V2_F1 412  2.02 156 200 232 289 1.59 123 139 1.66 1.49 208 241 20.31 9.13 219
W2_V2_F2 3.07 1.47 115 100 271 1.57 1.32 111 138 1.07 1.50 136 2.05 7.29 5.82 133
W2_V2_F3 3.57 1.60 128 132 1.92 1.78 1.11 1.00 100 1.01 1.17 121 263 11.74 6.97 1.72
W2_VA_Avg 4.50 1.75 1.32 183 294 241 154 124 140 140 161 1.83 2.70 1530 9.06 2.01

W4 _C1 F1 3.84 143 1.70 114 1.00 212 1.40 141 148 121 1.77 133 3.64 1572 19.16 1.87
W4_C1_F2 6.95 2.08 163 1.05 1.68  3.27 1.73 1.77 182 149 1.65 142  3.78 29.39 2766 1.82
W4 C1 F3 3.76 199 201 1.21 151  3.06 1.50 181 148 1.52 1.47 1.05 359 2017  26.14 174
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Sample ccll9 cox2 hamp il8a i18b i110 lgp2 mxa mxb mxc  statl tlr3  ccl20 igha ighb irf7

W4_C2_F1 5.75 1.16 1.93 1.93 1.67 1.00 1.56 1.78 161 1.77 1.71 134 311 16.07 3294 1.98
W4_C2_F2 4.76 1.29 1.86 1.22 1.49 1.68 1.68 210 192 1.75 1.77 141 332 2598 37.03 2.20
W4 _C2_F3 5.94 1.21 1.40 1.15 2.14 1.34 1.65 152 124 121 1.90 1.12 2.83 12.03  13.97 2.09
W4 Ctrl_Avg  5.17 1.53 1.76 1.28 158 2.08 1.59 1.73 159 149 1.71 128  3.38 19.89  26.15 1.95

W4_V1_F1 7.43 133 211 1.22 1.09 418 154 165 148 150 174 1.26  2.47 21.18 3183 1091
W4_V1_F2 5.15 139 210 122 194 421 1.32 142 132 130 136 119 2.83 2471 3646 1.84
W4_V1_F3 6.08 1.19 166 1.13 155 244 1.25 135 123 1.08 1.55 1.06 221 21.25 2642 1.97
W4 V2_F1 7.18 146 226 183 1.75 415 161 229 313 344 168 124 237 28.98 3482 1.86
W4 _V2_F2 3.84 100 1.88  1.47 119 248 1.25 128 130 134 165 1.04 221 25.95 36.90 1.63
W4_V2_F3 6.60 187 205 190 234 472 1.57 169 145 1.68 1.89 158 3.12 2653 3727 241
W4 VA_Avg 6.05 138 201 1.46 164 3.70 1.42 161 165 1.72 1.64 123 254 2477 3395 194

Sample cd74 saab cdd4a cddb  illb  tlr5a  tlrSb  tnfa  ly6g6f cdB8a ighma ighmc infg ighd tlr7  rsad2

WO0_C1 _F1 1.13 1.30 1.51 1.87 117  3.30 1.96 1.48 1.73 208 130 135 157 143 1344 411
WO0_C1_F2 1.10 1.38 1.49 113 332 282 1.00 1.80 192 256 112 1.00 1.56 159 1379 4.32
WO0_C1_F3 1.00 1.00 1.67 1.25 1.00 2.86 1.19 1.27 201 1.00 127 1.82 1.00 1.00 1244 4.00
WO0_Ctrl_Avg  1.08 1.22 156 141 183 2.99 1.38 1.52 189 188 1.23 139 138 134 1322 415

W2_C1_F1 3.29 1.75 148 198 1.64 1.84  2.46 1.48 278 658 208 521 6.63 6.14 7.25 1.97
W2_C1 F2 354 178 218 228 193 221 201 170 291 1119 178 6.09 3.36 5.56 596 5.78
W2_C1_F3 3.59 127 204 243 246 298 287 214 489 1070 229 377 531 6.02 8.55 1.88
W2_C2 F1 310 550 203 196 1.66  5.59 1.79 124 231 1046 123 401 387 3.63 5.13  3.02

W2_C2_F2 334 1.36 151 214 194 219 1.96 1.39 255 1165 164 513 484 5.84 425 512
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Sample cd74 saab cd4a cddb illb tlr5a tlrSb  tnfa ly6g6f cd8a ighma ighmc infg ighd tlr7  rsad2

W2_C2_F3 3.02 1.43 2.02 1.57 190 211 1.79 1.94 295 1042 1.23 3.66 4.99 5.38 739 181
wW2_Ctrl_Avg 331 2.18 1.88  2.06 1.92 2.82 2.15 1.65 3.06 1017 171 465 483 5.43 6.42 3.26

W2_V1 F1 6.39 1231 225 221 340 1276 353 287 249 1854 276 2432 1021 694 479 3.44
W2_V1 F2 530 8.08 160 198 294 8.02 223 247 161 1538 222 1941 11.06 5.04 480 4.59
W2_V1_F3 4.26 144 164 150 226 211 1.40 2.16 139 1417 216 647 7.64 4,92 3.73 3.25
W2_V2_F1 484  1.29 158 213 1.30 230 206 1.79 197 1854 234 1197 8.60 6.31 448 252
W2_V2_F2 394 232 200 126 1.25 1.25 1.02 1.14 123 1387 100 4.7/0 532 3.28 3.68 3.09
W2_V2_F3 3.18 151 1.87 1.73 1.57 1.36 1.27 1.27 150 1395 170 6.77 9.32 3.40 3.77 215
W2 _VA_Avg 465 4.49 1.82 1.80 212 464 1.92 1.95 170 1574 2.03 1227 8.69 4.98 421 3.17

W4 _C1 F1 7.43 1.56 1.77 150 2.04 1.72 224 125 1.02 309 173 1395 11.07 6.14 201 245
W4_C1_F2 831 234 190 19  3.35 1.69 204 155 147 2898 288 2571 1720 8.18 355 246
W4_C1_F3 8.21 1.81 1.32 1.29 250 128 201 1.22 1.75 29.09 234 2008 1429 5.13 3.66 3.46
W4_C2_F1 7.85 1.98 190 1.00 225 1.39 219 1.09 202 2161 174 1661 1341 401 1.00 4.31
W4_C2_F2 8.09 1.63 1.02 124 227 164 210 1.32 241 2528 274 1984 9.36 5.54 242  2.87
W4_C2_F3 6.81 2.05 1.49 1.44 1.54 1.00 1.76 1.00 141 2921 171 1464 1150 529 259 141
W4 Ctrl_Avg  7.78 1.90 1.57 140 2.32 145 2.05 1.24 1.68 2752 219 1847 1280 572 254 2.83

W4 V1 _F1 7.96 1.61 135 117 201 1.78  3.19 162 328 2520 280 1868 1325 351 169 132
W4_V1_F2 7.40 1.40 1.00 111 296 218 1.71 1.76 1.84 2057 179 2186 1490 4.28 1.76 1.00
W4_V1_F3 5.95 162 213 167 1.32 150 274 159 1.00 2943 257 1625 1259  4.56 194 219
W4 _V2_F1 5.52 1.50 190 141 273 1.04 232 1.31 182 3285 224 2480 1104 6.14 3.13 1251
W4 _V2_F2 4.62 130 221 1.67 1.48 161  2.05 1.36 134 3203 202 2099 834 5.40 2.14  2.96
W4_V2_F3 7.70 1.75 185 157 384 339 284 187 224 3025 219 2938 1847 7.72 3.07 556
W4 VA _Avg 6.53 1.53 1.74 143 239 1.92 2.48 1.59 192 2839 227 2199 1310 527 229 426

*Each value represents the mean of technical replicates (n=3).
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