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CHAPTER 1

INTRODUCTION



1.1 Background

Infectious diseases are the most crucial factor that caused the huge
worldwide economic impact in aquaculture, and the total global loss is
estimated to be more than US 6 billion per year (Vijayan et al., 2017). The
pathogens such as viruses, bacteria, fungi, and parasites have been known as
the cause of these infectious diseases in marine culture fish (Sharma et al.,
2012). Fungal infections are one of the problems that affected natural and
cultured fish (Ramaiah, 2006). In recent years, a fungal infection caused by
genera Ochroconis in the Deuteromyctes has been reported in the early age
of Japanese marine cultured fish and rarely reported in adult fish (Wada et al.,
1995; Wada et al., 2005; Munchan et al., 2006). Evidence from these cases
in Japan may indicate that the occurrence of Ochoconis infection is age-
dependent.

All living organisms have defence mechanisms against infectious
diseases. Like mammals, teleost has both innate (non-specific) and adaptive
(specific) immune responses (Magnadottir, 2006). The functional
development of the immune system is different in each fish species and is
important for host protection (Ellis, 2005). Studies on the fish immune system
are essential for understanding the host-pathogen relationships in
aquacultured fish because the production is affected when there is an

occurrence of infections in cultured fish (Leung & Bates, 2013).



The outbreak of infection depends on age, sex, seasonal changes,
water quality and water salinity. These factors can affect the immune
responses in fish (Noguera et al., 2015). Host defence mechanisms against
fungi are various and range from innate (first-line defence) to adaptive
immunity (Romani, 2004; Blanco & Garcia, 2008). In general, cell-mediated
immunity (CMI) has consistently been shown to mediate protection against
various pathogenic fungi, and the formation of granulomatous inflammation
is often observed in the tissues infected with the pathogenic fungi (Polonelli

et al., 2000).

1.2 Ochroconis infection in fish

The genus Ochroconis was described by de Hoog and von Arx (1973)
for melanised fungi with sympodial conidiogenesis with septate and ellipsoidal
conidia. This genus was differentiated from the genus Scolecobasidium which
was initially described by Abbott (1927). The genus Ochroconis
(Sympoventuriaeceae, Venturiales) is revised and currently contains 13
species which has been determined using multilocus DNA sequencing
(Samerpitak et al., 2013). Up to the present time, three species of the genus:
O. humicola, O. tshawytschae and O. globalis have been reported as a
pathogen in fish. (Doty & Slater, 1946; Hatai & Kubota, 1989; Wada et al.,

1995; Wada et al., 2005; Munchan et al., 2006; Samerpitak et al., 2019).



The first case of Ochroconis was in kidney mycosis Chinook salmon
(Oncorhynchus tshawytschae) caused by O. tshawytschae (Doty & Slater,
1946). Later, another Ochroconis sp. closely related to O. tshawytschae was
reported in masu salmon (Oncorhynchus masou) (Hatai & Kubota, 1989). O.
humicola has been reported as an etiologic agent in fish. Ross & Yasutake
(1973) firstly described a mycotic disease in Coho salmon (Oncorhynchus
kisutch) caused by Scolecobasidum humicola, later was described as O.
humicola. Another case was a muscular black spot disease in Atlantic salmon
(Salmo salar) (Schaumann & Priebe 1994). A cutaneous infection caused by
O. humicola was reported in Barramundi cod (Cromileptes altivelis) (Bowater
et al., 2003)

In Japan, O. humicola infection has been reported from devil stinger,
Inimicus japonicus (Wada et al., 1995) with some ulcerations on the body
surface. Later, this infection was reported in red sea bream (Pagrus major),
marbled rockfish, Sebastiscus marmoratus (Wada et al., 2005) and striped
jack, Pseudocaranx dentex (Munchan et al., 2006). Besides fish, O. Aumicola
was reported in the frog (Elkan & Philpot, 1973) and a tortoise ( 7errapine
carolina var. carolina) (Weitzman et al., 1985). The clinical data of these cases
are summarized in Table 1.

The genus Ochroconis can be identified by morphological
characteristics, especially with the mode of conidium ontogeny and conidia
shape (Hatai, 2012). Ochroconis exhibits asexually reproductive mode
showing a conidiophore sympodially producing conidia which are two-celled

and ellipsoidal to cylindrical shaped (Samerpitak et al., 2013). The fungal
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colonies of O. humicola showed slow growth, slightly domed, velvety to

floccose and pale brown colour (Hatai, 2012).

1.3 Marbled rockfish

The Marbled rockfish, Sebastiscus marmoratus (Cuvier, 1829) is
important commercially food for its high nutritional values and delicacies (Zhu
et al., 2011). It is known as “kasago” in Japanese. Marbled rockfish is widely
distributed in the coastal areas of the Northern Pacific Ocean, especially in
China, Korea and Japan (Higuchi & Kato 2002; Jin, 2006; Nakabo, 2013).
Sebastes is a genus of the family Scorpaenidae, and Sebastiscus has been
called a subgenus of Sebastes by Barsukov & Chen (1978) (Boehlert &
Yamada, 1991). In general, most of the rockfishes are ovoviviparous, which
exhibit a unique pattern of internal fertilisation (Kendall, 2000). A parasitic
infection (Lecithochirium trtraorchis) was reported in S. marmoratusin Taiwan
(Shih et al., 2004). Some studies about Cryptocaryon irritans infection was

reported in S. marmoratus (Yin et al., 2014; Yin et al., 2018).

1.4 Immunology of teleosts

Like mammals, teleost fishes have both innate (non-specific) and
adaptive (specific) immunity (Magnadottir, 2006). Thymus, kidney and spleen
are the major lymphoid organs in teleost (Zapata et al., 2006). Compared to

mammals, teleost generally lacks the lymph nodes and bone marrow. The



head kidney in teleost has functional similarity with the bone marrow and

lymph nodes in mammals (Press & Evensen, 1999).

1.4.1 Innate immunity

Generally, there are three parameters involved in fish innate immunity.
The first category is physical parameters at which fish scales, the mucous
surface of skin and gills act as the first barrier of defence (Ingram, 1980;
Shephard, 1994; Ellis, 2001). When the pathogen succeeds to pass the first
barrier, cells of the innate immune system and the humoral factors are
activated (Magnadottir, 2006). Phagocytic cells such as granulocytes,
monocytes and macrophages are the key cells involved in the innate immunity
(Frgystad et at., 1998; Neumann et al., 2001).

Toll-like receptors (TLRs) are one of the pattern recognition receptors
(PRRs) which recognize pathogen-associated molecular patterns (PAMPs) (Li
et al., 2017). The epithelial and dendritic cells also participate in the innate
defence in fish (Press et al., 1994; Ganassin & Blos, 1996). The humoral
immune defence mechanism consists of soluble components such as lysozyme
and complement in body fluid, mucous and serum (Magnadottir, 2006;

Subramanian et al., 2007).



1.4.2 Adaptive immunity

An acquired immune system is initiated when pathogens surpass the
innate defence mechanism and persist beyond the first several days of
infection. Activation of the acquired immune responses is relatively slow
because of involving cellular differentiation, cellular proliferation and protein
synthesis, but the response is long-lasting (Magnadottir, 2010). In contrast to
innate immune components, effector cells (lymphocytes) and immunoglobulin
function in adaptive immunity which are highly specific to the antigen of the
invading pathogens (Kum & Sekkin, 2011). There are two distinct lymphocytes
populations: T and B lymphocytes in teleosts (Nakanish et al., 2015). T
lymphocytes responsible for the cell-mediated immunity (CMI) and can be
further subdivided into CD4 positive (helper T cells) and CD8 positive

(cytotoxic T cells) (Scapigliati et al., 2018).

1.4.3 T lymphocytes

T lymphocytes play a central role in regulating the immune responses.
Activation of T-cell response requires an interaction involving T cell receptor
(TcR) on T lymphocytes and major histocompatibility complex (MHC)
molecules on antigen-presenting cells (APCs) (Kumar et al., 2018). In general,
CD4 is a co-receptor of helper T cells (Th) that interacts with antigen
presented by MHC class II molecules expressed on APCs. On the other hand,

CD8 is a co-receptor cytotoxic T cells (CTL) that interacts with MHC class I



molecules expressed on APCs (Konig & Zhou, 2004; Andersen et al., 2006).

1.4.4 Lymphoid organs in fish

The kidney, thymus and spleen are important lymphoid organs in
teleost. The maturation of lymphoid organs differs in marine and freshwater
teleost (Zapata et al., 2006). The first lymphoid organ develops in freshwater
teleost is the thymus, followed by the kidney and the spleen (Hansen & Zapata,
1998; Zapata et al., 2006). However, the order of development in lymphoid
organs of marine teleost is different from that of freshwater teleost. In marine
teleost, the kidney and the spleen develop firstly, followed by the thymus
(Nakanishi, 1986; Pulsford et al., 1994; Zapata et al., 2006). Thymus is an
essential organ for development of T lymphocytes from early thymocyte

progenitors to functional mature T cells (Nakanishi et al., 2015).



1.5 Aims and outline of thesis

Because O. humicola infection in marbled rockfish is reported from
juveniles of fish, young age fish seem to be a target of the infection. The
correlation between marble rockfish age and O. Aumicola infection has
remained unknown. The onset of immune maturation is different in each fish
species (Ellis, 2015). Thus, the pattern of the immune response may differ in
between younger and older marbled rockfish to Ochroconis infection. The
purpose of this thesis was to study the effect of age on the susceptibility and
pathogenesis of the infectious disease, and to investigate the difference of

immune response in marbled rockfish of different age categories.

The aims of this thesis were:
1. To determine effect of age on the susceptibility of marbled rockfish to O.

humicola infection.

2. To investigate the histopathological features in marbled rockfish of different

age categories following experimental challenge.

3. To establish the molecular analysis using immune relevant genes: T cell

markers and cytokines in immunological study of marbled rockfish.

4. To study the pattern of the immune response to O. Aumicola in marbled

rockfish of different age categories.



Table 1. Cases reported in fish and other cold-blooded animals infected by Ochroconis species.

Ochroconis species

Infected animals (species name)

Infected organs

References

Heterosporium tshawytschae
(O. tshawytschae)
O. humicola
O. humicola
O. humicola
O. humicola
Ochroconis sp.
O. humicola
O. humicola

O. humicola

O. humicola

O. humicola

O. globalis

Chinook salmon (Oncorhynchus
tswaytchae)
Coho salmon (Oncorhynchus kitsutch)
Frog

Rainbow trout (Salmo gardneiri)
Tortoise (Terrapene carolina caroling)
Masu salmon (Oncorhynchus masou)

Atlantic salmon (Salmo salar)
Devil stinger (Inimicus japonicus)

Barramudi cod (Cromileptes altivelis)

Red sea bream (Pagrus major), Marbled
rockfish (Sebastiscus marmoratus)
Striped jack (Pseudocaranx dentex)

Atlantic salmon (Salmo salar)

kidney

kidney
visceral organs

kidney

Feet, tail ulceration
kidney
muscle

deep skin, open ulcer

liver, swim bladder,
kidney

skin, kidney, brain

kidney

Kidney and liver

Doty & Slater, 1946
Kirilenko & All Achemed, 1977
Ross & Yasutake, 1973
Elkan & Philpot, 1973
Ajello et al., 1977
Weitzman et al., 1985
Hatai & Kubota, 1989
Schaumann & Priebe, 1994
Wada et al., 1995
Bowater et al., 2003

Wada et al., 2005

Munchan et al., 2006
Samerpitak et al., 2019
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CHAPTER 2

Effect of age on susceptibility of marbled rockfish,
Sebastiscus marmoratus to Ochroconis humicola

following experimental challenge

This chapter has been published in Journal of Fish Diseases.

Lee, Y. N., Wada, S. and Kurata, O. (2020) Effect of age on susceptibility of
marbled rockfish, Sebastiscus marmoratus to Ochroconis humicola following

experimental challenge. Journal of Fish Diseases, 43, 399-401.
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2.1 INTRODUCTION

Infection by the fungus Ochroconis humicola causes mortality in
juveniles of marine fish species including the marbled rockfish, Sebastiscus
marmoratus, which is cultured in Japan (Wada et al., 1995; Wada et al., 2005;
Munchan et al., 2006). Erosive or ulcerative features on the body surface,
especially skin lesions on the head, have been reported as the major clinical
signs of O. humicola infection in Japanese marine cultured fish (Wada et al.,
1995; Wada et al., 2005).

These case reports suggest that O. Aumicola consistently infects
younger fish. For example, Wada et al. (2005) recorded infections in juvenile
marbled rockfish weighing about 1 g. However, there have not yet been any
studies investigating the occurrence of O. humicola infection in relation to fish
body size. Therefore, the objective was to examine the association between

susceptibility to infection and age of marbled rockfish.

2.2  MATERIALS AND METHODS

2.2.1 Fish

Juvenile marbled rockfish of three different age categories from the
same batch were obtained in August, October, and December from a
commercial fish hatchery. Each fish in August, October, and December

showed different body length: small (29 £ 2 mm), medium (55 £ 3 mm), and

12



large (74 £ 6 mm), respectively. The respective mean weights were as follows
for the small, medium, and large fish: 0.7 £ 0.2 g, 4.2 £ 0.8 g, and 8.8 £ 2.2
g. The fish were held in 40 L of artificial seawater (Instant Ocean, Aquarium
System, Roubaix, France) in a closed system with aeration and a biofilter, and

maintained within a temperature range of 22-24°C.

2.2.2 Conidia preparation

Ochroconis humicola NJM1503 isolated from a diseased marbled
rockfish in 2015 was used in this study. A conidia suspension of O. Aumicola
NJM 1503 was prepared from a fungal colony cultured on PYGS agar (0.125%
peptone, 0.125% yeast extract, 3% glucose, and 1.2% agar in artificial
seawater). The conidia were suspended with phosphate buffer saline (PBS)

and adjusted to a concentration of 1 x 10° conidia per 50 pL of PBS.

2.2.3 Experimental challenge

Fish in each size category (n = 10) were anaesthetized using FA100
(10% solution of eugenol, Tanabe Co. Ltd, Tokyo, Japan). The skin surface
on the cranium which is located at a caudal part of the area between eyes
was then artificially injured by gently scratching it with nylon-twisted yarn, a
material used for fishing nets. Next, 50 pL of the conidia suspension was
dropped directly onto the injury site where it was allowed to remain for 15
seconds. Control fish for each size category (n = 10) were infected the same

way as described previously, but the conidia suspension was replaced with

13



PBS. The cumulative mortality was calculated to 60 days post-inoculation

(d.p.i.).

2.2.4 Histopathological analysis

For histopathology, the heads of any dead fish and fish surviving to 60
d.p.i (but sacrificed by overexposure to FA100) were fixed in 10% buffered
formalin. This was followed by decalcification with 27 mM EDTA, 7.4 mM
sodium acetate, and 4% formalin adjusted to pH 7.4 using sodium hydroxide.
The heads were then embedded in paraffin. Paraffin-embedded tissue
sections (5 pm in thickness) were stained with haematoxylin-eosin (H&E),
periodic acid-Schiff (PAS), and Schmorl’s method. The Cox proportional
hazards model was used to test for age effect on risk of death after the

experimental infection.

2.2.5 Ethics Statement

All animal experiments were performed in accordance with the
guidelines of the Animal Experiments Committee at Nippon Veterinary and Life
Science University, and all experimental protocols were endorsed by the

committee according to authorization 30K-32.
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2.3 RESULTS

2.3.1 Gross sign and mortality

The control fish in each age category did not show obvious clinical signs.
All dead fish had severe ulceration in the head area (Fig. 2.1), except for the
small fish died 1 d.p.i. The cumulative mortalities for the small, medium, and
large fish were 100%, 20%, and 0%, respectively (Fig. 2.2). The first death
in the small fish group was observed at 1 d.p.i., and all fish were dead after
18 d.p.i. The deaths of medium fish were recorded only at 12 and 26 d.p.i.
The fish after the experimental infection tended to die at the category of small

fish meaning a younger age category (p < 0.01).

Fig. 2.1. Gross signs in marbled rockfish infected with O. Aumicola by skin
inoculation with artificial injury. Extensive and severe skin ulcers (arrow) in
the fish died 17 d.p.i.

15
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Fig. 2.2. Cumulative mortalities for small, medium, and large fish infected by
skin inoculation with artificial injury. The cumulative mortalities for small,

medium, and large fish were 100%, 20%, and 0%, respectively.

2.3.2 Histopathological observation

In the histopathological observations, all control fish showed normal
tissue structure (Fig. 2.3). No hyphal penetration and inflammatory response
was observed in the brain of surviving fish and the small fish that died 1 d.p.i.
Tissue damage in the head area was observed in all other dead small and
medium fish. The histopathological features observed were destruction of the
epidermis and dermis at the skin surface (Fig. 2.4), partial loss of cranial bones
(Fig. 2.4), severe degeneration of inflammatory cells infiltrating the adipose
tissue below the cranial bone (Fig. 2.5a and 2.5b), and massive invasion of
adipose tissue and the brain by fungal hyphae (Fig. 2.6a). The hyphae

observed in the tissue were septate (Fig. 2.6b) and stained positively using

16



Schmorl’s method (Fig. 2.6a), suggesting that the presence of melanin in the
hyphal walls which characterizes it as dematiaceous fungi. These
characteristics indicated that the hyphae originated from the isolate inoculated
by experimental infection, because O. humicola is a dematiaceous fungus

belonging to the Deuteromycetes.

Fig. 2.3. Non-damaged tissue including normal skin (arrow head), adipose
tissue (*), a cranial bone (white arrow), and brain (black arrow) in a surviving

fish. H&E staining. Scale bar: 500 pm.
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Fig. 2.4. Damaged tissue including destruction of the epidermis and dermis
and partial loss of cranial bones (white arrows) in a small fish died 13 d.p.i.
H&E staining. Scale bar: 500 pm.
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Fig. 2.5. (@) Inflammatory cells infiltrating the adipose tissue (*) below the
cranial bone of a small fish died 13 d.p.i. H&E staining. Scale bar: 100 pum.
(b) Severe degeneration of inflammatory cells observed in small fish died 17
d.p.i. These cells showed nuclear condensation and were swollen in shape

(arrows). H&E staining. Scale bar: 10 pm.
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Fig. 2.6. (@) Massive invasion by fungal hyphae (blue colour) in the adipose
tissue and brain of a small fish died 13 d.p.i. Schmorl staining. Scale bar: 200
pum. (b) Septate hyphae (arrows) of the infected fungi in the adipose tissue.
PAS staining. Scale bar: 10 um

20



2.4 DISCUSSION

This study demonstrated that the younger fish among juveniles were
more sensitive to O. Aumicola infection. We have also obtained the same
finding by preliminary trials using juvenile marbled rockfish. This finding is
consistent with the observation that the outbreaks on marbled rockfish
aquaculture farms have only occurred among small juveniles. The gross and
histopathological features found in the fish experimentally infected with O.
humicola were similar to those found in naturally infected fish (Wada et al.,
2005), indicating that we succeeded in reproducing the signs of O. Aumicola
infection in marbled rockfish.

The experimental challenge without artificial injury failed to produce any
pathological lesions (data not shown). This suggests that natural infection is
more likely to occur when a fish is injured. Schaumann and Priebe (1994)
described O. humicola as an opportunistic fungal pathogen that might also be
highly potent under suitable conditions. Skin damage of fish may occur when
individuals bite one another in the rearing environment and when they are
handled by aquaculturists. As the damage would enable the pathogen to infect

the fish, care must be taken to avoid injuring fish in hatcheries.
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2.5 SUMMARY

The present study demonstrated that younger fish among juveniles
were more susceptible to O. Aumicola infection. It was suggested that O.
humicola infection was age-dependent in marbled rockfish. The pathological
features caused by the experimental challenge was characterized by
ulceration in the head area and encephalitis associated with severe
inflammation and numerous fungal hyphae in younger fish, while no

inflammatory responses and tissue damage was characterized in older fish.
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CHAPTER 3

Histopathological study of inflammatory
response induced by experimental infection with
Ochroconis humicola in different age categories of

Marbled rockfish, Sebastiscus marmoratus

23



3.1 INTRODUCTION

In chapter 2, I demonstrated that younger age fish were more
susceptible to O. Aumicola infection when the fish were experimentally
challenged by a direct contact method to the skin surface on the cranium. The
younger marbled rockfish showed destruction of the epidermis and dermis at
the skin surface, partial loss of the cranial bone, severe degeneration of
inflammatory cells infiltrating the adipose tissue below the cranial bone and
massive invasion of fungal hyphae in the adipose tissue and the brain (Lee et
al., 2020).

On the other hand, the older age fish did not show any pathological
features described above, even in the same experimental situation (Lee et al.,
2020). Therefore, I suppose that marbled rockfish possesses different immune
reactivity against the pathogen by their ages. In this chapter, the
inflammatory response and disease development in younger and older
marbled rockfish were characterized by histopathological observation after
intraperitoneal injection (i.p.) with O. humicola. Intraperitoneal injection
challenge method was chosen to induce systemic immune responses in

marbled rockfish.
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3.2 MATERIALS AND METHODS

3.2.1 Fish

The fish obtained from different months was categorized as follows:
younger fish (52 £ 1.2 mm, 3.5 + 0.2 g) and older fish (76 £ 3.9 mm, 12.6
+ 1.7 g). The fish were held in 40 L of artificial seawater (Instant Ocean,
Aquarium System, Roubaix, France) and aerated with biofilters system. The
fish maintained within temperature range 22 -24°C and fed a commercial diet

once a day

3.2.2 Preparation of conidia suspension

O. humicola NJM 1503 was cultured on PYGS agar (0.125 % peptone,
0.125 % yeast extract, 3 % glucose, and 1.2 % agar in artificial seawater) at
259C for three weeks. Conidia were suspended from the fungal colony with
phosphate buffer saline (PBS) by gently scratching using at 1.0 pL inoculation
loop (Sarstedt AG & CO., Nimbrecht, Germany). The collected conidia were
counted using a haemocytometer (Erma, Tokyo, Japan) and adjusted to a

concentration of 1 x 10° conidia per 50 L of PBS.

25



3.2.3 Experimental challenge

3.2.3.1 Experiment 1

The histopathological features in moribund or dead fish caused by
intraperitoneal injection with O. Aumicola were studied. Fish in each age
category (n = 10) were anaesthetized using FA100 (10% eugenol solution,
Tanabe Co. Ltd, Tokyo, Japan) and intraperitoneally (i.p.) injected with 50 pL
of the conidia suspension. As a control, fish in each age category were
similarly injected i.p. with 50 pL of PBS instead of conidia suspension. The
injected and control fish were separately reared in 40 L of artificial seawater
within temperature range 22-240C.

During the experiment period, the moribund or dead fish were sampled
for histopathological observation. The experiment was finished after 30 days
post-injection (d.p.i.), and the survived fish was sacrificed by overexposure to
FA 100. The kidney, spleen, liver and adipose tissues of all experimental fish
were fixed in 10% buffered formalin and embedded in paraffin. Paraffin-
embedded tissues were sectioned to 5 pm and the sections were stained with

hematoxylin and eosin (H & E), Schmorl method and Elastica van Gieson (EV).
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3.2.3.2 Experiment 2

The histopathological development in the fish i.p. injected with O.
humicola was studied. A total of 15 fish in each age category were injected
i.p. with the same amount of the conidia suspension described in Experiment
1. Three fish from each age category were sampled at 3, 5, 7, 10 and 13 d.p.i.,
and sacrificed with overexposure to FA100. Internal organs (kidney, spleen,
liver and intraperitoneal adipose tissue) were fixed in 10 % buffered formalin,
embedded in paraffin and sectioned to 5 pm. The sections were stained with

hematoxylin and eosin (H&E) and Schmorl method.

3.2.4 Ethics statement

All animal experiments were performed under the guidelines of the
Animal Experiments Committee at Nippon Veterinary and Life Science
University, and all experimental protocols were endorsed by the committee

according to authorization 2019K-39.
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3.3 RESULTS

3.3.1 Experiment 1

3.3.1.1 Mortality and gross sign

Mortality of younger marbled rockfish started at day 15 after the
injection, and the cumulative mortality reached 100 % at the end of the
experiment. By contrast, older marbled rockfish and PBS-injected fish did not
die for the whole experiment period. Dead fish showed gross signs such as
external ulcerative lesions in the injected site. Accumulation of pale red ascites
in the peritoneal cavity and hepatic haemorrhages were also observed (Fig.

3.1). The survived fish showed no clinical signs.

3.3.1.2 Histopathological observation

Younger fish

Hyphal penetration was observed in intraperitoneal adipose tissues (Fig.
3.2a), liver (Fig. 3.2b), spleen (Fig. 3.3a) and kidney (Fig. 3.3b) of all injected
fish except for one fish died on day 15 showing hyphae only in intraperitoneal
adipose tissue and liver. The intraperitoneal adipose tissues were almost
occupied with necrotic inflammatory cells (Fig. 3.4a). In the liver, hepatitis,
necrosis and invasion of the hyphae were commonly seen. The infiltration of
mononuclear cells were obviously found around the hyphae and most of them

necrotized (Fig. 3.4b). Tissue degeneration was also shown in the spleen (Fig.
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3.5a) and kidney (Fig. 3.5b). In the kidney, hematopoietic cells and renal

tubes necrotized (Fig. 3.5b).

Fig. 3.1. Gross lesions in the younger fish at 20 d.p.i. with O. Aumicola.
Ulceration at the injected area (an inserted picture) and hepatic haemorrhages

(arrow) with ascites accumulation were observed
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Fig. 3.2. Hyphal penetration in the intraperitoneal adipose tissues (a) and liver
(b) of the younger fish died 15 d.p.i. The fungal hyphae were Schmorl positive

(blue colour). Scale bar: 100 pm.
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Fig. 3.3. Hyphal penetration in the spleen (a) and the kidney parenchyma (b)
of the younger fish at died 24 d.p.i. The fungal hyphae were Schmorl positive

(blue colour). Scale bar: 100 pm.
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Fig. 3.4. Necrosis and inflammation were observed in the adipose tissues (a)

and liver (b) of the younger fish died 21 d.p.i. (a) Inflammatory cells were
infiltrated in the adipose tissues and associated with fungal hyphae
(arrowheads). The insert picture showed inflammatory cell degeneration with
nuclear fragmentation and pyknosis (arrows). H & E staining. Scale bar: 50
pum. (b) Hepatocytes (H) were replaced by numerous mononuclear cells and
associated with fungal hyphae (arrowheads). H & E staining. Scale bar: 50

pm.
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Fig. 3.5. Necrosis and inflammation were observed in the spleen (a) and
kidney (b) of the younger fish died 24 d.p.i. and 21 d.p.i., respectively. (a)
Splenititis (*) and the fungal hyphae (arrows) were observed in the
parenchyma. H & E staining. Scale bar: 50 pm. (b) Necrotic degeneration of
hematopoietic cells (arrowheads) associated with fungal hyphae (arrow). H &
E staining. Scale bar: 50 pm.
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Older fish

In contrast to the younger fish, the older fish showed neither
inflammatory response nor hyphal invasion in the liver, the spleen and the
kidney. However, apparent granulomatous inflammation was observed in only
the peritoneal adipose tissues of 4 fish among 10 injected fish (Fig. 3.6).
Formation of collagen fibres characterized the epithelioid cell granuloma in the
adipose tissues (Fig. 3.7a). Also, invasion of the fungal hyphae was limited in

the granulomatous inflammatory area (Fig. 3.7b).

200 pm

Fig. 3.6. The epithelioid cell granuloma (arrow) was observed in the adipose

tissues of the older fish at 30 d.p.i. H&E staining. Scale bar: 200 pm.
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Fig. 3.7. (a) The outer layer of epitheliod cell granuloma containing collagen
fibres (arrows) showing EV positive (red colour). Scale bar: 50 um. (b) Fungal
hyphae showing Schmorl-positive (arrows) were encapsulated inside the

granuloma. Scale bar: 100 pm.
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3.3.2 Experiment 2

The prominent pathological changes were observed in intraperitoneal
adipose tissues and the liver of younger marbled rockfish. No obvious
pathological changes were observed in the spleen and the kidney of both

younger and older marbled rockfish in this experiment.

3.3.2.1 Intraperitoneal adipose tissues

In the younger fish, histopathological features appeared in
intraperitoneal adipose tissues at 3 d.p.i., and the inflammation diffused over
time. By day 3, infiltration of mononuclear cells was occasionally observed in
2 out of 3 experimental fish, and the cells surrounded the fungal elements
(Fig. 3.7a). On day 5, the infiltration of inflammatory cells became more
evident in all 3 experimental fish. A small humber of fungal elements were
observed together with round- or flat-shaped mononuclear cells (Fig. 3.7b).

The all experimental fish developed the granulomatous inflammation
from day 7 to day 10 (Fig. 3.8a), and the number of fungal hyphae was
increased. At day 13, severe inflammation associated with a high number of
fungal hyphae were observed in all 3 experimental fish (Fig. 3.8b).
Mononuclear cells were highly infiltrated, and some of them showed cell
degeneration with nuclear fragmentation and pyknosis (Fig. 3.9). No obvious
histopathological features were found in the adipose tissues of the older fish

in the whole experimental period.
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Fig. 3.7. Histopathological observation of the intraperitoneal adipose tissue of
the younger fish. (a) Weak inflammation associated mononuclear cell
infiltration and fungal elements (insert) were with Schmorl positive (blue
colour) on 3 d.p.i. H & E staining. Scale bar: 50 um. (b) At day 5, infiltration
of round- or flat-shaped mononuclear cells (arrows) and fungal elements
(insert) were with Schmorl positive (blue colour). H & E staining. Scale bar:

50 pm.
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Fig. 3.8. Intraperitoneal adipose tissues observed in the younger fish at 10
d.p.i. (@) and 13 d.p.i. (b). (@) At day 10, more prominent granulomatous
inflammation (arrow) was observed. H & E staining. Scale bar: 50 um. (b) At
day 13, granulomatous inflammation (*) highly observed in the adipose
tissues. H & E staining. Scale bar: 200 um. Both inserts showed the fungal

hyphae with Schmorl positive (blue colour).
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Fig. 3.9. A high number of mononuclear cells were infiltrated in response to

fungal hyphae (arrowheads), and some were necrosis (arrows) in adipose

tissues of younger fish at 13 d.p.i. H&E staining. Scale bar: 20 pm.

39



3.3.2.2 Liver

At 3 and 5 d.p.i, inflammation was not observed in the liver of all
younger experimental fish, but a small number of fungal hyphae were
occasionally found in the liver parenchyma (Fig. 3.10a). Aggregation of
mononuclear cells around blood vessels appeared (Fig. 3.10b) in all 3
experimental fish at 7 d.p.i. and associated with a small number of fungal
hyphae (Fig. 3.10b). Multifocal hepatitis was observed in the liver of all
experimental fish at 10 d.p.i (Fig. 3.11a), and the mononuclear cells were
diffused around the invading hyphae (Fig. 3.11b). Prominent granulomatous
inflammation was observed at 13 d.p.i. (Fig. 3.12a) and the fungal hyphae
were associated with the granuloma (Fig. 3.12b). However, all older
experimental fish sampled each time showed normal structure without

inflammation and hyphal invasion.
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Fig. 3.10. (@) A small number of fungal hyphae (arrow) in the liver

parenchyma of the younger fish at 5 d.p.i. Schmorl staining. Scale bar: 50um.
(b) Mononuclear cells (arrowhead) aggregated around the blood vessels in
the liver of the younger fish at 7 d.p.i. H & E staining. Scale bar: 50 ym. Insert
showed fungal hyphae with Schmorl positive (arrows) were scattered in the

parenchyma.
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Fig. 3.11. (@) Multifocal hepatitis (arrows) were observed in the liver of the
younger fish at 10 d.p.i. H & E staining. Scale bar: 100 um. (b) Infiltration of
mononuclear cells around the fungal hyphae in the liver parenchyma of the
younger fish at 10 d.p.i. Insert picture showed the fungal hyphae with Schmorl

positive (blue colour). H & E staining. Scale bar: 50um
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Fig. 3.12. (a) Prominent granulomatous inflammation was observed in the
liver of the younger fish at 13 d.p.i. H & E staining. Scale bar: 200 pum. (b)
The fungal hyphae were Schmorl-positive (arrows) and associated with the

granuloma. Scale bar: 100 pm.
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3.4 DISCUSSION

In the case of younger marbled rockfish, fungal hyphae were scattered
around in the intraperitoneal adipose tissues, the liver, the spleen and the
kidney. Severe inflammation involving the infiltration of mononuclear cells and
tissues necrosis was also observed. By contrast, older marbled rockfish fish
did not show prominent inflammation and hyphal invasion in the organs,
except for the appearance of granuloma in the adipose tissues of some
experimental fish. From these observations, I demonstrated that the younger
fish developed histopathological features such as inflammation and hyphal
invasion than the older fish in the experimental challenge by intraperitoneal
injection with O. Aumicola.

The first experiment demonstrated that injection of O. Aumicola caused
mortality and histopathological changes in younger marbled rockfish. All
examined younger fish were moribund or dead. Almost all the fish showed
infiltration of a lot of mononuclear cells and invasion of numerous hyphae in
the examined organs. Severe necrosis of the examined organs was also
characterized in the younger fish. The necrotic cells were observed in not only
inflammatory cells but also parenchymal cells.

The second experiment showed the development of inflammation in
the organs of the younger marbled rockfish after intraperitoneal injection with
O. humicola. The vyounger fish showed a quick response in the
histopathological changes. At 3 d.p.i., appearance of mononuclear cells was

firstly observed in the adipose tissues. In the adipose tissue, the infiltration of
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mononuclear cells progressed over time. Inflammatory cell infiltration was
also observed in the liver followed by the changes in the adipose tissues.
Both younger and older marbled fish developed the formation of
inflammation in the adipose tissues, but the inflammation in the older fish was
limited in the small area. Furthermore, the younger fish showed a quick
inflammatory response after the injection with O. Aumicola in the adipose
tissues. Pignatelli et al. (2014) reported that teleost adipose tissue is capable
of collecting antigens from the peritoneal cavity. The adipose tissues of
rainbow trout (Oncorhynchus mykiss) act as an active immune site capable of
playing a role in immune responses (Veenstra et al., 2019). The findings in
this study which a quick inflammatory response in the adipose tissues may be

related to the immune function of fish adipose tissues.

3.5 SUMMARY

The results clearly showed that histopathological changes in younger
marbled rockfish was characterized by intense inflammatory response, while
low or no inflammatory response was characterised in older marbled rockfish.
Even though the younger fish well developed the inflammatory response
against the hyphal invasion in several organs, eventually the inflammation
could not prevent the hyphal invasion and the fish were mortal. The quick and
intense inflammation observed in the younger fish seems to be the cause of
tissue damage in the organs of infected fish rather than play the immune

defence against the pathogen O. Aumicola.
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CHAPTER 4

Molecular cloning and characterization of immune
relevant genes of Marbled rockfish,

Sebastiscus marmoratus
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4.1 INTRODUCTION

In chapter 2 and 3, the disease development of O.Aumicola infection in
marbled rockfish was demonstrated. The older fish were believed to be
disease resistant to this infection. Both younger and older fish showed
different inflammatory response to O. Aumicola injection. It is reasonable to
say that the resistance or susceptibility to O. Aumicolainjection may be caused
by the host immune system. However, the immune mechanism involved in
the resistance or susceptibility development remains unknown.

The functional development of the cell-mediated immunity (CMI) in fish
has been investigated in some fish and the onset of maturation of the immune
response is important for host protection (Ellis, 2005). The functional
maturation of T cells in common carp, and rainbow trout was observed 16
days post-hatching (d.p.h.) (Botham & Manning, 1981) and 14 d.p.h. (Tatner
& Manning, 1983), respectively. The late appearance of lymphocytes were
observed in the lymphoid organs of marbled rockfish. The morphologically
matured lymphocytes appeared in the thymus at three weeks post-birth,
followed by the pronephros at four weeks and the spleen at six weeks
(Nakanishi, 1991). Nakanishi (1986) suggested that immunological maturation
is apparently depended on the age and the cell-mediated immunity in marbled
rockfish was not sufficiently matured for 1 to 2 months after post-hatching.

Inflammation plays an important role in the elimination of any
infiltrating pathogens (Nathan & Ding, 2010). Cytokines are one of the

important soluble mediators to regulate the onset, progression and resolution
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of the inflammatory response (Grayfer & Belosevic, 2012). Cytokines such as
interleukin-1 beta (IL-1B) and interferon gamma (IFNy) enhance antimicrobial
functions of immune cells and help in pathogen clearance (Zou & Secombes,
2016).

IL-1B protein has been known to be important in the mammalian
immune system, which is an essential cytokine to trigger inflammatory and
immune response (Dinarello, 1997). The biological activity of recombinant IL-
1B has been studied in several fish species, indicating that fish IL-1pB is
involved in the regulation of immune relevant genes, lymphocyte activation,
migration of leukocytes and phagocytosis (Hong et al., 2001; Peddie et al.,
2001; Buonocore et al., 2005; Reyes-Cerpa et al., 2012). The bioactivity of
teleost IFN-y has been studied about activation of macrophages in several fish
species (Zou et al., 2005; Jung et al., 2012; Yang et al., 2017).

The study of the immune system in marbled rockfish helps to reveal
the difference between the younger and the older fish in immunological
response to Ochroconis infection. However, understanding of immunity in
marbled rockfish is still largely unexplored. Recently, the development of
immunological study is achieved by molecular analysis of immune relevant
genes. Therefore, identification of immune genes such as T cell markers and
cytokines in marbled rockfish is necessary for the study of interaction between
host immune response and infection. The purpose of this chapter was to
identify and characterize marbled rockfish immune relevant genes such as T

cell markers (CD4, CD8B, CD3¢g, CD28), and cytokines (IL-1B and IFN-y).
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4.2 MATERIALS AND METHODS

4.2.1 RNA sequencing

To get RNA sample, a marbled rockfish (6.4 g, 7.5 cm) was stimulated
by intraperitoneal injection with Mycobacterium sp. (NJB 1604). The isolate
was incubated on Middlebrook 7H10 agar supplemented with 10% OADC
enrichment. The bacterial suspension was prepared by suspending a bacterial
colony with 1mL of phosphate buffered saline (PBS). The concentration of
bacteria was adjusted to 1 x 10® CFU/mL. Marbled rockfish were anaesthetised
using FA100 and intraperitoneally injected with 50 pL of the bacterial
suspension. Fish was sacrificed after one week, and the kidney tissues were
removed for RNA extraction. Total RNA was extracted using TRIzol (Invitrogen,
Carlsbad CA, USA) following the manufacturer’s instruction. RNA sequencing

was performed using the RNA sample by Macrogen Japan Co.

4.2.2 Primer designs

Partial sequences of several immune relevant genes were found from
the RNA sequencing data. Gene-specific primers were designed based on the
partial sequences for determination of the full-length gene sequences by a

Rapid amplification of cDNA ends (RACE) method (Table 4.1).
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4.2.3 Cloning of the full-length immune relevant gene cDNA

First-strand cDNA was synthesized with 1ug of total RNA using ReverTra
Ace RT Master Mix (TOYOBO, Osaka, Japan) according to the manufacturer’s
instructions. The full lengths of marbled rockfish immune relevant gene cDNA
were determined by 3’ — and 5- RACE methods using FirstChoice RLM-RACE
kit (Invitrogen) according to the manufacturer’s instruction.

PCR products obtained by RACE methods were purified by a QIAquick
Gel Extraction Kit (Qiagen, Hilden, Germany) and ligated into pGEM T easy
vector (Promega, WI, USA) and then transfected into competent cells of
JM109 Escherichia coli (Promega, WI, USA). The positive clones were
screened by ampicillin selection and colony PCR. The plasmids inserted with
target genes were purified by NucleoSpin®Plasmid EasyPure (Takara, Shiga,
Japan) according to the manufacturer’s instruction. The DNA sequencing was

performed by FASMAC Co. Ltd.

4.2.4 Structural and phylogenetic analyses

The nucleotide sequences were edited and translated into amino acid
sequences using GENETYX ver 11.0 (GENETYX, Tokyo, Japan) and the
similarities were compared using BLASTX of National Centre for Biotechnology
Information (NCBI). Signal peptide, the transmembrane domains, N-linked
glycosylation sites and O- glycosylation sites of the proteins were predicted

using the following internet tools, www.cbs.dtu.dk/services/SignalP.
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http://www.cbs.dtu.dk/services/SignalP

www.cbs.dtu.dk/services/ TMHMM, www.cbs.dtu.dk/services/NetNGlyc,

http://www.cbs.dtu.dk/services/NetOGlyc/, respectively. Immunoglobulin-like

domains of the proteins were predicted by SMART online tool

http://smart.embl-heidelberg.de/. Multiple sequence alignments were

generated using Clustal Omega program www.ebi.ac.uk/Tools/msa/clustalo/.

Phylogenetic trees were constructed by the neighbour-joining method using
MEGA version 7.0 software (Kumar et al., 2008) and validated with 1000
bootstrap replications.

Table 4.1. Primer designed for 5’- and 3"-RACE PCR.

Gene Primer sequence (5’ - 3")
SebCD4 F (3ROP) CACCATTTCCACCCGACTC
SebCD4 RT F (3RIP) CTCACTGATCATCACAAACATC
SebCD4 R (5ROP) GTTTTGCATTGGCAGAGTTTAC
SebCD4 R2 (5RIP) GAGAGGCCCGGATTTAGACGTATAC
SebCD28 F (3ROP) CTGTGTACCTGCCGGAAAC
SebCD28 F2 (3RIP) CACACTCTCAGTGCAAAAGATC
SebCD28 R (5ROP) GACGCGGTATAGGAATTTGAAC
SebCD28 R2 (5RIP) CTCCAGTGAGCATGAAAGTGTC
SebCD8B F (R) (3ROP) GTGGACGAAAAACGCATC
SebCD8p RT F (3RIP) GTGACCAAAGAGGACACAG

SebCD8p RT R (5ROP)

GGTTTGGGCTTTGAGAAAAAG

SebCD8PB RT R2 (5RIP)

CACCTGGATAAATAATGTTGTCATC

SebCD3e RT R (3ROP) CAAACATGTATTCTCATTTACCTC
SebCD3e RT R2 (3RIP) CAGGTGACTTGTCTCTATCCCATC
SebCD3e RT F (5ROP) GAAGCCGGGAATTGGTACAAG
SebCD3e RT F2 (5RIP) CATTATTTTGGACATGTTGTTGAC
SebIL-1B F2 (3ROP) CTGTCCGATGCTTTAGACAGCTC
SebIL-1B F (3RIP) GTAGAAGAGGAACCGGTCCATG
SebIL-1B R (SROP) CAGACGATGCCTCCATCTAG
SebIL-1B R2 (5RIP) GGTGACCGAAACCATCGTC
SebIFNg2 RT F (3ROP) GGAGACGTACGAAAAGCTG
SebIFNg2 RT F2 (3RIP) GACAGCCGAGAGCAACAAC
SebIFNg2 RT R (5ROP) CAGAAAAGAAATATGAAAAAGTTGG
SebIFNg2 RT R2 (5RIP) CAATGCTTTGCTCTGGACAAC

3ROP: outer primer for 3’ RACE, 3RIP: inner primer for 3’ RACE,
5ROP: outer primer for 5" RACE, 5RIP: inner primer for 5" RACE
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http://www.cbs.dtu.dk/services/TMHMM
http://www.cbs.dtu.dk/services/NetNGlyc
http://www.cbs.dtu.dk/services/NetOGlyc/
http://smart.embl-heidelberg.de/
http://www.ebi.ac.uk/Tools/msa/clustalo/

4.3 RESULTS AND DISCUSSION

4.3.1 Characterization of Sebastiscus marmoratus CD4 (SebCD4)

The full-length cDNA SebCD4 (GenBank accession no. LC565789) was
found to be 2320 bp and including an open reading frame that encoded 464
amino acids. SebCD4 contained a signal peptide, four extracellular Ig domains
(D1-D4), a transmembrane region (TM) and a cytoplasmic tail with p56 Lck
binding (C-X-C) motif that plays an important role for T cell activation (Edholm
et al.,, 2007; Buonocore et al., 2008). An analysis of SebCD4 sequence
predicted four potential N-linked glycosylation sites and one O-glycosylation
site.

To date, CD4 has been reported from a few fish species, including fugu
(Suetake et al., 2004), rainbow trout (Laing et at., 2006), channel catfish
(Edhom et al., 2007), ginburna crucian carp (Nonaka et al., 2008), European
seabass (Buonocore et al., 2008), Atlantic halibut (Patel et al., 2009), Atlantic
salmon (Moore et al., 2009) and large yellow croaker (Mao et al., 2017).
Multiple alignment of SebCD4 amino acid sequence with other teleosts, mouse
and human CD4 sequences was shown in Fig. 4.1. Phylogenetic tree analysis
showed that SebCD4 formed a cluster with CD4-1 molecules in other fish
species (Fig. 4.2). SebCD4 shared highest amino acid identity with orange-
spotted grouper CD4 (63 %), but the lowest identity 16-25 % with mouse

CD4 and human CD4 (Table 4.2).
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The SebCD4 has many common characteristics of other teleost species
such as the primary structure and conserved amino acid residues. The
cysteine residues found in SebCD4 were mostly conserved among other CD4
molecules but not all. When compared with mouse and human CD4 sequences,
teleost CD4 including SebCD4 lacks the first cysteine in D1 (Moore et al., 2009).
Moreover, SebCD4 lacks 2" cysteine within the domain which conserved
among other teleost CD4 sequences in D1.

The D2 and D4 of SebCD4 has a pair of cysteine residues, like other
teleosts, mouse and human CD4. D3 domain of SebCD4 has two conserved
cysteine residues that only found in teleost CD4 molecule. These cysteines
residues in D3 which could be involved in the formation of an additional
disulphide bond which lacking in human and mouse CD4 molecules (Patel et
al., 2009). The difference in the number and location of the disulfide bonds in
CD4 molecules has been observed. Dog, cat and whale CD4 lack the first
cysteine in D2 for forming disulfide bond (Norimine et al., 1992; Milde et al.,
1993; Koskinen et al., 1999), and both cysteines were missing in D3 of human
and mouse CD4 molecules. The interaction between SebCD4 and the MHC II
molecule may be similar to that in other teleost CD4s, as the disulfide bonding

pattern in the Ig domains is highly conserved in teleost.
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Table 4.2. Amino acid identity of SebCD4 among teleost and mammalian

species.
Species (scientific name) GeneBank accession Amino acid
number identity (%)
Orange spotted grouper CD4 AER42417.1 63
(Epinephelus coioides)
Japanese seabass CD4 AFK73394.1 60
(Lateolabrax japonicus)
European seabass CD4 CA098732.1 56
(Dicentrachlus labax)
Japanese flounder CD4-1 BAM7205.1 48
(Paralichthys olivaceus)
Fugu CD4-1 BAD37152.1 51
(Takifugu rubripes)
Common carp CD4 ABD58988.1 34
(Cyprinus carpio)
Channel catfish CD4-1 ABD93351.1 34
(Ictalurus punctatus)
Rainbow trout CD4-1 AAY42070.1 41
(Oncorhynchus mykiss)
Atlantic salmon CD4-1 ABZ81916.1 41
(Salmo salar)
Chicken CD4 (Gallus gallus) CAA72740.1 21
Mouse CD4 AAC36010.1 16
(Mus musculus)
Human CD4 AAH25782.1 25
(Homo sapiens)

54




Rockfish
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Catfish
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Salmon
Mouse
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Rockfish
Grouper
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catfish
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Rockfish
Grouper
Seabass
Carp
Catfish
Trout
Salmon
Mouse
Human

Rockfish
Grouper
Seabass
Carp
Catfish
Trout
Salmon
Mouse
Human

Rockfish
Grouper
Seabass
Carp
Catfish
Trout
Salmon
Mouse
Human

< Signal peptide < D1

—————————————————— MKSSIQSVLLLIAVLISATGAA-EVIYAQUVNETVTLTRPYY - KNL-EKYSYLYF -GSVQLAW - SNVLGGEKKW- - - - - - ISQEELWKMRLSL - 5GD-SLIITNI

--MRNLIQSYLLLIVVFESAAGTY-EVRYFQVGGTVKLPLPAG- VDLKQHYVYWKLEGGPELAV -QNPLGRKS - -TSEVEPWKNRLSWTDGN-ELMITNI
LLHVTEMKNFIQSVLILITWWMSAAG-E-ELIYAEEGQMVTLNPPAY - THPQTHYSYWWFN-GNQIAW - RNPFSGKG- -WND----KDSLSLTDGS-VLVITNI
——————————————————————————————— MVIYAQIGGTVTLPRVKVE ENENMVYVNLYRGSEMTPTIMKNPQSGIQ- -RAKDVKTHANL - LPDFSLQISPV
MSFLLGLLL-LLAPCHS-AADEPKGIFAQFGMSYTLPRRIN- GIEGKIHVHNWYFQDNL--LISRNP--TLS- -ASKTVHMRFSL-S5DSSLITISHV
MKCVSGFLSIIIALFISSTGAEDVVVYGQVGETVTLPRSKN- GSE-RYLVQUWFFGIDTQPLISRNSHGRET - -IDPEWKDRLSLSKTDFSLIINNI
MKYVSGFLSTITALFISSTAAGDY LVYGQVGGTVTLPRSK- GSE-RVLVLWYLGTDTQPLISRNAHGRET - -IDPQWKDRLSLSKTDFSLTTNNT
ISLRRL--LLLLLOLSQLLAVTQGKT LVLGKEGESAELPCESSQ - -KKITVF TWKFSD- - QRKILGOHGKGVLIRGGSPSQFDRFDSKKGAWEKGSFPLIINKL
VPFRH---LLLVLQLALLPAATQGKKVVLGKKGDTVELTCTASQ - -KKSIQFHWKNSN- - QIKI LGNQGS - -FLTKGPSKLNDRADSRRS LWDQGHF PLITKNL

t.o.® * : LT

< D2
QOONFQTISFKHTF----- DEPTVFEYKLLKLTVTVKPPSPLLLPGEKLSLSCNAKTLQGHNT PYIHWLMPQOEKMTNNRG - - - - - - ==~ -~ PFSVESQDNGQWTEVVTHDGKEKK - ARV
QRENFGTFVCEVKRMS - - -WWIRTITYKLLRLTATVKPSTPL-LPRSTLSLTENAETLQGHENPQTHWLNPHGERELNQQT - TKIATSQDHGKWTCVTTHNQIENK - AYV
QONLFGTFTEQIYTSGNRDTPVDTTTYKILKLSVTMDPPSPL - LPGEDLSLNENAG- - - - -RNPKIHWLNPQGQKINSQRI - - --------- QQKATGQDKGEWTEVVTYSNKESK - AKT

QHSDYETIWRCEQHVLRTT - - - -SEKTYKLY - -NVTIPKVPA-VMAGDSLSLECKADSSPY - -KPKVTWIPPQNSDCOPKQ - YNTKTLPSWSISYASWVKCHSGVIWTCKLKYDGRETE - AKT
EKSDFGIFKCEQHHLVET----ITDTYKLY - -EVMMSTPPP-LLVGASLDLSCEIESEGF KLVHETKWFGPDNTLYVGSSSSNQRTLRV- - - - TKVSSTHSGKWTEAVRYGASITLKART
RLEDFKSFKCELKDFMPQTST - -SVTFRLF - -RVSVQPVSPL - LAGKNLMLKEDIEEIF - -KGTQRRWLSPQKQDLNEDKRAQIRNDGSL - TVMSVTDQDHGEWTEVVTYQGREAY - ANT
RLEDFKSFKCELKDFRPQPTS-VWTTFRLS - -RVRVQPVSPL - LAGKMLMLKEDTEETV - -EGTQRRWLSPQKQDPKNDTRVQIKNDGSL - TVMSVTGODHGEWTCVVTYQGRKAN - ANT
KMEDSQTYICELENRKE--- - - - - -EVELWVFKVTFSPGTSL - LQGQSLTLTLDSNSKY- - SNPLTECKHKKGKVVSGSKVL - - ------- SMSHNLRVQDSDFWHETVT LDQKKNIW - FGM
KIEDSDTYICEVEDQKE--------EVQLLVFGLTANSDTHL - LQGQSLTLTLESPPG- - - 55PSVQCRSPRGKNIQGGKTL------- -~ SVSQLELQDSGTWTETVLQNQKKVE -FKT

= = = %

> < D3
SVTVVUDLSPAPLLPLYTSKSG- -PLTIPE- -SFPAHTSWQQL TAKDIQEVLWDFVPRPGS S- - - - - PQRLFNLSVENPLTH--RPDQNRGLRPVP - - DP -QKGYLSLTRNRGREDGSGGY
SVTVVDLSPPTSQSQYTSKSR- -PLTIPE - - STPAHISWGQINDTGIKEVHWHFIPKPGS 5- - - - - PQRLFSLSVGNPMTH- -KAEKDRGLRLVS - - EP -KKKDLS LTRFRGKEGDEGDY
SVTLVDLTTAPSHLQYTSKSS--PLTIPE- -STT--ATWDTIKTRDIEGGKWEF FAKPGA SLKSNAPQHLFSLSL - DPLKW- - TPDQDNELRYDP- - KL - QNGILS LKRNQGKDGDSGDY
TVFIIE-LSPFPDTIFTSSS55-TVDIPE- -SLSSNIPWSVLKESGLRGGNWSFTPLSYP N- - - - STQSLLELSMDPVVSH- - 51PQGADNKVKAEKRE LKDQDLS IRNLPVSENVRGYY
DVIIVDLASSSPDPIYTSDSSI-NFLIPE- -SLSSKIPWSTVNATGVTGGSWHF TPFKSS E- - - -SSLPLLKLQLNPSPAK- - KF PSGTHTLLM- -ETDLKNHELGVKISKVSINERGNY
HVTVIDLSPAHPQPIYTSVSSLSLLHLPCF LSIPPPLSWSDSQEKSIQGGRWTFTPSPAA GSLTGVVQTLANLSLGPPLAM- -VVNQKRE LDVSA- - LQRTHLNLS LSKKGVTEGDRGEY
HVSVIDLSPAHPQPTYTSVSSLSLLHLPEF LSHPPPLSWSDSQEKSIQGGRWTFTPSPAA GSNTRVVQTLVNLSLGPPLAM- - VVNQKRGLDVSA- - LQRKNLNLSLTKKGVTEGDRGEY

TLSVLGFQST-AITAYKSEGESAEFSFPL-------- NFAEE - -NGWGELMWKAEKDSF------- FQPUISFSIKNKEVSVQKSTKDLKLQLK - - - -ETLPLTLKIPQVSLQFAGSGNL
DIVVLAFQKA-SSIVYKKEGEQVEFSFPL-------- AFTVEKLTGSGELWWQAERASS - ------ SKSWITFDLKNKEVSVKRVTQDPKLQMG- - - -KKLPLHLTLPQALPQYAGSGNL
P . .= . * P = . *

> < D4 > <

ECALKFKNGVTLKRTVQVEYLOIISSPGTELISGOQLNLTES IGHPMTSELQVKIVPPEK - SLLSSLTSDRHPAHLVI PEVGTGGSGKWREE LWRNGTRLTTTDITLK - TEP-KLSVWML
VEALEFKNGVILNRTVHYQVLRITSSPGTELISGQQLNLTCGLGQPLPSDLRLKWFPPEQSSLLSSLTSDRHPAHLTIPEVGTGDSGKWREE LWRSKACVTFAEITLK - TEP-RLSVIWML
VESLKFKSGVTLNRTVTVHYLQITSSPEIEL TSGQQVNL TEDLGSPLPSDLQLKWFPPGQSS - LPSLKSDHHPTHLIT PEVGMGDGGEKWRCE LWRNS TRLTSAVITLK - TEP-KITVIWMI
TCDLIFNT -KKLSRKVTVEVLKVSSSGESRVYEGQSVNLTETLGHQHSSDLEVKISCSSC SFI - - S5LKTPHPSSLSTPEVKLKDSEKLTEE LWKNGKK L TSAVFSLR - IVKAPVDIWLC
TESLEFGS-RTLSRSVQVEYLQVISSEGKVIYEGNTVHLTET LGHHMTPDLEVNWIPPYG S5L- - SKLSPPYTTMLSIPGVEVKDSGRWTCQLKKNATLLTSATISLK - TEKAPVHINWLY
TCAVEFQRGDTLKRSMRVEVLQUFSSPAPVAFVGQEVNLTETLGHPLTSDLKVKWIPPRQSSL - LALGSAPDSAHLTIPEARDINGGRWRCE LWRNKTKLTSVEITLK - TERVPMDVILL
TCAVEFQKDDTLKRSTRVEVLQUFSSPAPVAFVGQEVNLTETLGQPLTSDLKVKWIPPRQSSL - LALGSSPHPAHLTIPEARDINGGRWRCE LWRNKTKLTSVEITLK - TERVPMDVILL

TLTLD--KG-TLHQEVNLVWMKVA- - - - - -~ QLNNTLTEEVMGPTSPKMRLTLKQENQEAR-------~ VSEEQKVVQUVAPETGLWQEL LSEGDKVKMDSRIQVLSRGVNQ-TVFLA

TLALEAKTG-KLHQEVHNLVWHRAT - - - ------ QLQKMLTEEVWGPTSPKLMLSLKLENK EAK---~--~~ VSKREKAVIVLNPEAGMWQCL LSDSGQVLLESNIKVLPTWSTPVQPMAL
E .. owas s P . = o
Transmembrane > Cytoplasmic domain

VVICSVTSIVILVLILVFILCRRRQ---RKT---RHH-----| RRKLCQCKTPK--PKGFY RT---- 464

VVICSVTWIVLLLLYLIFILCRRRQ- - -RKM- - -RHL- - - -RHRLCQCKTPK - -PKGFY RT---- 469

VLICSVTVIAILLLVVAFILYRRRQ---RKM---THL-----RHRLCRCKMPQ--PRGFY R5---- 488

VAISGGVWGFILLLVIVIICIRRHR - - -Q-MHMYRRR- - - - -KTKFCCCNNPQONQKGFY KT---- 458

VAIIGGLLVFILIAVITVFIIRRHR---Q-MHRYRCR-----KGRVCCCKNPK - -PKGFY KT---- 471

VTICDAAVIFVLLLILTVILNRRHR- - -QRVTMPRRG- - - - ~-KRRICRCKDPQ- -PKGFY RN---- 489

VTICAAAVIFILLLILTVILIRRHR---QRVHMPRRG-----| KRRICRCKDPK--PKGFY RN---- 498

-CWLGGSFGFLGFLGLCILCCVRCRHQQRQAARMSQIKRLLSEKKTCQC- - - - - -PHRMQ KSHNLI 457

-IVLGGVAGLLLFIGLGIFFCVRCRHRRRQAERMSQIKRLLSEKKTCQC---- -~ PHRFQ KTCSPT 458
. . PR * . . Loeon.
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Fig. 4.1. Multiple alignment of teleost and mammalian CD4 amino acid
sequences. The predicted signal peptide, four Ig domains (D1-D4), a
transmembrane region and a cytoplasmic tail of SebCD4 are labelled above
the alignment. The conserved cysteine residues among the species are shaded
in grey, and the p56 Lck binding motif is underlined. The predicted N
glycosylation sites were bold in red and O-glycosylation site was bold in red
and underlined. Conserved residues within all the sequence are marked with
asterisks (*), while double (:) and single dots (.) indicated the similarities
between the amino acids. The corresponding GeneBank accession number:
Orange-spotted Grouper (Epinephelus coloides, AER42417), European
Seabass (Dicentrarchus labrax, CAO98732), Common Carp (Cyprinus carpio,
ABD58988), Channel Catfish (Ictalurus punctatus, ABD93351), Rainbow Trout

(Oncorhynchus mykkiss, AAY42070),

Atlantic Salmon (Salmo salar,

ABZ81916), Mouse (Mus musculus, AAC36010) and Human (Homa sapiens,
AAH25782)
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a4 Orange spotted grouper CD4 (AER42417.1)

36 Marbled rockfish CD4

92 European seabass CD4 (CAO098732.1)

Japanese seabass CD4 (AFK73394.1)
97

73

Fugu CD4-1 (BAD37152.1)
Japanese flounder CD4-1 (BAM72051.1)

100

51

99

I: Rainbow trout CD4-1 (AAY42070.1)
100 Atlantic salmon CD4-1 (ABZ81916.1)

4|: Commeon carp CD4 (ABD58988.1)
100 Channel catfish CD4-1 (ABD93351.1)

Chicken CD4 (CAA72740.1)
v Hurnan CD4 (CAA72740.1)
100 Mouse CD4 (AAC36010.1)

wo—— Rainbow trout CD4-2 (AAX09644.1)

L Atlantic salmon CD4-2A (ABZ81914.1)

Green spotted puffer CD4-2 (ABU95652.1
targe yellow croaker CD4-2 (XP010733308.1)
72 Japanese flounder CD4-2 (BAMG5616.1)

0.20

Orange spotted grouper CD3 epsilon (ARA90651.1)

Teleost CD4-1

Mammalian CD4

Teleost CD4-2

Fig. 4.2. Phylogenetic tree analysis of the Seb CD4 with other known teleost

and mammalian CD4 molecules. SebCD4 was clustered into teleost CD4-1

molecules. The sequences were aligned using CLUSTAL W, and the tree was

generated using neighbour-joining method in MEGA 7.0. Orange-spotted

grouper CD3e was used as an outgroup. The bootstrap values are shown at

the branches, and the branch length scale indicated below the tree

represented genetic distance.
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4.3.2 Characterization of Sebastiscus marmoratus CD83 (SebCD8p)

The full-length cDNA was found to be 1253 bp (GenBank accession no.
LC573977) and containing an open reading frame that encoded 210 amino
acids. An analysis of SebCD8B sequence revealed the presence of a signal
peptide, an extracellular Ig domain, a transmembrane region and a
cytoplasmic tail. Two potential of each N-linked glycosylation sites and O-
glycosylation sites were predicted.

To date, CD8B gene has been cloned from Atlantic salmon and brown
trout (Moore et al., 2005), fugu (Suetake et al., 2007), common carp (Sun et
al., 2007), Atlantic halibut (Patel et al., 2008) and orange-spotted grouper (Xu
etal., 2011). The current result revealed that the overall structure of SebCD8
molecule was conserved among teleost and mammalian CD8B (Patel et al.,
2008). Multiple alignment of SebCD8B amino acid sequence with other
teleosts, mouse and human CD8f sequences was shown in Fig. 4.3.

A phylogenetic tree showed clustering the SebCD8 into other teleost
species CD8B molecules but not into those CD8a molecules (Fig. 4.4). Among
the teleost, SebCD8 shared highest amino acid identity with orange-spotted
grouper CD8PB (70%), but the lowest identity 26-28% with mouse and human
CD8B (Table 4.3).

The Ig domain of SebCD8f contained four conserved cysteine residues.
Of these cysteine residues, two were highly conserved in all CD8B to form
intra chain disulfide bond in stabilising Ig domain (Suetake et al., 2007). Like

in grouper CD8PB (Xu et al., 2011), additional cysteine residues were observed
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in Ig domain of SebCD8. These extra cysteine residues conserved in teleost
maybe the characteristics of teleost CD83 molecules but the physiological role
was remained to be investigated (Sun et al., 2007). The conserved cysteine
residues in the hinge region, potentially involved in dimerisation, which form
inter chain disulfide bond in CD8af heterodimer (Duncan et al., 2009), were
also found in SebCD8f3

The cytoplasmic region of CD8a teleost lacks p56Lck (C-X-C) binding
domain. Instead of C-X-C motif, all teleost CD8a possessed C-X-H motif at the
cytoplasmic domain (Xu et al., 2011). The C-X-H motif found in teleost CD8a
suggested that this motif may represent a primordial Lck binding site (Quiniou
et al., 2011). All teleost CD8B including SebCD8pB has conserved C-R-H motif
(Patel et al. 2008), and Xu et al. (2011) suggested that this region found in
CD8B has a similar function to C-X-H motif in teleost CD8a.

Table 4.3. Amino acid identity of SebCD8B among teleost and mammalian.

Species (scientific name) GeneBank
accession Amino acid
number identity (%)
Orange spotted grouper CD8f ACS68186.1 70
(Epinephelus coioides)
European seabass CD8f3 AKC57344.1 56
(Dicentarchus labrax)
Japanese flounder CD8f BAM72050.1 61
(Palichthys olivaceus)
Atlantic salmon CD8f AAW33877.1 52
(Salmo salar)
Rainbow trout CD8f3 AAT68458.1 50
(Oncorhynchuss mykiss)
Common carp CD8f3 ABC59224.1 37
(Cyprinus carpio)
Channel catfish CD8f3 ACN96561.2 38
(Ictalurus punctatus)
Human CD8B (Mus musculus) AAA35664.1 26
Mouse CD8PB (Homo sapiens) NP_033988.1 28
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< Signal Peptide » < Iz domain
Rockfish  MILLPLAWTLWTVSLWT-SGSSQILQQEPVKVLYPAILTTESFEEDEANIS-EOWVYWFR S8
Grouper MILLLLAWTLLTASLWT -5GSGQVLQQEPVEVLYPQILGTE IHEP:*;:THIT- COVVYWFR 58
Seabass MIPLP-AWMLLIVLLRTGSGSEVILQE EHAWILVPEILSIVTIDFYt_GTFQ- COTVYWFH 53
Flounder  MNPLPLAWTLLTVSLWT-AGVSQILLQEPIKVLYPKISTPE HIDBtHH -5-CDSVYWFR 57

Carp == -MTLSCMCFGLF IWMAA-ASLATIQATPYVLYTKINGSETITEECPDHS -CLEVFWYR 55

Salmon MTPLALVWT - - TWCLWKT - -VYSLTPTESHFVRYPPINDTEVWTCECSSRS-CQTVFWFR 55

Mouse = -MQPHLWLVF SMELAALW-SSSALIQTPSSLL-VQTNHTAKMESCEVKSISKLTSIVWLR 56

Human --MRPRLWLLLAAQLTVLH-GNSVLQQTPAYIK-VQTNKMVMLSCEAKISLSNMRIYWLR 56
# & k3 L

- C)

Rockfish SNSHH - - - GTVOFVEKSNNADRDSYGTGEY -DEKRIKISKRG- - -S55FTLRITNVTKEDT 111
Grouper THMSHH - - LRV IGKCNNADRD TYGDGY -DIARFEKISRRS - - -SVSFTLRITHNVTEKDA 112
Seabass SVPDK - - - SEVMQF LGKCNNAGRSSYEKDV -DQARFVFEKKG- - -QTNFVLRIRNVTEKDR 111
Flounder  NTPNF---NILQFLGKCNNAERVNYGPGV -EKARFKLSKRG=---NTAFVLRIENVTEEDT 118

Carp YLERT---KTLQFLLYCNSAGREQQGENL - SATRFKGSVS -SGORMVYTLRITGLQENEL 118
Salmon THLNN - --SGFQFLLSLNNADRTYYGPGLMDEHRFKASKRDTGSEVAFTLRINNITAEDA 112
Mouse ERQDPK-DKYFEFLASWSSSKGVLYGESVDKKRNIILESSD- - -SRRPFLSIMNVKPEDS 112
Human QROQAPSSDSHHEF LALWDSAKGT IHGEEVEQEKIAVF - -RD- - -ASRFILNLTSVKPE 111
TR B B % . & B
5 Hinge

Rockfish GIYS;IVTDRKKTE}MTPG\’LLLPGGIPPI LPPF==--TLFFVEKFVCREPEKKPPPEKAFD 167

Grouper s VLEDRKNMEMWKSGILLRFGVIFPTLPPKPKNNSKPPVEFVCREPKKNSP---QD 169
Seabass s VLKDRKMAEMWKLGTFLOQPGVIPPTLPPK - -TEFKRPKIPVCREPKKNTS---QD 166
Flounder s VLKAKSGTEVWKPGTVLHPGVTPPTSPPK - -MTLKPPVKPVCACHPKKN- -FAQD 168
Carp IMFKTKNI - - -MPVGYYIMPGVNPP TVQPPTVKT - -KTPKKTCNEK - - - -PPMSPK 161
Salmon MLONQKEME LWRPGVLLRPGETRPTLTPY--TKPKPFRIPTGRETKRND- -QTPK 168
Mouse EF‘th;AWGSPKJ-NF-GTGTKLTW"DULPTTAPTKKTTLWKKKQ- -CPFPHP--ETQK 167
Human GI‘(F?;HIVGSPE LTF-GKGTQLSVWDFLPTTAQPTKK - -STLEKKRV - -hRLPRP- -ETQK 164
* & £ . * &
< Transmembrane > Cytoplasmic
Rockfish G--ﬁGSL":’L’ﬁIFL'II'EI.ISHLGLH[IETlT‘r’FSHLPKKﬂQFUKKR--- 21@
Grouper G--EGSLVLWPLYGLLAGLALALICTLYYFSRLPKKCRHHFAKRR- -~ 212
Seabass  D--LGSLILWPSVGFIAALALALICTLYYFSRLPKKCREHFAKNKYTT 212
Flounder G--EDYMVLWPLVGVTAGLALALIYTLHYFSRLPKKCRHHFQKMRQMP 212
Carp G--BEQSVLWPGIGALLLLAITLAGTLYYFSRLPEKCRHRFTEKTNQLR 2e7
Salmon G--EGSKVLWPLVGYLLTLARALIYTLYYFSQLPKKCRHQFAKKRPLK 214
Mouse GLTESLTTLSLLVVCILLLL-AFLGVAVYFYCVRRRARIHFMEKQFHK - 213
Human GPLESPITLGLLVAGVLVLL-VSLGVAIHLCCRRRRARLRFMEQFYK - 21e

* * . #* e ¥ o ¥
& 1 s & X B EE 8

Fig. 4.3. Multiple alignment of teleost and mammalian CD8B amino acid
sequences. The predicted signal peptide, Ig domain, transmembrane and
cytoplasmic tail of SebCD8pB are labelled above the alignment. Conserved
cysteine residues are shaded in gray. The conserved CRH motif within the
teleosts is underlined. The predicted N-linked glycosylation sites were bold in
red and O-glycosylation sites were bold in red and underlined. Conserved
residues within all the sequence are marked with asterisks (*), while double
(:) and single dots (.) indicated the similarities between the amino acids. The
corresponding GeneBank accession numbers: Orange-spotted Grouper
(Epinephelus coioides, ACS68186), European Seabass (Dicentrarchus labrax,
AKC57344), Japanese Flounder (Paralichthys olivaceus, BAM72050), Common
Carp (Cyprinus carpio, ABC59224), Atlantic Salmon (Salmo salar, AAW33877),
Mouse (Mus musculus, NP_033988) and Human (Homo sapiens, AAA35664).
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93 Orange spotted grouper CD8 beta (ACS68186.1)
48{5@ rockfish CD8 beta |
9% European seabass CD8 beta (AKC57344)

84 L Japanese flounder CD8 beta (BAM72050.1)
Teleost

Rainbow trout CD8 beta (AAT68458.1) CD8 beta
o —
100 Atlantic salmon CD8 beta (AAW33877.1)
— Channel catfish CD8 beta (ACN96561.2)

o4 39 T Common carp CD8 beta (ABS59224.1)
100 — Common carp CD8 beta (ABS76266.1)

Human CD8 beta (AAA35664.1) Mammalian
L
100 Mouse CD8 beta (NP033988.1) €08 beta
L] — Human CD8 alpha (AAB04637.1) ‘ Mammalian
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42 Common carp CD8 alpha (ABY75170.1)
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95 —Atlantic salmon CD8 alpha (AAW33878.1) CD8 alpha
100 L Sea trout CD8 apha (AAW?23969.1)
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0.20

Fig. 4.4. Phylogenetic tree analysis of the Seb CD8B with other known teleost
and mammalian CD8B molecules. The SebCD8B was cluster into teleost CD83
molecules. Orange-spotted grouper CD3e was used as an outgroup. The
sequences were aligned using CLUSTAL W, and the tree was generated using
neighbour-joining method in MEGA 7.0. The bootstrap values are shown at

the branches, and the branch length scale indicated below the tree

represented genetic distance.
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4.3.3 Characterization of Sebastiscus marmoratus CD3e (SebCD3¢g)

The full-length cDNA SebCD3¢e (GenBank accession no. LC573976) was
found to be 1500 bp and containing an open reading frame that encoded 183
amino acids. An analysis of SebCD3¢e sequence revealed the presence of a
signal peptide, an extracellular Ig domain, a transmembrane and a
cytoplasmic tail. Seven O-glycosylation sites and none of N-linked
glycosylation sites were predicted in SebCD3k.

Fish CD3 genes have been cloned and characterized in Japanese
flounder (Park et al., 2001), sterlet (Alabyev et al., 2001), fugu (Araki et al.,
2005), Atlantic salmon (Liu et al., 2008), common carp (Shang et al., 2008)
and Atlantic halibut (@vergard et al., 2009). The multiple amino acid alignment
of SebCD3e with other teleosts, mouse and human CD3e sequences was
shown in Fig. 4.5. Phylogenetic analysis showed that SebCD3e formed a
cluster with other teleost CD3¢ (Fig. 4.6). Among the teleost, SebCD3¢ shared
highest amino acid identity with orange-spotted grouper CD3e (58 %), but
the lowest identity 24-28 % with mouse and human CD3¢ (Table 4.6).

The cysteine residues found in the extracellular domain were conserved
among other teleost and mammalian CD3e. These cysteine residues are
important for Ig fold stabilization by forming a disulfide bond (Gold et al.,
1987; @vergard et al., 2009). The CXXC motif is also conserved in extracellular
Ig domain of SebCD3¢. The CD3 subunits comprise heterodimers of CD3ey
and CD3¢d, and a homodimer of CD3(C (Punt et al., 1994). This motif may

function in the dimerization of CD3¢ as heterodimer or homodimer ( Liu et al.,
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2008; Wang et al., 2009).

Also, the CXXC motif of CD3g is critical for T cell development and TCR
signalling. Mutation of the cysteine residues in the CXXC motif showed a
significant effect on pre TCR and TCRap development and signalling (Wang
et al., 2009; Brazin et al., 2014).

The cytoplasmic tail of SebCD3e possessed an immunoreceptor
tyrosine-based activation motif (ITAM). The first ITAM module and second
ITAM module in the cytoplasmic tail of SebCD3e are YEPL- and YSVV-,
respectively (Fig. 4.5). The spacing between the two ITAM modules in
SebCD3e was 9 amino acids. This characteristic is similar to CD3¢ in fugu,
Atlantic salmon and Japanese flounder, in contrast to the spacing of 7 amino
acids found in mammalian CD3e. The difference space between the ITAM
modules indicates that the mechanisms of signal transduction through
phosphorylation of ITAMs in teleost could be slightly different from that in
mammals (@vergdrd et al., 2009).

Table 4.4. Amino acid identity of SebCD3e among teleost and mammalian
species.

Species GepeBank 'Amir?o acid
accession number identity (%)
Orange spotted grouper CD3¢e ARA90651.1 58
(Epinephelus coioides)
Japanese seabass CD3¢ AND78199.1 57
(Lateolabrax japonicus)
Japanese flounder CD3¢ BAC87847.1 45
(Paralichtyhs olivaceus)
Atlantic halibut CD3¢ ACY54760.1 51
(Hippoglossus hippoglossus)
Fugu CD3¢ ( 7akifugu rubripes) BAD93376.1 43
Atlantic salmon CD3e (Salmo salar) AB010202.1 36
Human CD3e (Homo sapiens) AAH49847.1 28
Mouse CD3e (Mus musculus) AAA40296.1 24
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< Signal Peptide > < Ig domain

Rockfish ----- MGVRATLAVLLLFIATVEAG------------ EGGVKFSGLNFEMTCPEAGN - - -
Grouper ----- MGVRATLAVLLLFIATVEAGD---------- GKGOGVEFWREEFRMTEPQTGT ---
seabass --MNSLOVEAV-LVLLLFTATVEAS - - - - - ------- EQGVEFSGENFTMICPFQSGD - - -
Flounder MKINTMDVRAVIAMTLLLYW---A4D---------- DSEPVTFEGEYFTMROPGEQK - - -
Salmon - =-MNRDGVYGGLVFLLLIMTSY---E-===am=mm= GEEDVSFURTTVWTLTCFDKGD - - -
Mouse --MRWNTFLGILCLSLLAVGTC-QDDA------- ENIEYKVSISGTSVELTCPLDSDEML
Human -=-MQSETHERVLGLCLLSVGYIW-GODENEEMGEITOTPYKVSISGTTVILTEPQYPGSETL

*E = . = Fik
Rockfish -WYKKTDTD-IKHHGETY-------- ELOYDGKSKGSYYCOYSTGDSVTSAPSAPSDAWE
Seabass -WFYKDKE-SIKNDSKTI-------- SVEYDMNSVKGSYHOSYEGGE------------ KK
Seabass -WFYKDKE-SIKNDSKTI-------- SVEYDNSVKGSYHOSYEGGE------------ (4.4
Flounder -LLEDWSD------- ANM-------- TVOYHDQTKGLYRCEK ---------------- GE
Salmon -WYDNTIK-MNEEESKEI---=-=---~- KMDYDESKKNYYQCKY LYDQ--- - - -~ YDTEKTT
Mouse KWEKNGQELPQ------- KHDEHLYLQDFSEVEDSGYYVEYTPA-------- H5---MEN
Human WOHNDKNIGGDEDDEMNIGSDEDHLS LKEFSELEQSGYYWVEYPRG------ -~ SKPEDAN

w '
¥4 Transmembrane  »< Cytoplasmic tail
Rockfish YYFYVEKGKVCANCFELDASIFAVVIILDMLLTATLMMYIFKCTEKKKNSAG------ LS0A
Grouper  YYFYVKGKACENCFELDGRLFGLVIVVDMLGTAGLMIFIFSCTKKKSS5AQ------ PSHT
Seabass Y YV GNACANCFELDPFVFGLATIVLDWLWTICVMFMIFKCTRKKS5AG--- - - - FTHA
Flounder YFFYVKANMLCLNCFNLDGALFAQWIAVDMTGTIILMIVIYRCTKKR-5AG------ STHT
Salmon YOFYFRKGKVECKDCYELNP TVVAGAT IGDLLVTGGVILIVY LRARKKS--G------ PAAP
Mouse TY LY LKARVEEYCVEVDLTAVATITTIVDICITLGLLMYIYYWSKNRKAKAKPYTRGTGAG
Human FY¥ LY LRARVECENCMEMDVMSVAT IVIVDICITGGLLL LYY Y HWESKNRKAKAKPYTRGAGAG
oLl FOF o e o R Fwan er oznn:

Rockfish SKAPARSGGRAPP-PQSPTVEPUSHHTRSQDRlYSVWNRMG- - - - 183
Grouper SKAPARSGGRGPP-VPNPONWET UMLONRAQDHYSFLINRTGQ--- 178
seabass SKAPARSGGRAPP-VPSPOWEQLUMPHTRSQETYSIVINSRTG--- 174
Flounder SKAPARAVGRAPP-VPSPDWEPLUMPHTRAQDPYSIVINRTG---- 164
Salmon QKPTSRSAGRGPPYWIPSPONYEPLUSVATRSSDINATTIOTSTORTG 181
Mouse SRPRGONKERPPP-VPNPOYEPIRKGQR - -DLYSGLNQRAY - - - 189
Human GRORGONKERPPP-VPNPONWEPIRKGOR- -DL[YSGLINQRRI--- 2a7

E N * EE Lk  Fa -

Fig. 4.5. Multiple alignment of teleost and mammalian CD3e amino acid
sequences. The predicted signal peptide, Ig domain, transmembrane and
cytoplasmic tail of marbled rockfish CD3¢ are labelled above the alignment.
Conserved cysteine residues are shaded in grey. Conserved residues within all
the sequence are marked with asterisks (*), while double (:) and single dots
(.) indicated the similarities between the amino acids, conserved ITAM
modules were boxed. The predicted O-glycosylation sites were bold in red and
underlined. The corresponding GeneBank accession numbers: Orange-spotted
Grouper (Epinephelus coioides, ARA90651.1), Japanese Seabass (Lateolabrax
japonicus, AND78199.1), Japanese Flounder (Paralichthys olivaceus,
BAC87847.1), Atlantic Salmon (Salmo salar, ABO10202.1), Mouse (Mus
musculus, AAA40296.1) and Human (Homo sapiens, AAH49847.1).

63

4
42
42

42
58
57

Qg
a8e
a8e
85
a1
1a9
ag

144
138
134
125
137
151
159



75 Orange spotted grouper CD3 epsilon (ARAS0651.1)
80| L1 Marbled rockfish CD3e |
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Atlantic salmon CD3 gamma delta (ABO10198.1)
%2 Common carp CD3 gamma delta (ABC97370.1)
Orange spotted grouper CD8 beta (ACS68186.1)

—
020

Fig. 4.6. Phylogenetic tree analysis of the SebCD3¢e with other known teleost
and mammalian CD3e molecules. The SebCD3e was cluster into teleost CD3e
molecules. Orange-spotted grouper CD8B was used as outgroup. The
sequences were aligned using CLUSTAL W and the tree was generated using
neighbour-joining method in MEGA 7.0. The bootstrap values are shown at
the branches, and the branch length scale indicated below the tree

represented genetic distance.
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4.3.4 Characterization of Sebastiscus marmoratus CD28 (SebCD28)

The full-length cDNA SebCD28 (GenBank accession no. LC573975) was
found to be 1168 bp and containing an open reading frame that encoded 222
amino acids. An analysis of SebCD28 sequence revealed the presence of a
signal peptide, an extracellular Ig domain, a transmembrane region and a
cytoplasmic tail. Two potential of each N-linked glycosylation sites and O-
glycosylation sites were predicted in SebCD28. To date, CD28 gene was
reported from rainbow trout (Bernard et al., 2006), half smooth tounge sole
(Hu et al., 2012), rock bream (Jeswin et al., 2017) and Nile Tilapia (Huang et
al., 2018).

Multiple alignment of SebCD28 amino acid sequence with other teleosts,
mouse and human CD28 sequences was shown in Fig. 4.7. Among the teleost,
SebCD28 shared highest amino acid identity with orange-spotted grouper
CD28 (56 %), but the lowest identity 23-27 % with mouse and human CD28
(Table 4.5). Phylogenetic analysis showed that SebCD28 formed a cluster with
teleost CD28 molecules (Fig. 4.8).

SebCD28 possessed three conserved cysteine residues found in other
teleost and mammalian CD28. These conserved cysteine residues are known
to be involved in disulphide bond and dimerisations (Hu et al., 2012). The
MYPPPY motif, which is conserved from mammals to fish, was included in the
extracellular domain of SebCD28. CD28 binds to B7 molecules such as
CD80/86 using this motif and the interaction initiates the co-stimulatory signal

transduction cascade (Freeman et al., 1989; Balzano et al., 1992; Azuma et

65



al., 1993).

In the SebCD28, the YMNT motif in the cytoplasmic has highly
conserved between teleost fish such as orange-spotted grouper and European
seabass. The YMNT motif likely corresponds to the mammalian YMNM binding
motif. In human and mouse, this motif is responsible as a binding domain for
phosphatidylinositol-3 kinase (PI3-kinase), and mediating proliferation and IL-

2 secretion (Harada et al., 2001; Boomer et al., 2014).

Table 4.5. Amino acid identity of SebCD28 among teleost and mammalian
species.

Species (scientific name) Ge_n eBank _Am|r!o adid
accession humber identity (%)
Orange-spotted grouper CD28 DR711304.1 56
(Epinephelus coicodes)
Rock bream CD28 ARP51378.1 50
(Oplegnathkus fasciatus)
European seabass CD28 AIK66542.1 43
(Dicentarchus labrax)
Fugu CD28 DAA05843.1 43
(Takifuge rubripes)
Rainbow trout CD28 AAW78853.1 32
(Oncorhynchuss mykiss)
Human CD28 CAD57003.1 27
(Homo sapiens)
Mouse CD28 NP_031668.3 23
(Mus musculus)
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< Signal peptide > < Ig domain

Rockfish ~  ———--oo-ooo-- MRACWMFMILLSCRLSHATKEPCICKEH--KTV- - -CVPAGNDVFVL 42
Grouper  m----eme—e-e- MRACLVFVILLGCRFSHAIESQSVCKDQ-LKIA- - -CVAPGHNYSYP 43
Trout e MNVYWIPTILLSLSSAANMISSNNCKDK -LRTFYVVRVSVNGIASVR 46
Fugu  ——mmmmo - MLEANEATWLYSFRD--KKSIGGYENANRKDR -LNTV - - -CVPVGGNVNYP a5
Seabass =0 o—------------ MSACWMLVILVGCRLLHTTQSQSTCNDQ-LQTV - - -CEAAGNNYSYP 43
Rock bream - MSACWVFMILMGYRLSHATPSQSACEVQ-LQTV- - -HVPVGGHYSYP 43
Mouse o mmmemmmmee-- MTLRLLFLALNFF SVQVTEMKILVKQSPLLVVDSNEVSLS 48
Human MPCGLSALIMCPKGMVAVVVAVDDGD - -- - - SOALAGMKILVKOSPMLVAYDNAVNLS 53
Rockfish €PDLTGQEVT - - -FNLFKDEEVIYNHTCFHEKLTANCKPRHT - - - - - VLGVELRD----- 89
Grouper EPKLTTQDVT - --FYLLKEEEVIYKLACMRNNATSDCEQSNT  GVGVELQENTEMNK a5
Trout CPNLTGKDQEEMRFHLYLGLVEVGNHTHDS AHNHNSTETVSPVGEGLGLRVNEQDH 182
Fugu EPNSSAEDIK- - -FSLFKDGECVHHHTQISGATTPNQ- - -NTSTN- -PVGVEYP - - -SAN a4
Seabass CPNMTGEVFT---TTVLKEDKIIFEHTCHKEGYSLECTPSNTSSNPIMVGMELHKHEDNE 108
Rock bream EPELPGKEVT - - -FMLFKDQEMIYNWTRSHEKNATNYEPPHA - - - RVGVVLREKADNK as
Mouse CRYSYNLLAKEFRASLYKGWNSDVEVCVGNGNFTY -QPQFRS ——- - - HAEFNCDGDFDME 94
Human EKYSYNLFSREFRASLHKGLDSAVEVCVVYGHYSQ-QLOVYS  KTGFNCDGKLGNE 187
*® .
>
Rockfish - -TFMLTGVNASSYGTYREEVKVIMYPPPHLQACS - ACTHVQVE - GHQEK LNKDDEKSETD 145
Grouper SASFTLTGVNASSYGIYRICEVHIMFPPPLRKVPSTLSILVRVK -GHQ-BTVNET ¥ 148
Trout TVSFVLSGMTTERAGVYTEEGYPMYPPEIEKVPDEPQTLVLVE - AFQCQAGGCVGPR - - - 158
Fugu SPNFTITGVNASSHGIYTCEVTEMEPPPUMTLYSDLRILVLIE -GHQESAKD-------- 145
Seabass TVSYILKGVNASSHGIYREVGKD|LFPPPLKEKPSDLKILLLIK - GHQENPGMCDNAH - - - 156
Rock bream SVHFRLTEVNASSLGVYREEGMVTYPPPY|LKKTSDLRILVLVE -GLQETDNDNCHLT - - - 151
Mouse TVTFRLWNLHVYNHTDIYFEK IEFMYPPPY/LDMERSNGTIIHIKEKHLEHTQS - - -5- - - - 147
Human SVTFYLQNLYVNQTDIYFEK IEVMYPPEY|LDMEKSNGTITHVKGKHLEPSPLFPGP - - - - 163
HE S P EEE HE *
<Transmembrane > <Cvtoplasmic tail
Rockfish DKKPETAGDQKDGFLWIWILGLVLLGVYSLTVTITAVITWVKLRGAD - SQSDYMHTKPKA 264
Grouper IIKPATEEAQKDGFLWIWILGIVVLGYYGIIVTIVATI TWAKWRQSD - SQCDYMNTKPKA 287
Trout  —mmemo-- VHGVPYWAWMLGFINTTIYGLVYVTVFAFVIWLRLRRVECSQSDYMDIKPKA 289
Fugu -KNPTIRENQTCGCGWMWIFALY-IGSYSYTVTIGAIIIWVKWRRED - SQSDYINTIISKT 202
Seabass = 0 0o--------- EDQTTVLPWILTFAAVSTYSVTVTIFATVSWIKLRRTD - SQSDYMNTKPKA 286
Rock bream ------- TERVHNNTFLWLTAVVVLSIYSLIATTIALVYWMKLRNAD - FQUDYINTKPSA 283
Mouse ~ —-——-ooo-o- PKLFWALVVVAGVLFCYGLLYTVALCVIWTNSRRNRLLQSDYMNMTPRR 196
Human  —-----oo--- SKPFWVLVVVGGVLACYSLLYTVAFIIFWVYRSKRSRLLHSDYMNMTPRR 212
. * . ® . E 3 . A MO . .

Rockfish S-RDRKKKRGVQIPIPRHF ----- 222

Grouper T-RDRKKKRGVQIPIPRHF ----- 225

Trout PLRGHRKKQGVQHPIRMGRY--- 220

Fugu T-RYNK--RKLHIPTMHYFYAPN 222

Seabass S-RDRKKKRGVQNPTIPKHF - -- - 224

Rock bream P-RGRGKKRGVTMPIPRHF - - - - - 221

Mouse PGLTRKPYQPYAPARDFAAYRP- 218

Human PGPTRKHYQPYAPPRDFAAYRS- 234

Fig. 4.7. Multiple alignment of teleost and mammal CD28 amino acid
sequences. The predicted signal peptide, Ig domain and transmembrane of
marbled rockfish CD28 are labelled above the alignment. Conserved cysteine
residues are shaded in grey. Conserved residues within all the sequence are
marked with asterisks (*), while double (:) and single dots (.) indicated the
similarities between the amino acids. The conserved MYPPPY motif and YMNT
motif were boxed. The predicted N-glycosylation site were bold in red and O-
glycosylation were bold in red and underlined. The corresponding GeneBank
accession numbers: Orange-spotted Grouper (Epinephelus coioides,
DR711304.1), Rainbow Trout (Oncorhynchus mykiss, NP_001118004.1), Fugu
(7akifugu rubripes, DAA05843.1), European Seabass (Dicentrarchus labrax,
AIK66542.1), Rock bream (Oplegnathus fasciatus, ARP51378.1), Mouse (Mus
musculus, NP_031668.3) and Human (Homo sapiens, CAD57003.1).
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Rock bream CD28 (ARP51378.1)

&0 4| Marbled rockfish CD28

57 Orange spotted grouper CD28 (DR711304.1)

54 European seabass CD28 (AIK66542 1) Teleost CD28

79 Fugu CD28 (DAADSE43.1)

| Rainbow trout CD28 (AAWT8853.1)

i 100 | Rainbow trout CD28 (NP 001118004.1)

Rainbow trout CTLA4 (AAWWTEE54 1)

e — Human CD28 (CAD5T003.1)

Mammalian CD28

100 Mouse CD28 NP 031668.3

Orange spotted grouper CD3 epsilon (ARAS0651.1)

0.20

Fig. 4.8. Phylogenetic tree analysis of the SebCD28 with other known teleost
and mammalian CD28 molecules. The SebCD28 was cluster into teleost CD28
molecules. Orange-spotted grouper CD3e was used as an outgroup. The
sequences were aligned using CLUSTAL W and the tree was generated using
neighbour-joining method in MEGA 7.0. The bootstrap values are shown at
the branches, and the branch length scale indicated below the tree

represented genetic distance.
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4.3.5 Characterization of Sebastiscus marmoratus IL-1
(SebIL-1B)

The full-length cDNA SebIL-1B (GenBank accession no. LC573978) was
found to be 1330 bp and containing an open reading frame that encoded 264
amino acids. The IL-1 family signature was well conserved in the teleost and
was found between 227 and 247 amino acids in SebIL-1B. An analysis of
SebIL-1B sequence revealed the one N-linked and six O-linked glycosylation
sites. Like other teleost IL-1B, SebIL-1pB lacked a signal peptide. To date, IL-
1B has been identified from rainbow trout (Zou et al., 1999), common carp
(Fujiki et al., 2000), European seabass (Scapigliati et al., 2001), channel
catfish (Wang et al., 2006), yellowfin seabream (Jiang et al., 2008), orange-
spotted grouper (Lu et al., 2008), ayu (Lu et al., 2013), Atlantic bluefin tuna
(Lepen Pleic et al., 2014), and large yellow croaker (Wu et al., 2015).

Multiple alignment of SebIL-1 amino acid sequence with other teleosts,
mouse and human IL-1p sequences was shown in Fig. 4.9. Among the teleost,
SebIL-1B shared highest amino acid identity with large yellow croaker (57 %),
but the low identity 23-26 % with mouse and human IL-1B (Table 4.6).
Phylogenetic analysis showed that SebIL-1 formed a cluster with teleost IL-
1B (Fig. 4.10).

It has been reported that IL-1 gene of rainbow trout lacks the classical
IL-1B-converting enzyme (ICE) clevage site which is necessary for production
of IL-1B protein from the precursor molecule in mammalian IL-18 (Black et

al., 1989; Kostura et al., 1989; Howard et al., 1991; Zou et al., 1999).
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This feature has been observed in other teleost IL-1B including SebIL-
1B. Non-mammalian vertebrates processing IL-1B with no cleavage site and
release active IL-1B protein though specific enzyme actions (Irmler et al.,
1995). Several studies have shown that recombinant IL-1B protein enhanced
inflammatory response to bacterial or parasitic infection in fish (Watzke et al.,
2007; Morrison et al., 2012). Vojtech et al. (2012) demonstrated the
processing and secretion of zebrafish IL-1B related with caspase orthologs in
response to a pathogen Francisella noatunensis. Teleost fish probably has
different mechanisms to produce active mature IL-1B from that in mammals,
but the functions in the immune system may be similar to that in mammalian
IL-1B.

Table 4.6. Amino acid identity of IL-1 among teleost and mammalian species.

Species (scientific name) GeneBank accession Amino acid
number identity (%)
Large Yellow croaker IL-1f3 KAE8285371.1 57
(Larimichthys crocea)
Turbot 1B CAC33867.2 34
(Scophthalmus maximus)
Nile Tilapia 1 XP_019221386.1 34
(Oreochronis niloticus)
Orange-spotted grouper IL-13 ABV02593.1 33
(Epinephelus coioides)
Atlantic salmon IL-1 AAT36642.1 33
(Salmo salar)
Zebrafish IL-1B (Danio rerio) AAQ16563.1 32
Common carp IL-1B BAA24538.1 32
(Cyprinus carpio)
Japanese flounder IL-13 BAM66988.1 30
(Paralichthys olivaceus)
Gilthead seabream IL-1 CAC81783.2 30
(Sparus aurata)
Human IL-1B (Homo sapiens) AAA36106.1 26
Mouse IL-1B (Mus musculus) NP_032387.1 23
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Rockfish ----------- MMGDFDLS-DALDSS5D-5GETTCES- -RCLNITOVQDKSFFRLMEGLN LVYSHNL - -ATLQSCAYLLLAVNKMKKALT - - 73

Croaker  ------------ MCDFDLS-QALSDDSPGIDEPEFKS- - CCFHMKDLQD-NIFTLDDGLE LWWSHDP- -KTMQCIATLLLAVNRLKRPLT - - 72
Flounder ------------ MSDFDLS-QALESPLE-SEEKGFKS- -FCFDKTOVPD-EVINLDTELD LRISRNP - -GSIKGAATLLLLANRMENVLS - - 71
Carp MACHEYVHQLDLSEAFETD-SATYSDSADSDELDCPDPQSM - - - ----- SCQCOMHD-IK LELSSHP - -HSMRQVVNI TIAVERLKHIKN- - 78
Zebrafish MACGQYEVTIAPKNLWETD-GAVYSD- - -SDEMDCSDPLAM ~~=- =" SYRCOMHEGIR LGMWTSQ- -HKMKQLVNYI TALNRMKHIKP - - 76
salmon -- -- -- -- - -MEFESNYSLIKNTSESKAWSSKLPQGLD LEVSHHP - - TTMRHIANL ITAMERLKGGEG-V 56
Bream - --MESEM ----- TCNVREMWSSKMPEGLG LETAHHP - - TTMKSVVNLVIAMERLKGNVLDS 48
Grouper - --MESQM ----- TCNVSEMWSSRMPEGLE LETSHHP - - LTMKHVANLITATQRFKGIISES 48
Turbot  memmemme o e MEYNM ---- ECNMSEMWSNKMPQGLD LETSHHP - -MTMRRVVNLI TAMERLRAGAGSE 48
Tilapia  ----------------mmmmmmeooeooo- MDFKM ===~ SYMAEEWSLKMPTGLD LEVSHHP - -WTMKRVVNLITAMERLKSSNSEP 47
Mouse MATV - PELNCEMPP - FOSDENDLFFEVDGPQKM --------- KGCFQTFDLGCPDESIQ LQISQQHINKSFRQAVSL IVAVEK LWQLPY - - 76
Human MAEV-PKLASEMMAYYSGNEDDLFFEADGPKQM ---------- KCSFQDLDLCPLDGGIQ LRI SDHHY SKGFROAASVVVAMDK LRKMLY - - 77
PoE I S
Rockfish RCGRELRDEELCSAIMESLVTETIVPAT ESSSAGVK-KIFLRMNSDDRCTLCOTSKKDIVT-S ---- RDLKLQAITLSGGNCDRKVTF KLARYMTD---- 163
Croaker  RCCREINDGELCSSIMESLVEETIVEKT ENLSMAVR-RIFQRVNSEKMLTLTDSEQKDIVCGN -- - -GELKLEAITLRGGNCERKVNFKLERYITPCVSP 175
Flounder QKGQ--SDSERCRMLMDSVIETTIVKTF ENNSIGER-RLDFRRLSSWECSLTDQNNKGIICKS ---- KDLKLLALTLTAADYIHKVKF KMGTYGSP----'  16@
Carp MSSGKFCDEELLGFILENVIEERLVKPL JETPIYSK ----- TSLTLQCTICOKYKKTMVQSNKLSDEPLHLKAVTLSAGAMQYKVQF SMSTFVSS-ATQ 171
Zebrafisl 0Q5-TEFGEKEVLDMLMANVIQEREVNW DSWPSYTK------ TKNVLQCTICOQYKKSLVRSE - - - - GSPHLQAVTLRAGSSDLKVRF SMSTYASPSAPA 165
salmon TMGTEFKDKDLLNFLLESAVEEHIVLEL ESAPPTSRREAGFSSTSQYECSVTDSEMKCLVLNMS -- - - EAMELHAMMLQGGESGYHKVHL NLSTYVTPVPIE 153
Bream PRGTEFTDENLLNILLESAVEERTVFER TAKPAQ- - - -- - YTYNFQSLYSVMDSEQRHLVRVP - - - - NSMELHAVMLQGGETGNCQVL NMATYLPPTPS- 145
Grouper  VLGTEFRDEHLLSIMLESIVEERMVFGC EATPPTD- -EDMITRTREYDCTVEDEEKRSLVRVN - - - - NSLVLHAVMLQGGTDLKQUKL NMSMYLHPAPS- 143
Turbot PLGTEFRDENLLSVMLESIVEEHIVFER S55PPD- - - - - QFSRTGVHRCSVTDEQKRMFVLVR -~ - - NSMELHAVMLQGGSDNRKVNL NMSTYVHPSPS- 148
Tilapia  VLSTEFQDESLLSIMLESIVEEHSIIER TAGPPQ------ FTSRDETECTVIDSQKRSLVLLH -- - - SSMELHAVMLQGGSEDRKVHL NMSTYAHPTPI-  148|
Mouse SFPWTFQDEDMSTFFSFIFEEEPILCDS LDDDDML - - LVCDVPIRQLHYRLRDEQQKSLVLS --- - - DPYELKALHLNGQNINQQVIF SMSFVQGE-PS- 169
Human PCPOTFOENDLSTFFPFIFEEEPIFFDT WOMEA- - - - YWHDAPVRSLNCTLRDSQQKSLVMS - - - - GPYELKALHLQGODMEQQVVF SMSFVOGE-ES- 168
. . P .. . P

® E, =

Rockfizh  S55GQSVLLSITNTNLHISCSMENGEK- -AVLKLEECS-AQNLKRISDDG NMDRFLFYKSTTATSLNSFESVKHPGWFISTC - - EGDQPAVEMCTVDATDRL 258

Croaker GEGQPVWLSITNNNMHISCTMNDGK- -AVLKLEECC-EETLSRISDDG NMDRFLFYRRITGMNLTTFESVKCPGWFISTSY- ECENQPVEMCKANTVRRY 363
Flounder GIGQTWLSIINHNLYISCTMNGDI- -AELKLEECS-AEQLKVIRSDG TNDRFLFFLRETGYNVKTFESVKCRGWFISTSY- EKEEKPVEMCKVDSVSRVI 265
Carp KEAQPVCLGISNSNLYLACTQLDGS - SPVLILKEASGSVNTIKAGDPN - -DSLLFFRKETGTRYNTFESVKYPGWF ISTAF - -DDWEKVEMNQMPTTR-T 262
Zebrafisl TSAQPVCLGISKSNLYLACCPAEGST SPHLVLKEISGSLETIKAGDPN GYDQLLFFRKETGSSINTFESVKCPGWFISTAY- - EDSQMVEMDRKDTER-I 251
Salmon  TKARPVALGIKGSNLYLSCSKSGGR- -PTLHLEEVANKEQLKSISQQS DMVRFLFYRRNTGVDISTLESAGFRNWFISTDMOQDNTKPVDMCQKAAPNRL 236
Bream AEAVTVTLCIKDTNLYLSCHKEGDD- -PSLHLEAVDDKDSLLRITPGS DMARFLFYKHVTGLNNS TLVSVPESNWYISTA- - EENNKPVDMCQESARR -H 239
Grouper  VEGRTVALGIKGTQYYLTCRKDGTQ--PTLHLETIT-KDSLASIDPNS DMVRFLFYKQISGVNVSTLMSVAHPNWYISTA- - EADNHPVEMCQESTSR-Y 237
Turbot TEARPVALGIRGTNLYLSCQQEDGY- -PTLHLEEVEDKSSLLAISGES DMVRFLFYKRDSGVNISTLMSARFPNIWYISTS - - EQDNKPVEMCQESAQR-Y: 235
Tilapia AETRPVALGIKGTNLYLSCHKDDDK--PTLHLEEVTDKNSLSRISAES DMVRFLFYKRDTGVSISTLMSVRYPNWYISTA--QDDDQVVEVCQETAPR-Y 256
Mouse NDKIPVALGLKGKNLYLSCVMKDGT - - PTLQLESVDPKQYPK - - - - - k& KMEKRFVFNKIEVKSKVEFESAEFPNIWYISTS - -QAEHKPVF LGNN-SGQDI 359
Human NDKIPVALGLKEKNLYLSCVLKDDK - -PTLOLESVDPKNYPK----- ¥ KMEKRFVFNKIEINNK LEFESAQFPNWYISTS - -QAENMPYFLGETKGGODT 259
£ 3 . :3 * *: e . *_ _$:$** A * .
Rockfish INFNMN-- ---------  264|
Croaker TCFKTN-- --------- 269
Flounder FSFKTN--S-------- 244
Carp TNFTLEDQ ----- - 282
Zebrafisl INFELQDK KRI------ 276
salmon  TTFTIQRHVRI------ 273
Bream RIFKFLPPN--------  26@
Grouper RAFTFSAIKPEVEGGEC 253
Turbot  QTFSIQRQKEETPTA-- 254
Tilapia RSFNIQLQI-------- 246
Mouse IDFTMESV 55- - 269
Human TDFTMQFV 55------- 269

*

Fig. 4.9. Multiple sequence alignment of teleost and mammal IL-18 amino
sequences. Conserved residues within all the sequence are marked with
asterisks (*), while double (:) and single dots (.) indicated the similarities
between the amino acids. The conserved motif of IL-1 signature are
highlighted in yellow. The predicted N-link glycosylation sited were bold in red
and O-glycosylation sites were bold in red and underlined. The corresponding
GeneBank accession numbers: Large Yellow Croaker (Larimichthys croces,
KAE8285371.1), Japanese Flounder (Paralichthys olivaceus, BAM66988.1),
Common Carp (Cyprinus carpio, BAA24538.1), Zebrafish (Danio rerio,
AAQ16563.1), Atlantic Salmon (Sa/mo salar, AAT36642.1), Gilthead seabream
(Sparus aurata, CAC81783.2), Orange-spotted Grouper ( Epinephelus coioides,
ABV02593.1), Turbot (Scopahthalmus maximus, CAC33867.2), Nile Tilapia
(Oreochromis  niloticus, XP_019221386.1), Mouse (Mus musculus,
CAA28637.1) and Human (Homo sapiens, AAA36106.1)
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21 Large yellow croaker IL-1b (KAEB285371.1)
a7 4:{ Marbled rockdish IL-1b |
5 L— Japanese flounder IL1b (BAMG6990.1)
Commaon carp IL-1b (BAA24538 1)

84 4m|:29braﬁsh IL-1b (AAQ16563.1) Teleost

IL-1 beta

Atlantic salmon IL-b (AAT36642.1)

Orange spotted grouper IL-1b (ABV02593.1)

35
Gilthead seabreamlL-1b (CACE1783.2)

Tilapia IL-1b (XP 019221386.1)
Turbot IL-1b (CAC33867.2)

45

[ Human IL-1b (AAA36106.1) TEETEHEH
100 Mouse IL-1b (CAA28637.1) -ibeta

Zebrafish IL-22 (NP 001018628.1)

Fig. 4.10. Phylogenetic tree analysis of the SebIL-1B with other known teleost
IL-1B molecules. The SebIL-1B was cluster into teleost IL-1 molecules.
Zebrafish IL-22 was used as an outgroup. The sequences were aligned using
CLUSTAL W and the tree was generated using neighbour-joining method in
MEGA 7.0. The bootstrap values are shown at the branches, and the branch

length scale indicated below the tree represented genetic distance.
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4.3.6 Characterization of Sebastiscus marmoratus IFN-y
(SebIFN-y)

The full-length cDNA SebIFN-y (GenBank accession no. LC573979) was
found to be 1187 and containing an open reading frame that encoded 206
amino acids. An analysis of SebIFN-y sequence revealed the presence of a
signal peptide. One N-linked and ten O-glycosylation sites were predicted in
SebIFN-y. To date, IFN-y has been reported from fugu (Zou et al., 2004),
rainbow trout (Zou et al., 2005), green spotted pufferfish (Igawa et al., 2006),
Atlantic salmon (Robersten, 2006), channel catfish (Milev-Milovanovic et al.,
2006), common carp (Stolte et al., 2008), goldfish (Grayfer & Belosevic, 2009),
Atlantic cod (Furnes et al., 2009) and turbot (Pereiro et al., 2016).

Multiple alignment of SebIFN-y amino acid sequence with other teleosts,
mouse and human IFN-y sequences was shown in Fig. 4.11. Phylogenetic
analysis showed that SebIFN-y formed a cluster with other teleosts IFN-y (Fig.
4.12). Among the teleost, SebIFN-y shared highest amino acid identity to
orange-spotted grouper (70 %), but the low identity 21-28 % with mouse and
human IFN-y (Table 4.7).

C-terminal region of SebIFN-y showed an IFN-y signature sequence
(I/V-Q-X-K/Q-A-X2-E-L/F-X2-I/V) and NLS motif that was conserved in other
IFN-y molecules (Peng et al., 2018). The nuclear localisation sequence (NLS)
in mammals is essential for the biological activities and translocation of STAT1
into the nucleus. The deletion or modification of the NLS motif in mammals

showed blockage of the nuclear translocation of STAT1 induced by
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exogeneous IFN-y (Subramaniam et al., 1999). Indeed, deletion of the C-
terminal region of rainbow trout IFN-y impaired the biological activity in
induction of gene expression of IFN gamma inducible protein 10 (Zou et al.,

2005).

Table 4.7. Amino acid identity of IFN-y among teleost and mammalian species.

Species GeneBank Amin_o acid
accession number identity (%)
Orange spotted grouper IFN-y AFM31242.1 70
(Epinephelus coioides)
Rock bream IFN-y QDE10278.1 70
(Oplegnatus fasciatus)
Japanese flounder IFN-y BAG50577.1 62
(Paralichthys olivaceus)
Atlantic salmon IFN-y NP_001117030.1 30
(Salmo salar)
Common carp IFN-y CAJ51088.1 29
(Cyprinus carpio)
Rainbow trout IFN-y NP_001118092.1 28
(Oncrohynchus mykiss)
Zebrafish IFN-y-1 (Danio rerio) BAD72865.1 23
Channel catfish IFN-y-1 AAZ40506.1 21
(Ictalurus punctatus)
Mouse IFN-y (Mus musculus) NP_620235.1 21
Human IFN-y (Homo sapiens) NP_000610.2 28
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Fig. 4.11. Multiple sequence alignment of teleost and mammal IFN-y amino
sequences. Conserved residues within all the sequence are marked with
asterisks (*), while double (:) and single dots (.) indicated the similarities
between the amino acids.The signature IFN-y motif was highlighted in yellow
colour and NLS region were boxed. The predicted N-linked glycosylation sites
were bold in red and O- linked glycosylation sites were bold in red and
underlined. The corresponding GeneBank accession numbers: Rockbream
(Oplegnathus fasciatus, QDE10278.1), Japanese Flounder (Paralichthys
olivaceus, BAG50577.1), Orange-spotted Grouper (Epinephelus coioides,
AFM31242.1), Atlantic Salmon (Sa/mo salar, CAH56503.1), Rainbow Trout
(Oncorhynchus mykiss, NP_001153976.1),
punctatus, AAZ40506.1), Zebrafish (Danio rerio, BAD72865.1), Common carp
(Cyprinus carpio, CAJ51089.1), Mouse (Mus musculus, NP_032363.1) and
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Fig. 4.12. Phylogenetic tree analysis of the SebIFNy with other known teleost
IFNy molecules. The SebIFNy was cluster into teleost IFNy molecules.
Zebrafish IL-22 was used as an outgroup. The sequences were aligned using
CLUSTAL W and the tree was generated using neighbour-joining method in
MEGA 7.0. The bootstrap values are shown at the branches, and the branch

length scale indicated below the tree represented genetic distance.
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4.4 SUMMARY

T cell markers (CD4, CD83, CD3g, CD28) and cytokines (IL-1B and
IFNy) were cloned and characterized through multiple alignments of amino
acid sequences and phylogenetic analysis for each target genes. The primary
structures for each characterized genes were highly conserved among the
teleost. T cell markers and IFN y in marbled rockfish showed high homology
with that in orange-spotted grouper. By contrast, SebIL-1B showed high
homology with that in large yellow croaker. These characterized genes are
useful for studying the immune responses to Ochroconis infection in marbled

rockfish.
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CHAPTER 5

Analysis of immune relevant genes expression
in various organs of intact fish, activated
leukocytes with immune stimulants, and in spleen
of the infected fish
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5.1 INTRODUCTION

In chapter 2 and 3, I proposed that occurrence of Ochroconis infection
in marbled rockfish was age-dependent, the younger fish was more
susceptible to the infection. The histopathological changes in the younger fish
were characterized by intense inflammatory response in several organs, while
the older fish showed low or no inflammatory responses. In chapter 4, some
immune relevant genes of marbled rockfish were cloned and characterized.
These genes could be used for studying the immune response by analysis of
the gene expression in fish stimulated with antigens and infected with
pathogens.

Previous studies showed that early control to bacterial infection
depends on the secretion of cytokines through the generation of a protective
Th1 response (Kalinski, 2012; Babadjanova et al., 2015). Th1 cells govern the
protective response against pathogens such as bacteria, fungi and protozoa
(Ashfaq et al., 2019). Production of i cytokines at the early stages of bacterial
infection is a critical factor for host protection and bacterial clearance
(Medzhitov & Janeway, 1997; Pashine et al., 2005). Several studies reported
that secretion of cytokines such as IFN-y, TNF-a and IL-12, provide immediate
control over Francisella tularensis replication in the case of intracellular

infection (Elkins et al., 2003; Duckett et al., 2005).
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Th1 cell-mediated immunity is classified as “protective” responses to
fungal infection, which involves the production of cytokines such as IFNy
which stimulates macrophage activation (Traynor & Huffnagle, 2001; Blanco
& Garcia, 2008). In the adaptive cell-mediated immune response, IFNy is
mainly produced by NK cells, CD4+ T cells (Th1l) and CD8+ T cells (CTL) in
response to MHC-presented antigens (Robertsen, 2006). IFNy produced by T
and NK cells is a key cytokine both in the innate and adaptive immunity to
invasive fungal infection. It stimulates migration, adherence, and antifungal
activity of neutrophils and macrophages against Candlida albicans, Aspergillus
fumigatus and Fusarium solani (Lyman et al., 1994; Gaviria et al., 1999;
Antachopoulos & Roilides, 2005).

In this chapter, three objectives were set to evaluate differences in the
immune response of younger and older marbled rockfish to Ochroconis
infection. First, expression of the genes (CD4, CD8B, CD3s and CD28) in
several organs of healthy marbled rockfish was analyzed to confirm whether
these genes are expressed in T cells. Second, gene expression of T cell
markers and cytokines (IFN-y and IL-1B) in the leukocytes activated with
immunostimulants was examined to demonstrate that these genes have
similar functions as immune relevant genes in mammals or other fish species.
Third, the gene expression in a lymphoid organ of younger and older marbled
rockfish after the injection with O. Aumicola was studied to find the difference

of the immune response between these fish.
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5.2 MATERIALS AND METHODS

5.2.1 Tissue collection from healthy fish

Five healthy marbled rockfish (77 £ 2.2 mm, 10.7 + 1.4 g) were used.
After fish were euthanized by overexposure to FA100, kidney, spleen, thymus,
gills, intestine, brain and liver were removed. The tissue samples were then
placed in 1mL of Trizol reagent (Invitrogen, Carlsbad CA, USA) for RNA

extraction.

5.2.2 Preparation and stimulation of kidney leukocytes

Three marbled rockfish (77 £ 2 mm, 9.5 £ 0.7 g) were used in this
study. Head kidney tissue was aseptically removed from fish and placed in the
minimal essential medium (MEM; Nissui Pharmaceutical Co., Tokyo, Japan)
adjusted to pH7.0 and supplemented with 5% fetal bovine serum (FBS; JRH
Bioscience, KS, USA), 14 mM Hepes, 1.4 mM NaHCO3, and 4 mM L-glutamine.
The kidney leukocytes were collected by gently pressing the tissue through a
150-gauge mesh stainless steel sieve in MEM medium.

The erythrocytes were removed with the hypotonic lysis method
modified from Hu et al. (2018). The erythrocytes were disrupted by mixing
the kidney cell suspension with 500 pL sterile distilled water and 5 pL DNase
(Takara, Shiga, Japan) for 30s. Five mL MEM was then added to prevent cell
destruction. The kidney leukocytes were then washed by centrifugation at 350
g for 5 min at 4°C. Freshly prepared kidney leukocytes were seeded into 24
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well culture plates at 10° cells/mL. These cells were stimulated with 25 pg/mL
LPS or 10 pg/mL poly I:C for 6 h, 12 h and 24 h. After the incubation, the

cells were re-suspended in 1 ml of Trizol reagent for RNA extraction.

5.2.3 Collection of spleen from fish injected with O. humicola

Marbled rockfish were obtained in different months from a commercial
fish hatchery, and their body sizes were 52 £ 1.5 mm, 3.6 £ 0.4 g on October,
and 77 £ 2.2 mm, 10.9 £ 1.3 g on December. The fish obtained in October
and in December were categorized as the younger and older fish, respectively.

O. humicola NJM 1503 was cultured on PYGS agar (0.125 % peptone,
0.125 % yeast extract, 3 % glucose, and 1.2 % agar in artificial seawater)
at 25°C for three weeks. Conidia were suspended from the fungal colony with
phosphate buffer saline (PBS) by gently scratching using at 1.0 uL inoculation
loop (Sarstedt AG & CO., Nimbrecht, Germany). The collected conidia were
counted using a haemocytometer (Erma, Tokyo, Japan) and adjusted to a
concentration of 1 x 10° conidia per 50 L of PBS.

Fish were intraperitoneally injected with the 50 pL conidia suspension
and 50 uL PBS for challenge and control group, respectively. Five fish from
each category were sampled at 5, 7 and 10 days post-injection (d.p.i.) and
sacrificed with overexposure to FA100 (10 % eugenol solution, Tanabe Co.
Ltd, Tokyo, Japan). The spleen was removed and placed in 1 ml of Trizol

reagent for RNA extraction.
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5.2.4 RNA extraction and cDNA preparation

Total RNA was extracted from tissues samples using Trizol reagent
(Invitrogen, Carlsbad CA, USA). In brief, tissues samples were manually
disrupted in 1 mL of Trizol using a micro homogeniser. The procedure was
then continued following the manufacturer’s instruction. Finally, RNA pellets
were eluted in 30 L DEPC water and stored at -80°C until used. One pg of
RNA was used to synthesize first strand of cDNA in each sample using
ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan) following the

manufacturer's instruction.

5.2.5 Evaluation of immune gene expression by real-time PCR

Real-time PCR was performed using 7500 real-time PCR system
(Applied Biosystems, CA, USA). Marbled rockfish B-actin gene was used as the
reference gene. Briefly, the mixture for quantitative-real time PCR (qRT-PCR)
was prepared using a cDNA corresponding to 1ug of total RNA, KOD SYBR
gPCR mix reagent (TOYOBO) and specific primers for each target genes in a
total volume of 20 pL. The PCR conditions were 98°C for 2 min, followed by
40 cycles of 98°C for 10 s, 55°C (CD4, CD3¢, CD28, IFN-y and B-actin) or
60°C (IL-1B and CD8p) for 10 s, 68°C for 30 s. The specific primers used for
gRT-PCR were listed in Table 5.1.

Triplicate reactions were performed for each template cDNA. Relative

standard curves for genes of interest were constructed using a serial dilution
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series with 108 - 10! copies/JL of each cDNA clone inserted into pGEM vector,
to estimate the transcript copy number of expressed genes. The expression
levels for each gene were normalized to the expression of a house-keeping

gene (B-actin).

5.2.6 Statistical analysis

For expression analysis of T cell marker genes in several organs of
healthy marbled rockfish, the fold data were indicated as the mean + SD,
relative to the gene expression in the brain as a reference indicator. Statistical
significance was estimated using Kruskal Wallis followed by Steel-Dwass
multiple comparison test (p<0.05).

For gene expression analysis in the leukocytes after immune
stimulation, the fold data were indicated as mean + SD, relative to the 0 hours.
Statistical significance was estimated using ANOVA, followed by Dunnet multi
comparison test (p<0.05).

For gene expression analysis in the spleen of injected fish, the fold data
were indicated as mean £ SD, relative to gene expression in the spleen of
PBS-injected fish at the same sampling time. Statistical significance was

estimated using student paired 7-test (p<0.05).
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5.2.7 Ethics statement

All animal experiments were performed under the guidelines of the
Animal Experiments Committee at Nippon Veterinary and Life Science
University, and all experimental protocols were endorsed by the committee

according to authorization 2019K-39.

Table 5.1. Primer used for real-time PCR analysis.

Primer Sequence (5' — 3")

Seb B actin F AGGGAAATCGTGCGTG

Seb B actin R ATGATGCTGTTGTAGGTGGT

Seb CD4 RT F CTCACTGATCATCACAAACATC
Seb CD4 R2 GAGAGGCCCGGATTTAGACGTATAC
Seb CD8B F GTGGACGAAAAACGCATC

Seb CD8B R GAAATAAGTCCAACCAGCGGC
Seb CD28 F2 CACACTCTCAGTGCAAAAGATC
Seb CD28 R2 CTCCAGTGAGCATGAAAGTGTC
Seb CD3e RT F2 CAGGTGACTTGTCTCTATCCCATC
Seb CD3e RT R2 CATTATTTTGGACATGTTGTTGAC
Seb IL-1B F GGTGACCGAAACCATCGTC

Seb IL-1B R2 GTAGAAGAGGAACCGGTCCATG
Seb IFNg2 F GGAGGTGAAGAGGATGTTTATG
Seb IFNg2 R CCATCTGGATGTGTTTGAG
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5.3 RESULTS

5.3.1 Gene expression of T cell markers in several organs

The expression levels of SebCD4, SebCD8 and SebCD3¢€ genes in the
thymus was the highest among the organs (Fig. 5.1, 5.2 & 5.3). The spleen
also showed comparatively high levels in the expression of these genes. In
the levels of SebCD4 gene expression, the gills, kidney, intestine and liver
were not significantly different from the spleen. On the other hand,
comparatively high levels of SebCD8 and SebCD3e gene expression were
observed in the intestine, and also the gills for SebCD3€ genes. By contrast,
the level of SebCD28 gene expression was the highest in the liver (Fig. 5.4).
The expression level of SebCD28 in the thymus was not significantly different
from other organs such as the spleen, kidney, intestine and gills. The brain

showed the lowest levels in the gene expression of all T cell markers.
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Fig. 5.1. SebCD4 gene expression in various organs of marbled rockfish. The different

letters indicate significant differences (p<0.05).
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Fig. 5.2. SebCD8B gene expression in various organs of marbled rockfish. The

different letters indicate significant differences (p<0.05).
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Fig 5.3. SebCD3e gene expression in various organs of marbled rockfish. The different

letters indicate significant differences (p<0.05).
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Fig. 5.4. SebCD28 gene expression in various organs of marbled rockfish. The

different letters indicate significant differences (p<0.05).
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5.3.2 Immune relevant gene expression in the activated leukocytes

The gene expression of SebCD4, SebCD8B, SebINFy and SebIL-1B
were examined in kidney leukocytes after stimulated with LPS and poly I:C.
The levels of SebCD4 genes in the leukocytes were upregulated 12 h after the
stimulation with LPS but no significant upregulation after poly I:C stimulation
(Fig. 5.5). The levels of SebCD8B genes in the leukocytes increased at 6 h

after both stimulation (Fig. 5.5).
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Fig. 5.5. SebCD4 and SebCDS8B gene expression in the activated leukocytes
by stimulation with LPS and poly I:C. Asterisks (*) indicate a significant

difference from the data at 0 h (p < 0.05).
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The levels of SebIFNy genes in the leukocytes were upregulated at 12
h and 24 h after the stimulation with LPS and at 6 h and 12 h after that with
poly I:C (Fig. 5.6). The levels of SebIL-1B genes in the leukocytes activated

by LPS or poly I:C increased after 12 h and 24h or 6 h and 24 h after the

stimulation, respectively (Fig. 5.6).
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Fig. 5.6. SebIFNy and SebIL-18 gene expression in the activated leukocytes
by stimulation with LPS and poly I:C. Asterisks (*) indicate a significant

difference from the data at 0 h (p < 0.05).
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5.3.3 Immune relevant gene expression in the spleen after

injected with O. humicola

In the SebCD4 gene, the younger marbled rockfish showed significant
increase of the gene expression at 5 and 7 d.p.i and the expression became
decrease at 10 d.p.i (Fig. 5.7). In older marbled rockfish, upregulation of
SebCD4 gene expression was also observed at 7 and 10 d.p.i (Fig. 5.7), but
the expression was induced slower than that in the younger fish.

In the SebCD8pB gene, the younger fish increased the level of gene
expression at 5 d.p.i and the expression was downregulated at 7 and 10 d.p.i
(Fig. 5.7). The levels of gene expression in the older fish showed no significant
difference during the experimental period (Fig. 5.7).

In the SebIFNy, the younger fish significantly upregulated the gene
expression throughout the experimental period (Fig. 5.8). In the older fish,
upregulation of SebIFNy gene expression was also observed at 7 and 10 d.p.i
(Fig. 5.8), but the expression was induced slower than that in the younger
fish.

The expression of SebIL-1B gene showed changes at 10 d.p.i in both
the younger and the older fish with different regulation pattern (Fig. 5.8). The
expression was significantly downregulated in the younger fish, whereas

significantly upregulated in the older fish.
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Fig. 5.7. SebCD4 and SebCD8 gene expression in the spleen of injected fish
with O. humicola. (A): younger fish. (B): older fish. Asterisks (*) indicate a
significant difference between O. humicola-injected and PBS-injected groups

at the same time point (p<0.05).
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Fig. 5.8. SebIFNy and SebIL-1B gene expression in the spleen of injected fish
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significant difference between O. humicola-injected and PBS-injected groups
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5.4 DISCUSSION

5.4.1 The determination of T cell makers

It is well documented that teleost T cells have the functional
equivalents and gene homologues to mammalian T cells (Wilson et al., 1998;
Boudinot et al., 2001; Edhom et al.,, 2007; Hansen et al., 2011). The
description of several T cell markers including CD4, CD8, CD3 and CD28
suggest that difference T cell subtypes exist in teleost fish (Laing & Hansen,
2011; Castro et al., 2011).

In this study, SebCD4, SebCD8B and SebCD3¢e were highly expressed
in the thymus. This result was consistent with findings observed in other fish
species (Moore et al., 2005; Laing et al., 2006; Dijkstra et al., 2006; Edholm
et al.,, 2007; Sun et al., 2007; Buonocore et al., 2008; Liu, et al., 2008;
@vergérd et al., 2009). The fish thymus has been known function for T cell
differentiation and development as observed in mammals (Castro et al., 2011;
Toda et al., 2011). Since the thymus is a primary lymphoid organ for T cell
lymphopoiesis and maturation in teleost (Hansen & Zapata, 1998), the higher
thymic expression pattern of SebCD4, SebCD8B, and SebCD3e has been
expected.

SebCD4, SebCD8B, and SebCD3e were moderately expressed in
immune relevant organs, especially in the spleen, gills, intestines, and
relatively low expression in the kidney. The expression of these T cells makers

in the spleen is reasonable because the spleen has been known as an
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important lymphoid organ in fish (Qi et al., 2016). Recent studies have
highlighted the importance of the gills (Haugarvoll et al., 2008) and intestine
(Boardman et al., 2012) as mucosal immune tissues in fish. Rombout et al.
(1998) demonstrated that the T cells were abundantly found in mucosal
immune tissues of carp, and these T cells represent a distinct subset from
those present in systemic lymphoid tissues.

The most significant variation between SebCD28 and other T cell
markers (SebCD4, SebCD8f, and SebCD3g) was shown in the expression
pattern. Expression of SebCD28 gene was highest in the liver but not in the
thymus. SebCD28 gene moderately expressed in other lymphoid organs such
as thymus, spleen, intestines and gills and this pattern was similar to finding
in other fish species. The expression of CD28 gene was detected in lymphoid
organs, liver, brain and heart in rock bream (Jeswin et al., 2017), while not
detected in the brain, heart and liver of half-smooth tongue sole (Hu et al.,
2012).

In humans, CD28 is expressed on CD4 and CD8 T cells, plasma cells,
neutrophils and eosinophils (Lee et al., 1990; Boomer & Green, 2010). Recent
studies have demonstrated that the existence of tissue-resident lymphocytes
(non-circulating lymphocytes) in the liver of mammals and these cells are
involved in innate and adaptive immune response (Gasteiger et al., 2015;
Wang & Zhang, 2019).

The SebCD4, SebCD8B, and SebCD3e consistently expressed in
lymphoid organs, and showed the highest expression in thymus. Based on the

expression pattern in lymphoid organs, it is convincing that SebCD4, SebCD8,
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and SebCD3¢e were true gene orthologs and considered as T cell markers for
marbled rockfish. With the different expression pattern of SebCD28, it has
remained unknown whether CD28 is truly expressed in T cells of marbled

rockfish.

5.4.2 Functional behaviour of the immune relevant genes

The expression of immune relevant genes was examined to verify
functional behaviour of the genes under the stimulation with LPS and poly I:C,
mimicking a pathogen infection. LPS, a component of the cell wall in Gram
negative bacteria has been known as a potent immunostimulant in fish
(Iwama & Nakanishi, 1996; Nya & Austin, 2010). LPS is beneficial to induce
non-specific immune responses, such as activation of complement alternative
pathway, phagocytic activity of the macrophage and proliferation of B and T
lymphocytes in fish (Nya & Austin, 2010). Poly I:C is a synthetic structural
analogue of double-stranded RNA which used to a mimic for viral infection
(Matsumoto & Seya, 2008;).

Upregulation of the SebCD8B was observed after LPS and poly I:C
stimulation. However, significant responses of SebCD4 genes was observed
only after LPS stimulation but not after poly I:C stimulation. A study
demonstrated that upregulation CD8 genes in the trunk kidney of Japanese
flounder after Edwardsiella tarda and viral hemorrhagic septicemia virus
infection (Kato et al., 2013). Moreover, CD4 gene expression was induced

after LPS stimulation in seabass kidney leukocytes (Buonocore et al., 2008).
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Patel et al. (2009) demonstrated that the gene expression of CD4 was not
significantly increased at the early stage of infection by Nodavirus and
suggesting that CD4 positive cells do not immediately proliferate after viral
infection. SebCD4 showed no significant responses after poly I:C stimulation
suggesting that 24 hours of experiment period may not be enough to observe
the upregulation of CD4 genes. Quickly upregulation of SebCD8B was
observed after poly I:C stimulation and this finding was similar as seen in
orange-spotted grouper (Xu et al., 2011). Poly I:C can activate cytotoxic T
lymphocytes and NK cells, which promoting adaptive immunity (Salem et al.,
2009). Taken together these observations, the gene expression analysis of
SebCD4 and SebCD8p can be used for estimation of T cell activity in marbled
rockfish.

The elevated expression levels of SebIFN-y were observed at 6 h and
12 h after poly I:C and LPS stimulation, respectively. The gene expression
induced by LPS stimulation was slower than that by poly I:C stimulation.
Furnes et al. (2009) demonstrated that Atlantic cod IFN-y gene expression by
formalin-killed Vibrio anguiflarum was lower when compared to poly I:C
stimulation, indicating that poly I:C is a potent stimulator for IFN-y production.
Previous works showed poly I:C was able to upregulate IFN-y gene expression
in zebrafish (Igawa et al., 2006) and grass carp (Chen et al., 2010). In the
present study, expression of SebIFN-y gene peaked at 6 h after poly I:C
stimulation, thereafter the expression tended to decrease. Verjan et al. (2008)
showed transient and quick IFN-y response in rainbow trout intraperitoneally

injected with recombinant hematopoietic necrosis virus glycoprotein.
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The expression levels of SebIL-18 showed rapid upregulation from 6 h
when treated with LPS and poly I:C but in different manners. The continuous
expression was observed in leukocytes stimulated with LPS. On the other hand,
the gene expression was downregulated after 12 h in leukocytes stimulated
with poly I:C. Gardella et al. (2000) reported positive regulation of IL-1 gene
by poly I:C in human dendritic cells and murine macrophages. Zou et al.
(1999) demonstrated that LPS is a potent inducer of IL-1B gene in head kidney
leukocytes and macrophages of rainbow trout. Previously studies reported
upregulation of IL-1f by LPS or poly I:C stimulation in carp head kidney
phagocytes (Engelsma et al., 2001), in sea bass blood, head-kidney, spleen,
gill and hepatic leukocytes (Scapigliati et al., 2001) and in orange-spotted
grouper PBL (Lu et al., 2008). Taken together with current results and similar
observation to other fish species, SebIFN-y and SebIL-1 seem to function in

the immune response of marbled rockfish.

5.4.3 The relevance between the immune response and age in

marbled rockfish

In this study, the difference of immune relevant gene expression
between younger and older marbled rockfish under the stimulation with the
pathogen O. humicola was analyzed. The results about the gene expression
showed a unique profile that the younger fish characterized quick and intense
responses, but the older fish characterized slow and moderate response. The

upregulation of SebCD4 and SebCD8 gene expression occurred in the younger

98



fish at 5 d.p.i but not in the older fish. At 10 d.p.i, the expression of these
genes became dropped to basal levels or lower in the younger fish. By contrast,
the older fish started to upregulate the gene expression of SebCD4 from 7
d.p.i and kept the expression until 10 d.p.i. The expression of SebIFNy gene
displayed a similar pattern with SebCD4 gene expression in both younger and
older marbled rockfish except for the response at 10 d.p.i.

The present results suggested the activation of helper T cells (Th) cells
of marbled rockfish by the injection with O. Aumicola. This is supported by
significant upregulation of SebCD4 and SebIFNy genes in the younger and the
older fish but in a different manner. The activation of T cells involved gene
expression such as CD4 and CD8 together with IFNy has been reported as
Th1l mediated response in Atlantic salmon infected with Salmonid alpha virus
subtype 3 (SaV3) (Xu et al., 2012). The primary source of IFN-y is T cells and
NK cells in mammals. Channel catfish T and NK cells also synthesize IFN-y
transcripts (Milev-Milovanovic et al., 2006).

The quick response of SebCD4 and SebIFNy in younger marbled
rockfish may correspond to the inflammatory response occurred in the adipose
tissues and liver. The upregulation of the SebCD4 and SebIFN-y transcripts in
the spleen of younger fish is probably related to maturation or migration of
immune cells to the adipose tissues and liver which showed severe damage
by the experimental challenge with O. Aumicola (chapter 3). Also, infiltration
of mononuclear cells was observed in the adipose tissues and liver of the
younger fish. IFN-y is an essential cytokine for the activation of mononuclear

phagocytes such as macrophages (Wang & Secombes, 2013).
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In this study, the differences between younger and older fish were
marked at 5 d.p.i and 10 d.p.i. Higher expression of SebCD4, SebCD8 and
SebIFN y were observed at 5 d.p.i in the younger fish, whereas these genes
were significantly induced at 10 d.p.i in the older fish. The dull and moderate
expression of SebIFN-y and SebCD4 in older fish seems to contribute the
resistant capacity to O. Aumicola infection but the exact mechanism remains
unclear. In Atlantic salmon fry challenged with infectious pancreatic necrosis
virus (IPVN), the susceptible fish showed high levels of gene expression in
many kinds of immune relevant genes, which were leading to eventual
apoptosis (Robledo et al., 2016). Furthermore, lower inflammatory response
was characterised in resistant individuals of Atlantic salmon challenged with
infectious salmon anaemia virus (ISAV), which allowed fish to survive for a
more extended period until the clearance of the virus (Jgrgensen et al., 2008).

The increased expression of SebIFN-y and SebCD4 may be responsible
for the inflammatory response after O. Aumicola injection in younger marbled
rockfish. Reyes-Lopez et al. (2015) reported that the inflammatory response
in Atlantic salmon infected with IPNV was observed in susceptible individuals
but not in resistant individuals. Several studies reported that increased
expression of pro-inflammatory cytokines may be responsible for tissue
damage, it has been described for the brain damage associated to the
neurodegenerative disease such as viral encephalitis (Brabers & Nottel, 2006;

Kim & Joh, 2006; Ghoshal et al., 2007).
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Although inflammation is essential in immune response, however,
intense or chronic activation of inflammatory processes seriously affects the
host (Hussel & Goulding, 2010). Poisa-Beiro et al. (2007) demonstrated that
upregulation of cytokine may be responsible for strong neuroinflammatory
process in the brain of a susceptible species, like seabass infected with
nodavirus. The inflammation has been described as an important factor
causing brain damage in the pathogenesis of neurodegenerative diseases
(Brabers & Nottel, 2006; Kim & Joh, 2006, Lafon et al., 2006; Sutton et al.,
2006). Indeed, ‘cytokine storm’ and overwhelming inflammatory response
have been linked to pathogenesis by highly pathogenic influenza virus (Shinya
et al., 2009; Mcbeath et al., 2014). The mortality by O. Aumicola infection in
the younger marbled rockfish may be caused by overactivation of CD4 positive
T cells and overproduction of IFN-y, which contribute to the tissues damage.

The difference of SebIL-1 gene expression was marked at 10 d.p.i in
both the younger and the older fish, but the expression was not remarkably
induced. The expression of SebIL-1B was upregulated in the older fish but
downregulated in the younger fish. Up-regulation of SebIL-1p in older fish at
10 d.p.i. might be related to immune responses of intraperitoneal adipose
tissues observed in the few older surviving fish which showed encapsulation
of fungal hyphae. However, direct evidence on how SeblIL-1p contribute to
resistance capacity in older were remain unclear. Downregulation of IL-1 at
10 d.p.i in younger fish could indicate a decrease in the innate inflammatory
responses at this point. The downregulation of IL-18 gene expression has

been observed in rainbow trout the spleen of rainbow trout at 72 h after
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Lactococcus garvieae infection (Castro et al., 2019), in the spleen of rainbow
trout at 8 days after Icthyophthirius multifilis infection (Syahputra et al., 2019),
and in rainbow trout macrophages infected with Renibacterium
salmoninarusm (Grayson et al., 2002).

Expression of IL-1B gene quickly occurred in the liver and kidney of
pink salmon at 24 h after the intraperitoneal injection of Aeromonas
salmonicida (Fast et al., 2007). In the present study, gene expression of IL-
1B was not analysed in the early time within 5 d.p.i. Their role of SebIL-1 in

the immunological response against O. Aumicola infection still remains unclear.

5.5 SUMMARY

The present study showed that expression of SebCD4, SebCDS8p,
SebCD3¢e occurred primarily in the thymus and other lymphoid organs such as
spleen, intestines, gills and kidney. These data suggest that these genes were
expressed on T cells and can be identified as T cell markers in marbled rockfish.
On the other hand, SebCD28 showed higher expression in the liver and with
moderate expression in other lymphoid organs. With the different expression
pattern of SebCD28, it has remained unknown whether CD28 is truly
expressed in T cells of marbled rockfish.

The gene expression of SebCD4, SebCD8B, SebIL-1B and SebIFN-y
upregulated after stimulation with LPS and poly I:C, indicating that these
genes have a similar role for immune response. These genes were useful in

studying the immune response in marbled rockfish after O. Aumicola injection.
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This study showed that the gene expression of SebCD4, SebCD8,
SebIFN-y and SebIL-1B were upregulated in the spleen of the younger and
older marbled rockfish after the O. Aumicola injection. The higher expression
pattern of SebCD4 and SebIFN-y in the younger fish probably initiates the
inflammatory reaction in the adipose tissues and liver of the fish infected with
O. humicola (chapter 3). The expression of these genes could be crucial for
the recruitment for immune cells to eliminate infected fungi but this response
in the younger fish failed in elimination of the pathogen. The younger marbled
rockfish could be characterized by operation of ineffective immune response
which provokes intense inflammation resulting in tissue damage. It may be
associated with the susceptibility of marbled rockfish against O. Aumicola

infection.
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CHAPTER 6

SUMMARY
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Marbled rockfish, Sebastiscus marmoratus (Cuvier, 1829) is an
important marine fish species in Japanese fishery. Parasitic infection such as
Lecithochirium trtraorchis and Cryptocaryon irritans has been reported in
marbled rockfish. In recent, fungal infection caused by O. Aumicola was
reported in marbled rockfish (Wada et al., 2005). This infection was
consistently reported from juvenile fish cultured in Japan, including devil
stinger (Wada et al., 1995) seabream (Wada et al., 2005), striped jack
(Munchan et al., 2006). With these case reports, O. Aumicola infection more
likely targets juvenile fish and seems to be an age-dependent in these fish
species.

The immune system of fish share many similarities with mammalian
counterparts. The fundamental immune molecules: T lymphocytes, B
lymphocytes, macrophages and cytokines are similar between fish and
mammals. In recent, the fish immune system has been extensively
investigated in several fish species due to its aquaculture importance (Zou et
al., 1995; Wang & Secombes, 2013). The immune responses in fish can be
affected by these factors: age, sex, seasonal changes, water quality and water
salinity (Noguera et al., 2015). Host defence mechanism against pathogenic
fungi are various and ranges from innate immunity to adaptive immunity
(Romani, 2004; Blanco & Garcia, 2008). In general, cell-mediated immunity
has shown to mediate host protection against various pathogenic fungi.

(Polonelli et al., 2000).
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The focus of this thesis has been to study the host immune response of
marbled rockfish to O. Aumicola with fish age. O. humicola (NJM 1503) was
used as a pathogen to study histopathological features, survival and
susceptibility changes in different age category. Additionally, immune relevant
genes of marbled rockfish were cloned and characterized. In-vitro studies
using kidney leukocytes stimulated with LPS and poly I:C demonstrated the
functionality of these cloned genes. The host immune response to O. humicola
in marbled rockfish of different age categories was investigated by analyzing

the gene expression of T cell markers and cytokines in the spleen.

1. Effect of age on susceptibility to 0. humicola

In chapter 2, effect of age on susceptibility of marbled rockfish to O.
humicola was studied by experimental challenge. Juvenile marbled rockfish of
three age categories were obtained from a commercial fish hatchery. Each
age category showed different body length: small (29 £ 2 mm), medium (55
+ 3 mm), and large (74 £ 6 mm). The fish were experimentally challenged
with 1 x 10° conidia/50 pL of O. Aumicola NJM 1503. The skin surface on the
cranium was artificially injured by nylon-twisted yarn and conidia suspension
was drop directly on the injury site, and then all fish were kept for 60 days.
The cumulative mortalities for small, medium and large fish were 100 %, 20 %

and 0 %, respectively.
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All dead fish had severe ulceration in the head area. Severe encephalitis
associated with tissues damage were also observed in all dead fish.
Histopathological symptoms in dead fish were characterised by partial loss of
cranial bones, severe degeneration of infiltrated inflammatory cells and
massive invasion of fungal hyphae in the infected area. In contrast, no hyphal
penetration and inflammatory response were observed in the brain of
surviving fish. These results demonstrated that the younger fish among

juveniles were more sensitive to O. Aumicola.

2. Histopathological study of the inflammatory response induced

by O. humicola

The previous chapter has been demonstrated that younger marbled
rockfish were more susceptible to O. Aumicola injection. In chapter 3, the
inflammatory response and the disease development in younger and older
marble rockfish were investigated by histopathological observation. Younger
fish (52 £ 1.2 mm, 3.5 £ 0.2 g) and older fish (76 £ 3.9mm, 12.6 £ 1.79)
were intraperitoneally injected with 1 x 10° conidia/50 pL of O. Aumicola. Two
sampling method was performed. For the first experiment, all fish were kept
for 30 days and moribund or dead fish were sampled during the experimental
period. For the second experiment, fish in both ages was sampled at day 3, 5,

7, 10, and 13 after injected with O. humicola.
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In the first experiment, all the younger fish died and failed to control the
fungal invasion. The histopathological symptoms in the dead fish were
characterized by severe inflammation associated with a high number of
hyphae and necrosis (mononuclear cells and parenchymal cells) in the infected
tissues. In contrast, the older fish survived and some of them showed
epitheliod cell granulomas in the intraperitoneal adipose tissues.

From the second experiment, the infiltration of mononuclear cells
progressed over time and followed by increasing of hyphae number was
observed in the adipose tissues and the liver of younger fish. Cell degeneration
of the inflammatory cells was observed at 13 d.p.i. This results clearly showed
that even though younger fish well developed the inflammatory response
against hyphal invasion, eventually the inflammation could not prevent hyphal
invasion leading the fish died. Low or no inflammatory response was
characterized in the older fish. Taken together these observations, the quick
and intense inflammation observed in the younger fish seems to be the cause
of tissue damage in the organs of infected fish rather than play the immune

diffense against the pathogen O. Aumicola.

3. Molecular cloning and characterisation of immune relevant

genes

In the recent, immunological study is developed by molecular analysis of
immune relevant genes. Characterisation of immune genes such as T cell

markers (CD4, CD8B, CD3¢ and CD28) and cytokine (IL-1 and IFN-y) was
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conducted in chapter 4. The full length of cDNA of genes was determined by
RACE PCR method.

The primary structures for each gene are highly conserved among the
teleost based on the multiple alignments of amino acid sequences and
phylogenetic analysis. T cell markers and IFN y in marbled rockfish showed
high homology with that in orange-spotted grouper. By contrast, SebIL-13
showed the highest amino acid identity with that of large yellow croaker.
These genes were useful for studying the immune responses to Ochroconis

infection in marbled rockfish.

4. Analysis of Immune Relevant Genes Expression

Chapter 5 was divided into three parts: (i) expression analysis of the
genes (CD4, CD8B, CD3¢ and CD28) in several organs of healthy marbled
rockfish, (ii) in-vitro functional analysis of the genes using immune stimulants,
(iii) expression analysis of the genes in a lymphoid organ of the younger and
the older fish after the injection with O. humicola

The highest level of gene expression of SebCD4, SebCD8B, SebCD3¢e
were found in the thymus These data suggest that these genes can be
identified as T cell markers in marbled rockfish. In contrast, SebCD28 showed
highest expression in the liver and with moderate expression in other lymphoid
organs. With the different expression pattern of SebCD28, it has remained

unknown whether CD28 is truly expressed in T cells of marbled rockfish.
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The gene expression of SebCD4, SebCD8p, SebIL-13 and SebIFN-y was
upregulated in the kidney leukocytes after stimulation with LPS and poly I:C.
Therefore, these genes have a similar role in immune response as observed
in mammals.

The difference of gene expression between younger and older marbled
rockfish was observed under the stimulation with the pathogen O Aumicola.
The gene expression showed a unique profile that the younger fish
characterized quick and intense response, but the older fish characterized
slow and moderate response. The quick and intense response of SebCD4 and
SebIFN-y gene expression in the younger fish probably initiates the
inflammatory reaction in the adipose tissues and the liver described in chapter
3. The expression of these genes could be crucial for the recruitment for
inflammatory cells to eliminate the fungal hyphae but this response in younger
fish failed in elimination of the pathogen. The younger marbled rockfish could
be characterized by operation of ineffective immune response which provokes
intense inflammation resulting in tissue damage. It may be associated with
the susceptibility of marbled rockfish against O. Aumicola infection.

A future study needs to find immune relevant genes associated with
resistance capacity of the older marbled rockfish by transcriptome analysis

which is able to access a large number of expression genes.

110



ACKNOWLEDGEMENTS

I would like to express my sincerest gratitude and deepest thanks to my
supervisor Professor Osamu Kurata, Laboratory of Aquatic Medicine, School of
Veterinary Medicine for his understanding and assistance, from initial preparation
to final experiment as well as encouragement to this day. I sincerely appreciate
Professor Shinpei Wada, Laboratory of Aquatic Medicine, School of Veterinary
Medicine for his valuable help and support.

A special thanks to Professor Kozo Tsukada, Laboratory of Veterinary
Pathology, School of Veterinary Medicine, Associate Professor Kazuhiko Ochiai,
Laboratory of Veterinary Hygiene, School of Veterinary Medicine and Associate
Professor Hiroshi Aoki, Department of Basic Science, School of Veterinary Nursing
and Technology for reviewing my thesis.

Besides this, I would like to thank Takeshi Komine, Suyu Miyashita, Yuzo
Takada and all students in the Laboratory of Aquatic Medicine for the guidance
and support during the study. Also, I would like to thank Professor Kishio Hatai
for his kindly introduced me to Professor Osamu Kurata.

I thank the Ministry of Education, Culture, Sports and Science
(Monbukagakusho), Government of Japan for granting the scholarship. Last but
not least, I would like to thank my peers Carrie, Gwen, Mun, Chuah and Belinda
Tang, for their encouragement and helps. At the same time, I wish to thank and

express my gratitude to my family members for their love and mental support.

111



REFERENCES

Abbott, E. V. (1927) Scolecobasidium, a new genus of soil fungi. Mycologia,
19:29-31.

Ajello, L., McGinnis, M. R., & Camper, J. (1977). An outbreak of phaeo
hyphomycosis in rainbow trout caused by Scolecobasidium humicola.

Mycopathologia, 62, 15-22.

Alabyev, B. Y., Guselnikov, S. V., Najakshin, A. M., Mechetina, L. V., Taranin, A.
V. (2001). CD3e homologues in the chondrostean fish Acipenser ruthenus.

Immunogenetics, 51,1012-1020.

Andersen, M. H., Schrama, D., Thor Straten, P., & Becker, J. C. (2006). Cytotoxic
T cells. Journal of Investigative Dermatology, 126, 32—41

Antachopoulos, C., & Roilides, E. (2005). Cytokines and fungal infections. British
Journal of Haematology, 129(5), 583-596.

Araki, K., Suetake, H., Kikuchi. K., Suzuki, Y. (2005) Characterization and
expression analysis of CD3epsilon and CD3gamma/delta in fugu, 7akifugu

rupbripes. Immunogenetics, 57, 158-163.

Ashfaq, H., Soliman, H., Saleh, M., & Matbouli, M. El. (2019). CD4: a vital player

in the teleost fish immune system. Veterinary Research, 1-11.

Azuma, M., Yssel, H., Phillips, J. H., Spits, H., Lanier, L. L. (1993). Functional
expression of B7/BB1 on activated T lymphocytes. Journal of Experimental
Medicine, 177, 845-850.

112



Babadjanova, Z., Wiedinger, K., Gosselin, E. J., & Bitsaktsis, C. (2015).
Targeting of a Fixed Bacterial Immunogen to Fc Receptors Reverses the
Anti-Inflammatory Properties of the Gram-Negative Bacterium,
Francisella tularensis, during the Early Stages of Infection. PloS
one, 10(6), e0129981.

Balzano, C., Buonavista, N., Rouvier, E., & Golstein, P. (1992). CTLA-4 and CD28:
similar proteins, neighbouring genes. International Journal Cancer:

Supplement, 7, 28-32.

Barsukov, V. V., & Chen, L. C. (1978). Review of the subgenus Sebastiscus
(Sebastes, Scorpaenidae) with a description of a new species. Journal of.
Ichthyology, 18, 179-193.

Bernard, D., Riteau, B., Hansen, J. D., Phillips, R. B., Michel, F., Boudinot, P., &
Benmansour, A. (2006). Costimulatory receptors in a teleost fish: typical
CD28, elusive CTLA4. Journal of Immunology, 176(7), 4191-4200.

Black, R. A., Kronheim, S. R., Merriam, J. E., March, C. J., Hopp, T. P. (1989). A
pre-aspartate-specific protease from human leukocytes that cleaves pro
interleukin-1 beta. Journal of Biology Chemistry, 264(10), 5323-5326.

Blanco, J. L., & Garcia, M. E. (2008). Immune response to fungal infections.

Veterinary Immunology and Immunopathology, 125(1-2), 47-70.

Boardman, T., Warner, C., Ramirez-Gomez, F., Matrisciano, J., & Bromage, E.
(2012). Characterization of an anti-rainbow trout (Oncorhynchus mykiss)
CD3epsilon monoclonal antibody. Veterinary. Immunology and.

Immunopathology, 145, 511-515.

113



Boehlert, G. W., & Yamada, J. (1991). Introduction to the symposium of

rockfishes. Environmental Biology of Fishes, 30, 9-14.

Boomer, J. S., & Green, J. M. (2010). An enigmatic tail of CD28 signaling. Cold
Spring Harbor perspectives in biology, Z8), a002436.

Boomer, J. S., Deppong, C. M., Shah, D. D., Bricker, T. L., & Green, J. M. (2014).
A double mutant knockin of the CD28 YMNM and PYAP motifs reveals a
critical role for the YMNM motif in regulation of T cell proliferation and Bcl

X L expressionl. Journal of Immunology, 192(8), 3465-3469.

Botham, J. W., & Manning, M. J. (1981). The histogenesis of the lymphoid organs
in the carp Cyprinus carpiolL. and the ontogenetic development of allograft
reactivity. Journal of Fish Biology, 19(4), 403—414.

Boudinot, P., Boubekeur, S., & Benmansour, A. (2001). Rhabdovirus infection
induces public and private T cell responses in teleost fish. Journal of
immunology, 167(11), 6202—6209.

Bowater, R. 0., Thomas, A., Shivas, R. G., & Humphrey, J. D. (2003).
Deuteromycotic fungi infecting barramundi cod, Cromileptes altivelis
(Valenciennes), from Australia. Journal of Fish Diseases, 26(11-12), 681—
686.

Brabers, N. A., & Nottet, H. S. Role of the pro-inflammatory cytokines TNF-alpha
and IL 1beta in HIV-associated dementia. (2006). European Journal of
Clinical Investigation, 36, 47-58.

114



Brazin, K. N., Mallis, R. J., Li, C., Keskin, D. B., Arthanari, H., Gao, Y., & Reinherz,
E. L. (2014). Constitutively oxidized CxxC motifs within the CD3
heterodimeric ectodomains of the T cell receptor. Journal of Biological
Chemistry, 289, 18880—18892.

Buonocore, F., Forlenza, M., Randelli, E., Benedetti, S., Bossu, P., Meloni, S.,
Secombes, C. J., Mazzini, M., & Scapigliati, G. (2005). Biological activity of
sea bass (Dicentrarchus labrax L.) recombinant interleukin-1B. Marine
Biotechnology, 7(6), 609-617.

Buonocore, F., Randelli, E., Casani, D., Guerra, L., Picchietti, S., Costantini, S., &

Scapigliati, G. (2008). A CD4 homologue in sea bass ( Dicentrarchus labrax):

Molecular characterization and structural analysis. Molecular Immunology,
45(11), 3168-3177.

Castro, R., Bernard, D., Lefranc, M. P., Six, A., Benmansour, A., & Boudinot, P.
(2011). T cell diversity and TcR repertoires in teleost fish. Fish and
Shellfish Immunology, 31, 644-654.

Castro, R., Coll, 1., Blanco, M., Bertos, A. R., Jouneau, L., Francisco, J., Gibello,
A. (2019). Spleen and head kidney differential gene expression patterns
in trout infected with Lactococcus garvieae correlate with spleen

granulomas. Veterinary Research, 1-14.

Chen, W. Q., Xu, Q. Q., Chang, M. X., Zou, J., Secombes, C. 1., Peng, K. M., &
Nie, P. (2010). Molecular characterization and expression analysis of the
IFN-gamma related gene (IFN-yrel) in grass carp Ctenopharyngodon idella.
Veterinary Immunology and Immunopathology, 134(3—4), 199-207.

115



de Hoog G. S, & wvon Arx, J. A (1973) Revision

of Scolecobasidium and Pleurophragmium. Kavaka 1,55-60

Dijkstra, J. M., Somamoto, T., Moore, L., Hordvik, 1., Ototake, M., & Fischer, U.
(2006). Identification and characterization of a second CD4-like gene in
teleost fish. Molecular Immunology, 43(5), 410—419.

Dinarello, C.A. (1997). Interleukin-1. Cytokine and Growth Factor Reviews, 8(4),
253-265.

Doty, M. S., & Slater, D. W. (1946). A new species of Heterobasidium
tshawytschae pathogenic on young chinook salmon. 7he American
Midland Naturalist, 36, 663—665.

Duckett, N. S., Olmos, S., Durrant, D. M., & Metzger, D. W. (2005). Intranasal
Interleukin-12 Treatment for Protection against Respiratory Infection with
the Francisella tularensis Live Vaccine Strain. Infection and Immunity,
73(4), 2306-2311.

Duncan, L. G., Nair, S. V., Deane, E. M. (2009) The marsupial CD8 gene locus:
molecular cloning and expression analysis of the alpha and beta sequences
in the gray short-tailed opossum (Monodelphis domestica) and the tammar
wallaby  (Macropus  eugenii). Veterinary ~ Immunology  and
Immunopathology, 129, 14-27.

Edholm, E.-S., Stafford, J. L., Quiniou, S. M., Waldbieser, G., Miller, N. W.,
Bengtén, E., & Wilson, M. (2007). Channel catfish, Ictalurus punctatus,
CD4-like molecules. Developmental & Comparative Immunology, 31(2),
172-187.

116



Elkan, E., & Philpot, C. M. (1973). Mycotic infection in frogs due to a Phialophora
like fungus. Sabouraudia, 11, 99-105.

Elkins, K. L., Cowley, S. C., & Bosio, C. M. (2003). Innate and adaptive immune
responses to an intracellular bacterium, Francisella tularensis live vaccine
strain, Microbes and Infection, 5(2), 135-142.

Ellis, A. E. (2001). Innate host defence mechanism of fish against viruses and

bacteria. Developmental and Comparative Immunology, 25, 827-839.

Ellis, A. E. (2005). Development of the immune response in relation to bacterial
disease in the growing fish. Biology of Growing Animals (Vol. 2). Elsevier
Ltd.

Engelsma, M. Y., Ster, R. 1., Schipper, H., Verburg-van Kemenade, B. M. (2001).
Regulation of interleukin 1B RNA expression in common carp, Cyprinus

carpio L. Developmental and Comparative Immunology, 25, 95-203.

Fast, M. D., Johnson, S. C., & Jones, S. R. M. (2007). Differential expression of
the pro-inflammatory cytokines IL-1b1 , TNF a-1 and IL-8 in vaccinated
pink (Oncorhynchus gorbuscha) and chum (Oncorhynchus keta) salmon
juveniles. Fish and Shellfish Immunology, 22, 403-407.

Freeman, G. J., Freedman, A. S., Segil, J. M., Lee, G., Whitman, J. F., & Nadler,
L. M. (1989). B7, a new member of the Ig superfamily with unique
expression on activated and neoplastic B cells. Journal Immunology,
143(8), 2714-2722.

117



Frgystad, M. K., Rode, M., Berg, T., & Gjgen, T. (1998). A role for scavenger
receptors in phagocytosis of protein-coated particles in rainbow trout head
kidney macrophages. Developmental and Comparative Immunology, 22,
533-549.

Fujiki, K., Shin, D. H., Nakao, M., & Yano, T. (2000). Molecular cloning and
expression analysis of carp (Cyprinus carpio) interleukin-1B, high affinity
immunoglobulin E Fc receptor gamma subunit and serum amyloid A. Fish
and Shellfish Immunology, 20, 229-242.

Furnes, C., Seppola, M., & Robertsen, B. (2009). characterisation and expression
analysis of interferon gamma in Atlantic cod (Gadus morhua). Fish and
Shellfish Immunology, 26, 285-292.

Ganassin, R. C., & Bols, N. C. (1996). Development of long-term rainbow trout
spleen cultures that are haemopoietic and produce dendritic cells. Fish and
Shellfish Immunology, 6, 17-34.

Gardella, S., Andrei, C., Costigliolo, S., Olcese, L., Zocchi, M. R., & Rubartelli, A.
(2000). Secretion of bioactive interleukin-1beta by dendritic cells is
modulated by interaction with antigen specific T cells. Blood, 9512),
3809-3815

Gasteiger, G., Fan, X., Dikiy, S., Lee, S. Y., Rudensky, A. Y. (2015).Tissue

residency of innate lymphoid cells in lymphoid and nonlymphoid
organs. Science, 350(6263), 981-985.

118



Gaviria, J. M., van Burik, J. A., Dale, D. C., Root, R. K. & Liles, W. C. (1999).
Comparison of interferon-gamma, granulocyte colony-stimulating factor,
and granulocyte-macrophage colony-stimulating factor for priming
leukocyte-mediated hyphal damage of opportuistic fungal pathogens.
Journal of Infectious Diseases, 179, 1038— 1041.

Ghoshal, A., Das, S., & Ghosh, S., (2007). Proinflammatory mediators released
by activated microglia induces neuronal death in Japanese encephalitis.
Glia, 55, 483-96.

Gold, D. P., Clevers, H., Alarcon, B., Dunlap, S., Novotny, J., Williams, A. F. (1987).
Evolutionary relationship between the T3 chains of the T-cell receptor
complex and the immunoglobulin supergene family. Proceedings of the
National Academic Science, 84, 7649—-7653.

Grayfer, L., & Belosevic, M. (2009). Molecular characterization of novel interferon
gamma receptor 1 isoforms in zebrafish (Danio rerio) and goldfish

(Carassius auratus L.). Molecular Immunology, 46(15), 3050-3059.

Grayfer, L., & Belosevic, M. (2012). Cytokine Regulation of Teleost Inflammatory
Responses, New Advances and Contributions to Fish Biology, Hakan
Turker, IntechOpen, pp59-96.

Grayson, T. H., Cooper, L. F., Wrathmell, A. B., Roper, J., Evenden, A. J., & Gilpin,
M. L. (2002). Host responses to Renibacterium salmoninarum and specific
components of the pathogen reveal the mechanisms of immune

suppression and activation. Immunology, 106(2), 273—-283.

119



Hansen, J. D., & Zapata, A. G. (1998). Lymphocyte development in fish and

amphibians. Immunological Reviews, 166, 199-220.

Hansen, J. D., Farrugia, T. J., Woodson, J., & Laing, K. J. (2011). Description of
anelasmobranch TCR coreceptor: CD8alpha from Rhinobatos productus.

Development and Comparative Immunology, 35, 452—-460

Harada, Y., Tokushima, M., Matsumoto, Y., Ogawa, S., Otsuka, M., Hayashi, K.,
Weiss, B. D., June, C. H., & Abe, R. (2001). Critical requirement for the
membrane-proximal cytosolic tyrosine residue for CD28-mediated

costimulation in vivo. Journal of Immunology, 166, 3797-3803.

Hatai, K. (2012). Diseases of fish and shellfish caused by marine fungi. Progress

in molecular and subcellular biology, 53, 15-52.

Hatai, K., & Kubota, S. S. (1989). A visceral mycosis in cultured masu salmon
(Oncorhynchus masou) caused by a species of Ochroconis. Journal of
Wildlife Diseases, 25, 83—88.

Haugarvoll, E.; Bjerkas, I.; Nowak, B. F.; Hordvik, I., & Koppang, E. O. (2008).
Identification and characterization of a novel intraepithelial lymphoid

tissue in the gills of Atlantic salmon. Journal of Anatomy, 213, 202—-209.

Higuchi, M., & Kato, K. (2002). Sequence variability in the mitochondrial DNA

control region of five Sebastes species. Fisheries Science, 68, 643—-650.

120



Hong, S., Zou, J., Crampe, M., Peddie, S., Scapigliati, G., Bols, N., Cunningham,
C., & Secombes, C. J. (2001). The production and bioactivity of rainbow
trout (Oncorhynchus mykiss) recombinant IL-1B. Veterinary Immunology

and Immunopathology, 81(1-2), 1-14.

Howard, A. D., Kostura, M. J., & Thornberry, N. (1991). IL-1-converting enzyme
requires aspartic acid residues for processing of the IL-1 beta precursor at
two distinct sites and does not cleave 31-kDa IL-1 alpha. Journal of
Immunology, 147(9), 2964—-2969.

Hu, Y. H., Sun, B. G., Deng, T., & Sun, L. (2012). Molecular characterization
of Cynoglossus semilaevis CD28. Fish and Shellfish Immunology, 32(5),
934-938.

Hu, Y., Maisey, K., Subramani, P. A., Liu, F., Flores-Kossack, C., Imarai, M.,
Secombes, C. J., & Wang, T. (2018). Characterisation of rainbow trout
peripheral blood leucocytes prepared by hypotonic lysis of erythrocytes,
and analysis of their phagocytic activity, proliferation and response to
PAMPs and proinflammatory cytokines. Developmental and Comparative
Immunology, 88, 104-113.

Huang, Y., Wang, Z., Zheng, Q., Tang, J., Cai, J., Lu, Y., & Jian, J. (2018).
Conservation of structural and interactional features of CD28 and CD80/86
molecules from Nile tilapia (Oreochromis niloticus). Fish and Shellfish

Immunology, 72, 95-103.

Hussell, T., & Goulding, J. (2010). Structured regulation of inflammation during
respiratory viral infection. 7The Lancet. Infectious diseases, 1(5), 360
366.

121



Igawa, D., Sakai, M., & SavanAn, R. (2006). Unexpected discovery of two
interferon gamma-like genes along with interleukin (IL)-22 and -26 from
teleost: IL-22 and -26 genes have been described for the first time outside

mammals. Molecular Immunology, 43, 999-1009.

Ingram GA (1980): Substances involved in the natural resistance of fish to

infection a review. Journal of Fish Biology, 16, 23-60.

Irmler, M., Hertig, S., MacDonald, H. R., Sadoul, R., Becherer, J. D., Proudfoot,
A., Solari, R., & Tschopp, J. (1995). Granzyme A is an interleukin 1 beta
converting enzyme. The Journal of experimental medicine, 181(5), 1917
1922.

Iwama, G. and Nakanishi, T. (1996) The Immune System. Organism, Pathogen

and Environment. London: Academic Press London.

Jeswin, J., Jeong, S.-M., Jeong, J.-M., Bae, J.-S., Kim, M.-C., Kim, D.-H., & Park,
C.-I. (2017). Molecular characterization of a T cell co-stimulatory receptor,
CD28 of rock bream (Oplegnathus fasciatus): Transcriptional expression
during bacterial and viral stimulation. Fish and Shellfish Immunology, 66,
354-359.

Jiang, S. G., Zhang, D. C,, Li, J. Z., & Liu, Z. X. (2008). Molecular characterization,
recombinant expression and bioactivity analysis of the interleukin-1 beta
from the yellowfin sea bream, Acanthopagrus latus (Houttuyn). Fish and
Shellfish Immunology, 24, 323-336.

Jin, X. B. (2006). Fauna Sincia: Ostichthyes, Scorpaeniformes. Beijing, China.

Science Press [In Chinese].

122



Jgrgensen, S. M., Afanasyey, S., & Krasnov, A. (2008). Gene expression analyses
in Atlantic salmon challenged with infectious salmon anemia virus reveal
differences between individuals with early, intermediate and late mortality.
BMC Genomics, 9(179).

Jung, C. Y., Hikima, J., Ohtani, M., Jang, H. B., del Castillo, C. S., Nho, S. W. Cha,
I. S., Park, S. B., Aoki, T., & Jung, T. S. (2012). Recombinant interferon-y
activates immune responses against Edwardsiella tarda infection in the
olive flounder, Paralichthys olivaceus. Fish and Shellfish Immunology,
33,197-203.

Kalinski P. (2012). Regulation of immune responses by prostaglandin E2.

Journal of Immunology; 188(1),21-28.

Kato, G., Goto, K., Akune, I., Aoka, S., Kondo, H., & Hirono, I. (2013). CD4 and
CD8 homologues in Japanese flounder, Paralichthys olivaceus: Differences
in the expressions and localizations of CD4-1, CD4-2, CD8a and

CD8B. Developmental and comparative immunology, 39(3), 293-301.

Kendall, A. W. (2000). A historical review of sebastes taxonomy and systematics.
Marine Fisheries Review, 622), 1-23.

Kim, Y. S. & Joh, T. H. (2006). Microglia, major player in the brain inflammation:
their roles in the pathogenesis of Parkinson's disease. Experimental and

Molecular Medicine, 38, 333-47.

Kirilenko, T. C., & All-Achmed, M. A. (1977). Ochroconis tshawytschae (Doty &
Slater) comb. nov. Mikrobiologichnii Zhurnal, 39, 303-306.

123



Konig, R., & Zhou, W. (2004). Signal transduction in T helper cells: CD4
coreceptors exert complex regulatory effects on T cell activation and

function. Current Issues in Molecular Biology, 6, 1-15.

Koskinen, R., Lamminmaki, U., Tregaskes, C. A., Young, J. R., & Vainio, O. (1999).
Cloning and Modeling of the First Nonmammalian CD4. The Journal of
Immunology, (162), 4115-4121.

Kostura, M. J., Tocci, M. J., Limjuco, G., Chin, J., Cameron, P., Hillman, A. G.,
Chartrain, N. A., Schmidt, J. A. (1989). Identification of a monocyte
specific pre-interleukin 1 beta convertase activity. Proceedings National
Academic Science U S A, 86(14), 5227-5231.

Kum, C., & Sekkin, S. (2011). The Immune System Drugs in Fish: Immune
Function, Immunoassay, Drugs. Research Advances in Fish Farm, edited
Farul Haral, IntechOpen, pp170-210

Kumar, S., Nei, M., Dudley, J., & Tamura, K. (2008). MEGA: a biologist-centric
software for evolutionary analysis of DNA and protein sequences. Brief
Bioinform, 9(4), 299-306.

Kumar, B. V., Connors, T. J., & Farber, D. L. (2018). Human T Cell Development,
Localization, and Function throughout Life. ZImmunity, 4&2), 202-213.

Lafon, M., Megret, F., Lafage, M., & Prehaud, C. (2006). The innate immune facet

of brain: human neurons express TLR-3 and sense viral dsRNA. Journal of

Molecular Neuroscience, 29, 185—-194.

124



Laing, K. J., & Hansen, J. D. (2011). Fish T cells: recent advances through
genomics. Developmental and comparative immunology, 3512), 1282
1295.

Laing, K. 1., Zou, 1., Purcell, M. K., Phillips, R., Secombes, C. J., & Hansen, J. D.
(2006). Evolution of the CD4 Family: Teleost Fish Evolution of the CD4
Family: Teleost Fish Possess Two Divergent Forms of CD4 in Addition to
Lymphocyte Activation. Journal of Immunology, 177(177), 3939-3951.

Lee, K. P., Taylor, C., Petryniak, B., Turka, L. A., June, C. H., Thompson, B., ...
Turka, L. A. (1990). The genomic organization of the CD28 gene.
Implications for the regulation of CD28 mRNA expression and

heterogeneity 7he Journal of Immunology 145, 344-352.

Lee, Y. N., Wada, S., & Kurata, O. (2020). Effect of age on susceptibility of
marbled rockfish, Sebastiscus marmoratus to Ochroconis humicola

following experiment infection. Journal of Fish Diseases, 43, 399-401.

Lepen Plei¢, 1., Secombes, C. J., Bird, S., & Mladineo, I. (2014). Characterization
of three pro-inflammatory cytokines, TNFal, TNFa2 and IL-1[B, in cage
reared Atlantic bluefin tuna T7hunnus thynnus. Fish and Shellfish
Immunology, 36(1), 98-112.

Leung, T.L., & Bates, A.E. (2013). More rapid and severe disease outbreaks for

aquaculture at the tropics: implications for food security. Journal of
Applied Ecology, 50(1), 215-222.

125



Li, H., Yang, G., Ma, F., Li, T., Yang, H., Rombout, J. H., & An, L. (2017).
Molecular characterization of a fish-specific toll-like receptor 22 (TLR22)
gene from common carp (Cyprinus carpio L.): Evolutionary relationship
and induced expression upon immune stimulants. Fish and Shellfish

Immunology, 63, 74-86.

Liu, Y., Moore, L., Olaf Koppang, E., & Hordvik, I. (2008). Characterization of the
CD3¢, CD3yd and CD3¢ subunits of the T cell receptor complex in Atlantic

salmon. Developmental and Comparative Immunology, 32(1), 26-35.

Lu, D. Q., Bei, J. X,, Feng, L. N., Zhang, Y., Liu, X. C., & Wang, L. (2008).
Interleukin-1 beta gene in orange-spotted grouper, Epinephelus coioides:
molecular cloning, expression, biological activities and signal transduction

Molecular Immunology, 45, 857-867.

Lu, X. J., Chen, J., He, Y. Q., & Shi, Y. H. (2013). Molecular characterization of
IL-1B gene from ayu, Plecoglossus altivelis. Fish and Shellfish Immunology,
34(5), 1253-1259.

Lyman, C. A., Garrett, K. F., Pizzo, P. A. & Walsh, T. J. (1994). Response of
human polymorphonuclear leukocytes and monocytes to T7richosporon
beigelii host defense against an emerging opportunistic pathogen. Journal
of Infectious Diseases, 170, 1557-1565.

Magnadottir, B. (2006). Innate immunity of fish (overview). Fish and Shellfish
Immunology, 20(2), 137-151.

Magnadottir, B. (2010). Immunological Control of Fish Diseases. Marine
Biotechnology, 12, 361-379.

126



Mao, K., Chen, W., Mu, Y., Ao, J., & Chen, X. (2017). Molecular characterization
and expression analysis during embryo development of CD4-1 homologue
in large vyellow croaker Larimichthys crocea. Fish and Shellfish
Immunology, 64, 146—154.

Matsumoto, M., & Seya, T. (2008). TLR3: Interferon induction by double
stranded RNA including poly(1:C). Advanced Drug Delivery Reviews, 60(7),
805-812.

Mcbeath, A. J. A., Ho, Y. M., Aamelfot, M., Hall, M., Christiansen, D. H., &
Markussen, T. (2014). Low virulent infectious salmon anaemia virus
(ISAV) replicates and initiates the immune response earlier than a highly

virulent virus in Atlantic salmon gills. Veterinary Research, 45(83).

Medzhitov R., & Janeway, C. A. Jr. (1997). Innate immunity: the virtues of a

nonclonal system of recognition. Cell, 91, 295-298.

Milde, K. F., Conner, G. E., Mintz, D. H., & Alejandro, R. (1993). Primary structure
of the canine CD4 antigen. Biochim Biophys Acta, 1172, 315-318.

Milev-Milovanovic, 1., Long, S., Wilson, M., Bengten, E., Miller, N. W., & Chinchar,
V. G. (2006). Identification and expression analysis of interferon gamma

genes in channel catfish. Zmmunogenetics, 58(1), 70-80.
Moore, L. J., Somamoto, T., Lie, K. K., Dijkstra, J. M., & Hordvik, I. (2005).

Characterisation of salmon and trout CD8a and CD8B. Molecular
Immunology, 42(10), 1225-1234.

127



Moore, L. J., Dijkstra, J. M., Koppang, E. O., & Hordvik, I. (2009). CD4
homologues in Atlantic salmon. Fish and Shellfish Immunology, 26(1), 10—
18.

Morrison, R.N., Young, N. D., & Nowak, B. F. (2012). Description of an Atlantic
salmon (Salmo salar L.) type 1II interleukin-1 receptor cDNA and analysis
of interleukin-1 receptor expression in amoebic gill disease-affected fish.
Fish and Shellfish Immunology, 32(6), 1185-1190.

Munchan, C., Kurata, O., Hatai, K., Hashiba, N., Nakaoka, N., & Kawakami, H.
(2006). Mass mortality of young striped jack Pseudocaranx dentex caused

by a fungus Ochroconis humicola. Fish Pathology, 41, 179—-182.

Nakabo, T. (2013) Fishes of Japan with pictorial keys to the species, 3"ed.

Kanagawa-ken, Japan. Tokai University Press [In Japanese]

Nakanishi, T. (1986). Ontogenetic Development of the Immune Response in the
Marine Teleost Sebastiscus marmoratus. Bulletin of the Japanese Society
of Scientific Fisheries, 52(3), 473—-447.

Nakanishi, T. (1991). Ontogeny of the immunce system in the rockfish,
Sebastiscus marmoratus; histogenesis of lymphoid organs and the effects of

thymectomy. Environmental Fish Biology, 30, 135-145.

Nakanishi, T., Shibasaki, Y., & Matsuura, Y. (2015). T Cells in Fish. Biology, 640
663.

128



Nathan, C., & Ding, A. (2010). Nonresolving inflammation. Ce//, 140, 871-882.

Neumann, N. F., Stafford, J. L., Barreda, D., Ainsworth, A. J, & Belosevic, M.
(2001). Antimicrobial mechanisms of fish phagocytes and their role in host

defense. Developmental and Comparative Immunology, 25, 807-825.

Noguera, P., Ubeda, C., Bruno, D., & Semenas, L. (2015). The fish Necropsy

Manual.

Nonaka, S., Somamoto, T., Kato-unoki, Y., & Ototake, M. (2008). Molecular
cloning of CD4 from ginbuna crucian carp Carassius auratus langsdorfi.
Fisheries Science, 74, 341-346.

Norimine, J., Miyazawa, T., Kawaguchi, Y., Tohya, Y., Kai, C., & Mikami, T. (1992)
A cDNA encoding feline CD4 has a unique repeat sequence downstream

another V-like region. Immunology, 75, 74— 79.

Nya, E. J., & Austin, B. (2010). Use of bacterial lipopolysaccharide (LPS) as an
immunostimulant for the control of Aeromonas hydrophila infections in
rainbow trout Oncorhynchus mykiss (Walbaum). Journal of applied
microbiology, 1082), 686—694.

@vergard, A.-C., Hordvik, I., Nerland, A. H., Eikeland, G., & Patel, S. (2009).
Cloning and expression analysis of Atlantic halibut (Hippoglossus
hippoglossus) CD3 genes. Fish and Shellfish Immunology, 27(6), 707-713.

Park, C. I., Hirono, I., Enomoto, J., Nam, B. H., & Aoki, T. (2001). Cloning of
Japanese flounder Paralichthys olivaceus CD3 cDNA and gene, and

analysis of its expression. Immunogenetics, 53(2), 130-135.

129



Pashine, A., Valiante, N. M., & Ulmer, J. B. (2005). Targeting the innate immune
response with improved vaccine adjuvants. Nature medicine, 11(4 Suppl),
S63-S68.

Patel, S., Overgdrd, A.-C., & Nerland, A. H. (2008). CD8alpha and CD8beta in
Atlantic halibut, Hippoglossus hippoglossus: cloning, characterization and
gene expression during viral and bacterial infection. Fish and Shellfish
Immunology, 25(5), 570-580.

Patel, S., Overgard, A. C., & Nerland, A. H. (2009). A CD4 homologue in Atlantic
halibut  (Hjppoglossus  hjppoglossus):  molecular cloning and
characterisation. Fish and Shellfish Immunology, 26(3), 377-384.

Peddie, S., Zou, J., Cunningham, C., & Secombes, C. J . (2001). Rainbow trout
(Oncorhynchus mykiss) recombinant IL-13 and derived peptides induce
migration of head-kidney leucocytes in vitro. Fish and Shellfish
Immunology, 11(8), 697-709.

Peng, W., Sun, Y., Li, G. F., He, L. G., Li, R. Z., Liang, Y. S., Ding, X., Yu, X.,
Zhang, Y., Lin, H. R., & Lu, D. Q. (2018). Two distinct interferon-y in the
orange-spotted grouper (Epinephelus coioides): molecular cloning,
functional characterization, and regulation in toll-like receptor pathway by

induction of miR-146a. Frontiers in Endocrinology, 9, 41.
Pereiro, P., Forn-Cuni, G., Figueras, A., & Novoa, B. (2016). Pathogen-dependent

role of turbot (Scophthalmus maximus) interferon-gamma. Fish and
Shellfish Immunology, 59, 25-35.

130



Pignatelli, J., Castro, R., Gonza, A., Abo, B., Gonzalez, L., Jensen, L. B., & Tafalla,
C. (2014). Immunological characterization of the teleost adipose tissue
and its modulation in response to viral infection and fat-content in the diet.
PlosONE, 9(10).

Poisa-Beiro, L., Dios, S., Montes, A., Aranguren, R., Figueras, A., & Novoa, B.
(2008). Nodavirus increases the expression of Mx and inflammatory

cytokines in fish brain. Molecular Immunology, 45, 218-225.

Polonelli, L., Casadevall, A., Han, Y., Bernardis, F., Kirkland, T.N., Matthews, R.C.,
Adriani, D., Boccanera, M., Burnie, J.P., Cassone, A., Conti, S., Cutler, J.E.,
Frazzi, R., Gregory, C., Hodgetts, S., Illidge, C., Magliani, W., Rigg, G., &
Santoni, G. (2000). The efficacy of acquired humoral and cellular immunity
in the prevention and therapy of experimental fungal infections. Medical.
Mycology, 38 Suppl 1, 281-292.

Press, Mc. L., Dannevig, B. H., & Landsverk, T. (1994). Immune and enzyme
histochemical phenotypes of lymphoid and nonlymphoid cells within the
spleen and head kidney of Atlantic salmon (Sa/mo salar L.). Fish and
Shellfish Immunology, 4, 79-93.

Press, C., & Evensen, @. (1999). The morphology of the immune system in teleost
fishes. Fish and Shellfish Immunology, 9, 309-318.

Pulsford, A., Tomlinson, M. G., Lemaire-Gony, S., & Glynn, P. J. (1994).

Development and immunocompetence of juvenile flounder Platichthys
flesus, L. Fish and Shellfish Immunology, 4(1), 63-78.

131



Punt, J. A, Roberts, J. L., Kearse, K. P., & Singer, A. (1994). Stoichiometry of
the T cell antigen receptor (TCR) complex. Journal of Experimental
Medicine, 180, 587-593.

Qi, P., Xie, C., Guo, B., & Wu, C. (2016). Dissecting the role of transforming
growth factor-B1 in topmouth culter immunobiological activity: a

fundamental functional analysis. Scientific Reports, 6, 27179.

Quiniou, S. M. A., Sahoo, M., Edholm, E. S., Bengten, E., & Wilson, M. (2011).
Channel catfish CD8a and CD8 co-receptors: Characterization, expression
and polymorphism. Fish and Shellfish Immunology, 30(3), 894-901.

Ramaiah, N. (2006). A review on fungal diseases of algae, marine fishes, shrimps

and corals. Indian Journal of Marine Sciences, 354), 380-387.

Reyes-Cerpa, S. Maisey, K., Reyes-Lopez, F., Toro-Ascuy, D., Sandino, A. S., &
Mimarai, I. (2012). Fish Cytokines and Immune Response, New Advances

and Contributions to Fish Biology, Hakan Ttrker, IntechOpen, pp3-58.

Reyes-lépez, F. E., Romeo, J. S., Vallejos-vidal, E., Reyes-cerpa, S., Sandino, A.
M., Tort, L., & Imarai, M. (2015). Differential immune gene expression
profiles in susceptible and resistant full-sibling families of Atlantic salmon
(Salmo salar) challenged with infectious pancreatic necrosis virus (IPNV).

Developmental and Comparative Immunology, 53(1), 210-221.

Robertsen, B. (2006). The interferon system of teleost fish. Fish and Shellfish
Immunology, 20, 172-191.

132



Robledo, D., Taggart, J. B, Ireland, J. H., Mcandrew, B. J., Starkey, W. G., Haley,
C. S., & Houston, R. D. (2016). Gene expression comparison of resistant
and susceptible Atlantic salmon fry challenged with Infectious Pancreatic
Necrosis virus reveals a marked contrast in immune response. BMC
Genomics, 17(279).

Romani, L. (2004). Immunity to fungal infections. Nature reviews.

Immunology, 41), 1-23.

Rombout, J. H., Joosten, P. H., Engelsma, M. Y., Vos, A. P., Taverne, N., &
Taverne-Thiele, J. J. (1998). Indications for a distinct putative T cell
population in mucosal tissue of carp (Cyprinus carpio L.). Developmental
and Comparative Immunology, 22X1), 63-77.

Ross, A. J., & Yasutake, W. T. (1973). Scolecobasidium humicola, a fungal
pathogen of fish. Journal of Fisheries Research Board of Canada, 30, 994
995.

Salem, M. L., Diaz-montero, C. M., Al-khami, A. A., El-naggar, S. A., Naga, O.,
Montero, A. J., & Cole, D. J. (2009). Recovery from Cyclophosphamide
Induced Lymphopenia Results in Expansion of Immature Dendritic Cells
Which Can Mediate Enhanced Prime-Boost Vaccination Antitumor
Responses In Vivo When Stimulated with the TLR3. 7he Journal of
Immunology, 2030-2039.

Samerpitak, K., Hoog, G. S. De., Alfjorden, A., Seyedmousavi, S., Rijs, A. J. M.
M., Hendrikus, A., & Gerrits, G. (2019). Ochroconis globalis infecting
Atlantic salmon (Sa/mo salar), with a review of Ochroconis species in cold-
blooded animals. Journal of Fish Diseases, 42(6) 947-957.

133



Samerpitak, K., Van Der Linde, E., Choi, H. J., Gerrits Van Den Ende, A. H. G,,
Machouart, M., Gueidan, C., & De Hoog, G. S. (2013). Taxonomy of
Ochroconis, genus including opportunistic pathogens on humans and
animals. Fungal Diversity, 65(1), 89-126.

Scapigliati, G., Buonocore, F., Bird, S., Zou, J., Pelegrin, P., & Falasca, C. (2001).
Phylogeny of cytokines: molecular cloning and expression analysis of sea
bass Dicentrarchus labrax interleukin-1b. Fish and Shellfish Immunology,

11, 711-726.

Scapigliati, G., Fausto, A. M., & Picchietti, S. (2018). Fish lymphocytes: an
evolutionary equivalent of mammalian innate-like lymphocytes. Frontiers

/in Immunology, 9, 971.

Schaumann, K., & Priebe, K. (1994). Ochroconis humicola causing muscular black

spot disease of Atlantic salmon (Salmo salar). Canadian Journal of Botany,

72, 1629-1634.

Shang, N., Sun, X. F., Hu, W., Wang, Y. P., Guo, Q. L. (2008). Molecular cloning
and characterization of common carp (Cyprinus carpio L.) TCR gamma and
CD3gamma/delta chains. Fish and Shellfish Immunology, 24, 412-425.

Sharma, M., Shrivastav, A. B., Shani, Y. P., & Pandey, G. (2012). Overviews fo
the treatment and control of common fish diseases. International
Research Journal of Pharmacy, 3(7), 123—-126.

Shephard, K. L. (1994). Functions for fish mucus. Reviews in Fish Biology

Fisheries, 4, 401-429.

134



Shih, H., Liu, W., & Qiu, Z. (2004). Digenean Fauna in Marine Fishes from
Taiwanese Waters with the description new species, Lecithochirium
trtraorchis sp. Nov. Zoological studies, 43(4), 671-676.

Shinya, K., Peng, X., Korth, M. J., Proll, S. C., Aicher, L. D., Carter, V. S., & Katze,
M. G. (2009). Lethal Influenza Virus Infection in Macaques Is Associated
with Early Dysregulation of Inflammatory Related Genes. Plos Pathogen,
5(10), e100604.

Stolte, E.H., Savelkoul, H. F., Wiegertjes, G., Flik, G., & Lidy Verburg-van
Kemenade, B. M. (2008). Differential expression of two interferon-gamma
genes in common carp (Cyprinus carpio L.). Developmental Comparative
Immunology, 32, 1467-1481.

Subramaniam, P. S., Mujtaba, M. G., Paddy, M. R., & Johnson, H. M. (1999). The
Carboxyl Terminus of Interferon-y Contains a Functional Polybasic Nuclear

Localization Sequence. Journal of Biological Chemistry, 274(1), 403—407.

Subramanian, S., Mackinnon, S. L., & Ross, N. W. (2007). A comparative study
on innate immune parameters in the epidermal mucus of various fish

species. Comparative Biochemistry and Physiology, 148, 256—263.
Suetake, H., Araki, K., & Suzuki, Y. (2004). Cloning, expression, and

characterization of fugu CD4, the first ectothermic animal CDA4.

Immunogenetics, 56, 368—-374.

135



Suetake, H., Araki, K., Akatsu, K., Somamoto, T., Dijkstra, J. M., Yoshiura, Y., &
Suzuki, Y. (2007). Genomic organization and expression of CD8a and
CD8B genes in fugu Takifugu rubripes. Fish and Shellfish Immunology,
23(5), 1107-1118.

Sun, X.-F., Shang, N., Hu, W., Wang, Y.-P., & Guo, Q.-L. (2007). Molecular
cloning and characterization of carp (Cyprinus carpio L.) CD8B and CD4
like genes. Fish and Shellfish Immunology, 23(6), 1242—-1255.

Sutton, C., Brereton, C., Keogh, B., Mills, K. H. G., & Lavelle, E. C. (2006). A
crucial role for interleukin (IL)-1 in the induction of IL-17-producing T
cells that mediate autoimmune encephalomyelitis. Journal of Experimental
Medicine, 203(7), 1685-1691.

Syahputra, K., Kania, P. W., Al-jubury, A., Marnis, H., Setyawan, C., & Buchmann,
K. (2019). Differential immune gene response in gills, skin, and spleen of
rainbow trout Oncorhynchus mykissinfected by Ichthyophthirius multifilis.
PlosONe, 14(6), e0218630.

Tatner, M. F., & Manning, M. J. (1983). Growth of the lymphoid organs in rainbow
trout, Sa/lmo gairdnerifrom one to fifteen month of age. Journal of Zoology;
199, 503-20

Toda, H., Saito, Y., Koike, T., Takizawa, F., Araki, K., Yabu, T., & Nakanishi, T.
(2011). Conservation of characteristics and functions of CD4 positive
lymphocytes in a teleost fish. Developmental and Comparative
Immunology, 35(6), 650-660.

136



Traynor, T. R., & Huffnagle, G. B. (2001). Role of chemokines in fungal infections.
Medical Mycology, 39(1), 41-50.

Veenstra, K. A., Alnabulsi, A., Tubbs, L., Ben J., & Secombes, C. J. (2019).
Immunohistochemical examination of immune cells in adipose tissue of
rainbow trout (Oncorhynchus mykiss) following intraperitoneal vaccination.
Fish and Shellfish Immunology, 87, 559-564.

Verjan, N., Ooi, E. L., Nochi, T., Kondo, H., Hirono, I., Aoki, T., Kiyono, H., &
Yuki, Y. (2008). A soluble nonglycosylated recombinant infectious
hematopoietic necrosis virus (IHNV) G-protein induces IFNs in rainbow
trout (Oncorhynchus mykiss). Fish and Shellfish Immunology, 25, 170
180.

Vijayan, K. K., Kumar, S., & Alavandi, S. V. (2017). Emerging pathogens in
Brackishwater aquaculture and challenges in aquatic health management.
In: Proceedings of International Symposium on Aquatic Animal Health and
Epidemiology for sustainable Asian Aquaculture, ICAR-National Bureau of

Fish Genetic Resources, Lucknow, India, pg 140-144.

Voijtech, L. N., Scharping, N., Woodson, J. C., & Hansen, J. D. (2012). Roles of
Inflammatory Caspases during Processing of Zebrafish Interleukin-1 in
Francisella noatunensis Infection. American Society for Microbiology,
80(8), 2878-2885.

Wada, S., Nakamura, K., & Hatai, K. (1995). First Case of Ochroconis in Marine
Cultured Fish in Japan. Fish Pathology, 30(2), 125-126.

137



Wada, S., Hanjavanit, C., Kurata, O., & Hatai, K. (2005). Ochroconis humicola
infection in red sea bream Pagrus major and marbled rockfish Sebastiscus

marmoratus cultured in Japan. Fisheries Science, 71, 682—-684.

Wang, J., Chen, C., & Lau, S. (2009). CD3-positive large B-cell lymphoma. 7he
American Journal of Surgeon Pathology, 33(4), 505-512.

Wang, T., & Secombes, C. J. (2013). The cytokine networks of adaptive immunity
in fish. Fish and Shellfish Immunology, 35(6), 1703-1718.

Wang, Y., & Zhang, C. (2019). The Roles of Liver-Resident Lymphocytes in Liver

Diseases. Frontiers in immunology, 10, 1582.

Wang, Y. P., Wang, Q., Baoprasertkul, P., Peatman, E., & Liu, J. Z. (2006).
Genomic organization, gene duplication, and expression analysis of
interleukin-1b in channel catfish (Ictalurus punctatus). Molecular
Immunology, 43(2006), 1653—-1664.

Watzke, J., Schirmer, K., & Scholz, S. (2007). Bacterial lipopolysaccharides induce
genes involved in the innate immune response in embryos of the zebrafish
(Danio rerfo). Fish and Shellfish Immunology, 23(4), 901-905.

Weitzman, 1., Rosenthal, S. A., & Shupack, J. L. (1985). A comparison between
Dactylaria gallopava and Scolecobasidium humicola: First report of an
infection in tortoise caused by S. humicola. Journal of Medical and

Veterinary Mycology, 23, 287-293.

138



Wilson, M. R., H. Zhou, E. Bengten, L. W. Clem, T. B. Stuge, G. W. Warr, & N.
W. Miller. (1998). T-cell receptors in channel catfish: structure and

expression of TCR and genes. Molecular Immunology, 35, 545557

Wu, 1., Shi, Y. H., Zhang, X. H., Li, C. H., Li, M. Y., & Chen, J. (2015). Molecular
characterization of an IL-18 gene from the large yellow croaker
(Larimichthys crocea) and its effect on fish defense against Vibrio

alginolyticus infection. Zoological Research, 36(3), 133—-141.

Xu, S., Wu, J., Hu, K., Ping, H., Duan, Z., & Zhang, H. (2011). Molecular cloning
and expression of orange-spotted grouper (Epinephelus coioides) CD8a
and CD8b genes. Fish and Shellfish Immunology, 30(2), 600-608.

Xu, C., Guo, T., Mutoloki, S., Haugland, @., & Evensen, @. (2012). Gene
expression studies of host response to Salmonid alphavirus subtype 3

experimental infections in Atlantic salmon. Veterinary Research, 43(1), 78.

Yang, S., Li, Q., Mu, Y., J. Ao, J., Chen, X. (2017). Functional activities of
interferon gamma in large yellow croaker Larimichthys crocea. Fish and
Shellfish Immunology. 70, 545-552

Yin, F, Gong, Q., Li, Y., Dan, X., Sun, P., Gao, Q., Li, A. (2014). Effects of
Cryptocaryon irritans infection on the survival, feeding, respiratory rate
and ionic regulation of the marbled rockfish Sebastiscus marmoratus.
Parasitology, 141(2), 279-286.

139



Yin, F., Liu, W., Bao, P., Jin, S., Qian, D., Wang, J., & Tang, B. (2018).
Comparison of the susceptibility and resistance of four marine perciform
fishes to Cryptocaryon irritans infection. Fish and Shellfish Immunology,
77, 298-303.

Zapata, A., Diez, B., Cejalvo, T., Gutiérrez-De Frias, C., & Cortés, A. (2006).
Ontogeny of the immune system of fish. Fish and Shellfish Immunology,
20(2), 126-136.

Zhu, A. Y., Xie, J. Y., Jiang, L. H., Lou, B. (2011). The nutritional composition and

evaluation in muscle of Sebastiscus marmoratus. Acta Nutrimenta Sinica,
33, 621-623. [in Chinese]

Zou, J., & Secombes, C. J. (2016). The Function of Fish Cytokines. Biology, X2),
23.

Zou, J., Grabowski, P. S., Cunningham, C., & Secombes, C. J. (1999). Molecular
cloning of interleukin 1b from rainbow trout Oncorhynchus mykiss reveals
no evidence of an ICE cut site. Cyftokine, 11, 552-560.

Zou, J., Yoshiura, Y., Dijkstra, J. M., Sakai, M., Ototake, M., & Secombes, C.
(2004). Identification of an interferon gamma homologue in Fugu,
Takifugu rubripes. Fish and Shellfish Immunology., 17, 403—4009.

Zou, J., Carrington, A., Collet, B., Dijkstra, J. M., Yoshiura, Y., Bols, N., &
Secombes, C. ]J. (2005). Identification and bioactivities of IFN-gamma in
rainbow trout Oncorhynchus mykiss: the first Thl-type cytokine
characterized functionally in fish. Journal of Immunology, 175(4), 2484-
2494.

140



