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Chapter 1: General introduction
1. Aquaculture

Aquaculture is one of the fast growing food-producing sectors which involves in culture
of freshwater and seawater animal such as fish, crustaceans, molluscs and aquatic plants. The
food production has been shifted from hunter-gatherer activities to agriculture, aquatic food
production since many millennia. Aquacultures of wild range of species and culture types have
become faster growing which reached 167.2 million tonnes in 2014 [1]. Due to the
geographical features, Japan was the fifth largest capture fishery producer in the world in 2007.
Moreover, in 2007, Japan was the second major fishery commodities exporter with USD 13.2
billion [2]. However, in 2012, China ranked the highest aquaculture production in the world
with 53.9 million tons which accounted for 59.7% of the world total. Indonesia (10.6%) and
India (4.7%) ranked the second and third of aquaculture production respectively. Vietnam
ranked fourth at 3.3 million tons (3.7%) and Philippines ranked fifth at 2.5 million tons (2.8%).
Japan ranked 11™ at 1.1 million tons (1.2%) [3]. In Japan, aquaculture production volume
peaked at 1.4 million tons in 1988. However, due to the Great East Japan Earthquake in 2011,
the production dropped to 0.9 million tons and it recovered to 1.1 million tons in 2012. By
species, the production volume of yellowtail (Seriola spp.) has been the highest among fish
production in Japan since 2006 which accounts for 56.0% of all production volume. In 2016,
the production volume of yellowtail, red seabream (Pagrus major) and Pacific bluefin tuna
(Thunnus orientalis) accounted for 56.0%, 27.0% and 5.4%, respectively (Fig. 1). Aquaculture
production value in Japan had declined after peaking at 736.4 billion yen in 1991. However, in
2009 and 2012, the production value recovered to 471.8 and 484.2 billion yen, respectively. In
2012, aquaculture accounted for 34.0% of the total aquaculture production value. By species,
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value in 2016 (Fig. 2). Pacific bluefin tuna (18.6%) and red seabream (18.5%) ranked second
and third position of aquaculture value in 2016, respectively (Fig. 2) [4].
2. Fish immune systems

The immune system is a biological mechanism that possesses the recognition of wide
variety of pathogens such as bacteria, viruses and fungi. The immune system distinguishes the
invading pathogens from the organism’s own healthy tissue. It is also known as a network of
circulating cells and molecules. The immune system possesses layered defense mechanisms by
increasing specificity to fight against invading pathogens [5]. In simple terms, physical barriers
are the first immune mechanism protecting host from pathogens. The innate immune system is
activated and provides an immediate, but non-specific response to pathogens when pathogens
breach the barrier. If invading pathogens successfully evade the immune response, the adaptive
immune system is activated by innate immune response and response pathogens with more
specific than the innate immune system [6, 7]. Fish immune system is composed of innate and
adaptive immunity. Innate immune system is the first line of host defense mechanism that is
characterized by a set of non-specific responses. Innate immune system plays vital roles in
early recognition and regulation of a pro-inflammatory responses to invading pathogens [8].
While adaptive immune system is responsible for elimination of invading pathogens in the late
phase of infection and involves in immunological memory generation. The adaptive immunity
requires both cell-mediated and humoral immune response for its fully activation. [9-12].
2.1 Immune organs in fish

Fish contains most of the secondary lymphoid organs as present in mammal, except the
lymph nodes and the bone marrow [13]. The mucosa-associated lymphoid tissues including the
gut, skin and gills. These tissues non-specifically protect fish from both entering of pathogens
and from leakage of water, solute and nutrients. Teleost skin is different from mammalian skin
because it secretes mucus which is important in immune responses. Moreover, since aquatic
environment has pathogenic organisms, skin of aquatic vertebrate is vital as a first line of
defense mechanism against invading pathogens [14]. The secreted mucus from skin has
evolved to have robust mechanisms such as traps and immobilizes pathogens and prevents the
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parasites [15-17]. Teleosts lack of organized gut-associated lymphoid tissue such as the Peyer’s
patches of mammals. Teleost gut contains leukocytes such as macrophages, lymphocytes and
plasma cells. Moreover, leukocytes and plasma cells are also present in the skin and gills.
Antigens can be taken up by these epithelia [13]. Because teleosts lack of bone marrow and
lymph nodes, thymus is the primary lymphoid tissues. While, spleen, gut-associated lymphoid
tissue (GALT) and kidney (anterior and posterior) are secondary lymphoid tissues.

The kidney contains both developing B lymphoid cells and antibody-secreting cells
(ASC). In mammals, head/anterior kidney is known to play important roles in hemopoietic
functions and is involved in phagocytosis, antigen processing and formation of IgM and
immune memory through melanomacrophagic centres [18]. In fish, the primary site for
hemopoiesis is an active immune part of kidney, head kidney or pronephros, which is formed
by two Y arms and spreads underneath the gills. Teleost head kidney is an important organ
which has key regulatory functions and immune-endocrine interactions and
neuroimmunoendocrine connections. Moreover, it is the major site of antibody production. In
contrast, posterior kidney possesses both renal and immune tissues [19]. Although it has been
reported that B cells are present in the posterior kidney, it is still unclear whether it possesses
functional roles as observed in the anterior kidney. Thus it has not yet known whether posterior
kidney functions as a primary or secondary immune organ [20].

The spleen is considered to be the main secondary lymphoid organ which plays
important roles in haematopoiesis, antigen degradation and antibody production processing [5].
Furthermore, because fish lacks lymph nodes, the spleen alone plays an essential role in antigen
trapping. Spleen size of fish is widely used as a simple measurable immune parameter for
determination of immune responses against pathogens [21]. Activation-induced cytidine
deaminase (AID), enzyme for generation of immunoglobulin diversity, has been found in the
spleen of teleost, suggesting that the spleen involves in promotion of adaptive humoral
immunity [22].

In mammals, the thymus is important for producing T lymphocytes and is involved in
stimulation of phagocytosis, allograft rejection and antibody production by B cells in mammal
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pharyngeal epithelium. Teleost thymus has also been reported to involve in T cell production.
The expression of T cell receptor alpha chain was detected in zebrafish thymus at 4 days post
fertilization [24]. In sea bass (Dicentrarchus labrax), immunohistrochemical showed the
detection of presumptive T cells in thymus 3 days later than the first lymphoblast [25].
Moreover, thymus has been reported to involve in sexual maturation in zebrafish [26].

2.2 Innate immunity

Innate immunity is a non-specific immune response, which is known as the first line of
the host defense mechanism against invading pathogens [27]. It also plays a role in activation
and regulation of adaptive immune system through activation of both immune cells (such as
dendritic cells and macrophages) and immune molecules (such as cytokines and chemokines).
Vertebrate innate immunity is divided into cellular and humoral immunity. The important roles
of innate immune response to recognize pathogens at early stage of infection are mainly on
complement system, phagocytosis and immune activation via pattern-recognition receptors
(PRRs). Immune cells such as dendritic cells (DCs) and macrophages utilize PRRs to recognize
microbial components known as a recognize pathogen association molecular patterns (PAMPs)
[28, 29]. PRRs are classified into a transmembrane receptors and a proteins resided on
intracellular compartment (cytoplasmic PRRs).

TLRs are type I transmembrane domain proteins which localize at the cellular or
endosomal membranes. TLRs consist of three domains including a leucine-rich repeat (LRR)
motif, which is an important domain for ligand recognition, a cytoplasmic signaling
Toll/interleukin-1 (IL-1) receptor homology (TIR) domain, which is responsible for signaling
transduction, and a transmembrane region with one a-helix [30, 31]. The LRR domains contain
19 to 25 tandem LRR motifs. Each LRR motif is 24 to 29 amino acid residues in length which
XLXXLXLXX as well as X*XX*XXXXFXXLX; * is a conserved hydrophobic residue [28].
In vertebrate, TLRs are expressed on surface and intracellular compartment of various immune
cells such as macrophages, DCs, B cells, T cells, and also non-immune cells such as fibroblasts
and epithelial cells. To date, 11 TLRs including TLR1 to TLR11 have been identified and
characterized in mammals. TLR1, TLR2, TLR4, TLRS, TLR6 and TLR11 are localized on the
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Mammalian TLR1, TLR2, TLR4 and TLR6 are known to recognize bacterial components. The
TIR domains of TLR1 and TLR6 are associated with the TIR domain of TLR2 whereas TLR4
mediates singling pathway via the TIR domain itself. TLR3, TLR7, TLR8 and TLRO recognize
nucleic acids. TLRS recognizes flagellin of flagellated bacteria [29, 32]. However, some TLRs
can recognize structurally unrelated ligands such as TLR2 and TLR4. Although TLR2 is known
to recognize lipoprotein and peptidoglycan, it was also found to recognize bacterial LPS which
is basically recognized by TLR4 [33]. It has been revealed that pathogenic LPS can be
recognized by association of TLR4 with a PAMPs-binding molecule, MD-2. Moreover, MD-
2 is also found to be important for TLR2 in response to Gram-negative and Gram-positive
bacterial LPS [34].

TLRs are also present in many fish families such as cyprinid, salmonid, perciform,
pleuronectiform and gadiform. To date, at least 17 TLRs have been identified in teleosts.
Among TLRs, TLR14, TLR19, TLR20, TLR21, TLR22 and TLR23 are non-mammalian TLRs
and TLRSS is a unique TLRS in fish [35]. The interleukin-1/TLR family was firstly identified
in rainbow trout (Oncorhyncus mykiss) [36]. Then, several TLRs have been identified in many
teleost species including pufferfish (Tetraodon nigroviridis), common carp (Cyprinus carpio),
orange-spotted grouper (Epinephelus coioides), catfish (Ictalurus punctatus) and yellow
croaker (Pseudosciaena crocea) [37-41]. The genomic organizations of mammalian and teleost
TLRs genes are not quite conserved. For example, phylogenetic tree analysis revealed that
pufferfish TLR1 was grouped with other fish TLRs on a separated branch, excluded from
mammalian and avian TLR1s. However, the TLR2 gene has one and two introns in human and
murine, respectively, but pufferfish has ten introns [37]. TLR22, a novel member of the teleost
TLRs family, has similar function to mammalian TLR3 which recognizes viral dSRNA [42].
Moreover, a recent study reported that not just dsSRNA and DNA viruses but parasite
(Amyloodinium ocellatum) also could induce the expression of TLR22 in yellowtail (S.
lalandi). This indicates a possible role of fish TLR22 in responding to broad ranges of
pathogens [43].

Vertebrate TLR signaling pathway requires recruitment of several adaptor molecules
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adaptor inducing I[FN-beta (TRIF) and tumor necrosis factor (TNF) receptor-associated factor
(TRAF). MyDS88 is a critical adaptor molecule in TLR signaling pathway except for TLR3.
Stimulation of several adaptor molecules leads to the activation of TLR downstream signaling
pathway via phosphorylation, ubiquitination, or protein-protein interactions to activate the
transcription of pro-inflammatory cytokine and chemokine genes [28, 31, 44]. Additionally,
NF-kB is also important for TLR signaling pathway and inflammatory cytokine genes
expression. Upon ligand stimulation, interferon-regulatory factor (IRF)-5 stimulates IkB-like
molecule, which is also critical for TLR signaling activation, and subsequently induces
cytokine genes transcription by association with NF-kB p50 [45]. However, TLR3 and TLR4
activate the downstream signaling pathway without MyD88. TRIF adaptor molecule is a
critical adaptor molecule in MyD88-independent pathway. TRIF initially interacts with
receptor-interacting protein 1 (RIP1) and TRAF-family-member-associated NF-kB activator
(TANK) binding kinase 1 (TBK1) resulting in the activation of NF-kB and type I interferon
(IFN) signaling pathways [46, 47]. Furthermore, type I IFN signaling pathway can also be
activated through TLR7 and TLRY stimulation. TLR7 and TLR9 mediate type I IFN via
MyD88-dependent pathway by sensing ssRNA and CpG DNA, respectively. During TLR7 and
TLR ligands recognition, several molecules are recruited including MyDS88, interleukin-1
receptor-associated kinase 4 (IRAK-4), TRAF and IRF-7 mediating to type I IFN signaling
pathway activation [48].

As TLRs are expressed at either the surface of immune cells or endosome membranes,
they seem not to be able to recognize intracellular pathogens invading cytosolic compartments
and their components such as viral ssSRNA, dsRNA and DNA. PAMPs can also be detected by
the other cytoplasmic PRRs which are retinoid acid-inducible gene I (RIG-I)-like receptors
(RLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) [49, 50].
RLRs are a family of DExD/H box RNA helicases that recognize viral RNA. The downstream
signaling pathway of RLRs activates type I IFN gene transcription to control viral infection.
To date, three RLRs have been identified in both mammals and teleosts including retinoic acid-
inducible gene I (RIG-I), melanoma differentiation associated factor 5 (MDAS) and laboratory
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RNA in the cytoplasm [51]. RIG-1 is composed of tandem caspase recruitment domain
(CARD)-like regions at the N-terminus and C-terminal repressor domain (RD). The CARD
domain is important for interacting with the other CARD-containing proteins, whereas RD
plays crucial roles in binding to RNA. RIG-I is an inactivated monomer in resting cells. During
viral infection, the conformation of CARD domain changes to promote its interaction to
downstream signaling molecules [44]. The MDAS also contains tandem CARD-like region and
a DExD/H helicase domain. The RIG-I recognizes 5’-phosphorylated blunt ends of viral
genomic dsRNA, whereas MDAS binds internally to long dsSRNA (>1,000 bp) with no end
specificity [52, 53]. The interaction of CARD domain with the interferon promoter-stimulating
factor 1 (IPS-1) activates the transcription of several transcriptional factors including IRF3,
IRF7 and NF-kB. IRF-3 and IRF-7 control the expression of type I IFNs, whereas production
of inflammatory cytokines are regulated by NF-kB [54].

In addition to TLRs and RLRs, cytokines and chemokines are known as important
molecules in the vertebrate immune system. Cytokines and chemokines play crucial roles in
both innate and adaptive immunity by inducing or inhibiting the activation, differentiation
and/or proliferation of various immune cells [55, 56]. Upon pathogen infection, cytokines are
secreted from various immune cells in response to pathogens infection. Expressions of cytokine
genes have been broadly detected in many studies to study vertebrate immune responses and
also to evaluate the vaccine efficacy [57, 58]. The activation of pro-inflammatory responses in
innate immunity induced by PRRs regulates innate immune response and also play roles in
activation, maturation and regulation of the adaptive immune response [59].

2.3 Adaptive immunity

The adaptive or acquired immune system is activated with immunological memory to
recognize and cope with the encountered antigens. Adaptive immunity of jawed vertebrates is
based on antigen-recognizing receptors known as B cell receptors (BCRs), T cell receptors
(TCRs) as well as antigen-presenting molecules known as major histocompatibility complex
(MHC), including MHC class I and II. Two types of lymphocytes play important in regulation
of adaptive immune system including T cells and B cells. T cells are major components in cell-

mediated (cellular) immunity, whereas B cells produce immunoglobulins (Igs) or antibodies



which are key components of humoral immunity [60]. Both T and B cells express antigen-
specific receptor on their cell surface for binding to the distinct forms of antigen [61]. Teleost
immune system contains almost all of the elements of the innate and adaptive immune system
as presented in mammals.

In vertebrate, immature T cells are activated by interacting of TCRs with the antigenic
peptides presented on MHC molecules expressed on the surface of antigen-presenting cells.
TCRs including « and B chains are associated with the cluster differentiation 3 (CD3)
molecules (y, 6, € and { chains) which bind specifically to peptides presented on MHC
molecules. Moreover, TCRs are also connected to CD4/CD8 molecules, which stabilize the
interaction of TCR-peptide-MHC complexes by binding to non-polymorphic regions of MHC
molecules [62, 63]. The interaction of these molecules results in close proximity of their
cytosolic domains and activation of downstream signaling pathway including activation of Src
family protein kinase, recruitment of adaptor molecules ({-associated protein, 70 kDa (ZAP-
70)) through immunoreceptor tyrosine-based activation motif (ITAM) as well as
phosphorylation and/or dephosphorylation of phosphotyrosine residues in Src family kinases.
ZAP-70 has also been identified and reported in teleosts that its phosphorylation sites which is
important for T-cell antigen receptor signaling in mammalian were conserved [64]. These
signaling pathways lead to increase of intracellular calcium (Ca*") flux and activation of
transcriptional factor molecules such as nuclear factor kB (NF-xB). Furthermore, activation of
T cells mediates the differentiation of T cell effector subsets [65]. T cells can be differentiated
into two types: cytotoxic T cells (CD8+) and helper T cells (CD4+) [66]. The helper T cells
provide signals such as cytokines for regulation of both T and B cell responses, whereas the
cytotoxic T cells mainly play direct roles in elimination of pathogens.

In vertebrate, CD8+ T cells is a major circulating T cells which is important for
eliminating and removing the cells harboring intracellular pathogens especially virus.
Recognition of antigenic peptides by naive CD8+ T cells via MHC class I and TCR molecules
results in differentiation of CD8+ T cells to cytotoxic T lymphocytes (CTLs). CTLs play
important roles in elimination of virus-infected cell by releasing of cytotoxins such as perforin
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apoptosis [67, 68]. To date, perforin genes have been identified in Japanese flounder
(Paralichthys olivaceus) [69], channel catfish (Ictalurus punctatus) [70], rainbow trout
(Oncorhynchus mykiss) [71] and crucian carp (Carassius auratus langsdorfii) [72]. Several
studies have reported the effects of cytotoxic on T cells in teleost. mRNA expression of perforin
is mainly detected in CD8+ lymphocytes of crucian carp and PHA, a mitogen that induces
cytotoxic functions in mammals. PHA stimulation also showed expression of the three CTL
effector genes (perforin, granzyme and IFN-y) in CD8+ lymphocytes [73]. Furthermore, a
rainbow trout macrophage cell line RTS-11 showed significant increase in mRNA expression
of perforin and granzyme genes after VHSV infection [74]. Moreover, CTLs can eliminate the
target cell by Fas ligand pathway which is independent of cytotoxic enzymes. TCR activation
induces the expression of Fas ligand on the CTLs. Ligation of Fas ligand to Fas (CD95) on the
target cell membrane leads to activation of caspases which induce apoptosis in the target cell
[62, 75]. In mammals, Fas ligand can be expressed as membrane bound or soluble cytosolic
forms. In teleosts, Fas ligand has been found expressing in soluble cytosolic form in channel
catfish [76] and gilthead seabream (Sparus aurata L.) [77]. Furthermore, teleost Fas ligand has
similar roles in activation of cell apoptotic [76, 78].

CD4+ T cells are known as T helper cells which can be differentiated into Th1, Th2
and Th17 cells. Thl responses result in an activation of CTLs, whereas Th2 responses lead to
B cell activation and antibody production. Th17 responses are characterized by the recruitment
of neutrophils and important for autoimmune disease [79]. Cytokines are also involved in
mediation of T cell differentiation. Signature cytokines of Thl response including interferon
(IFN)-y and IL-12 are produced during Th1 development. IFN-y is produced by transcriptional
factor signal transducers and activators of transcription (STAT) 1, STAT4 and T-bet, whereas
IL-12 is mainly produced by antigen presenting cells (APCs) such as dendritic cells and
macrophages. These cytokines promote the development of cytotoxic responses, activate cell-
mediated immunity against intracellular pathogen and interfere the Th2 driven immune
responses. In contrast, IL-4, ILS5, IL-13 and transcriptional factors STAT6 and GATA3 are
involved in activation of Th2 immune response development [79]. Th2 cells regulate humoral

immune response by activation of antibody production against extracellular pathogens. T cell



responses have also been well described in teleost. In Atlantic halibut (Hippoglossus
hippoglossus L.), mRNA levels of Thl cytokine genes were increased in anterior kidney
leukocytes stimulated with imiquimod (a chemical that mimics the effects of viral RNA),
suggesting a Thl skewed environment [80]. IL-4 and IL-13 are strongly expressed by Th2
cells. IL-4 promotes Th2 development and also suppresses the development of Th1 and Th17
cells. Moreover, the transcriptional factor GATA3 is important for enhancing the transcription
of the Th2 cytokine genes including IL-4 , IL-5 and IL-13 [81]. Recently, the Th2 immune
responses have been studied in fish where a molecule having relative of both IL-4 and IL-13 is
present, known as IL-4/13. A possible Th2 inflammatory process has been described in coho
salmon (Oncorhynchus kisutch) [82]. Furthermore, several studies have produced recombinant
IL-4/13 proteins for investigation of Th2 regulatory mechanisms in fish [83-85]. In carp
(Cyprinus carpio), the recombinant IL-4/13B protein induced in vitro proliferation of IgM’ B
cells [83]. The Th17 cells are mainly involved in mucosal immune responses against pathogens
by secreting pro-inflammatory cytokines IL-17 and IL-22 which subsequently stimulate
intestinal and skin epithelia to secrete chemokine and also activate neutrophils. Five forms of
IL-17, a hallmark cytokine of Th17 cells, and other cytokines such as IL-21, IL-23 and IL-26
have been identified in zebrafish [86]. Moreover, nuclear RAR-related orphan receptor gamma
(RORc), a regulator of Th17 differentiation, is also conserved in zebrafish [87]. Furthermore,
Th17 is known to be involved in mucosal immune response of zebrafish after bath-vaccination
with live attenuated Vibrio anguillarum [88].

In vertebrate, antigens can also be recognized by B cells through B cell receptor (BCR).
After recognition, B cells are activated, differentiated and secreted a soluble form of the BCR
called as antibody or Ig. This immune mechanism is known as the adaptive humoral immune
response which is mediated by specific antibodies-produced by plasma cells. Igs play important
roles in recognition of antigen and activation of vertebrate adaptive immune response. The
structure of both mammalian and teleosts Ig consists of two identical heavy chains (H) and two
identical light chains (L) which are held together by disulfide bridge. Antigen-binding sites are
located on the variable region of IgH and IgL chains [89]. Moreover, both IgH and IgL chains

contain variable (V) and constant (C) domains which are responsible for antigen recognition
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and mediation of signaling pathway, respectively [90]. IgL chains contain one C domain,
whereas IgH chains contain either three or four C domains. Igs are categorized into specific
isotypes based on the structure of constant region of heavy chain. IgH and IgL chains are
encoded by separate genomic loci and their V and C domains are encoded by independent
elements including the variable (V), diversity (D) and joining (J) gene segments for the V
domain and individual constant (C) gene segments for the C domains. The V domain of IgL
chains is encoded by V and J gene segment which is in the absence of D gene segment [91].
Igs are composed of fragment antigen-binding (Fab) and fragment crystallizable (Fc) regions.
The Fab contains complete L chain in its entirely, paired with one V and C domains of IgH
(Fig. 3). The Fc region mediates the effector function of Ig by binding to the Fc receptor (FcR)
on effector cells or activating other immune mediators such as complement [89]. Fab region
contains the sites responsible for binding to antigen. V domains are further divided into three
hypervariable parts known as complementarity-determining regions (CDRs) and four
framework regions (FRs) (Fig. 4). CDR1 and CDR?2 are encoded by V gene alone, whereas
CDR3 is encoded by the V-J or V-D-J rearrangement junction and thus this is the most diverse
CDR [89]. Teleost IgM is mainly secreted by plasmablasts and plasma-like cells that reside in
the head kidney [92].

One of the hallmarks of adaptive immunity is the variation of Igs and TCRs which
allows them to recognize wide variety of antigens. Several antibody affinity maturation
mechanisms are responsible for generation of this variability in mammals such as V(D)J
recombination, somatic hypermutation (SHM), class switch recombination (CSR) and gene
conversion (GC) [93]. The exon encoding Ig and TCR variable regions are assembled from
germline V(D)J gene segments in developing B or T lymphocytes. The V(D)J recombination
is a site-specific recombination process for generation of diverse antigen receptor repertoires.
The recombination activating genes (RAGs) are required for the initiation of V(D)J
recombination process [94]. To date, RAG genes have been identified and characterized in
zebrafish [95], European sea bass (D. labrax) [96], haddock Melanogrammus aeglefinus, L.
[97] and rainbow trout [98]. These studies indicated that RAG enzyme is required for the V(D)J

recombination process in teleost as in mammals. SHM is a process in which point mutations
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occur in the V-region of the heavy and light chains. This process is triggered when the Ig on
the B cell surface engages antigen. The mutagenized antibodies will have a higher affinity for
the antigen, and higher affinity antibodies-harboring cells proliferate and survive preferentially
[99]. CSR is a process for alteration of constant region genes in the IgH locus to switch from
expressing one class of Ig to another class by naive B cells. The CSR occurs at the switch (S)
region locating upstream of each of the Cy region [100]. GC is an antibody diversification
mechanism that generates templated changes in the sequence of the V-region of Ig [101]. AID
is known as an essential enzyme for initiation of SHM, CSR and GC. Although, teleost have
been reported to lack of class switch recombination process, some studies reported the
expression of AID and the presence of antibody SHM. Moreover, it has been revealed that
zebrafish AID could catalyze the class switch recombination in AID-deficient mouse B cells
indicating that the functional domains of AID enzyme required for CSR were all intact [102].
Therefore, the rate-limiting step for CSR was the evolution of appropriate DNA switch regions
which might miss in fish Ig heavy chain locus [103].
2.3.1 Fish immunoglobulins

Cartilaginous fish (sharks and rays) are the oldest vertebrate species containing bona-
fide immunoglobulin-producing B cells. Three types of Ig produced by cartilaginous fish B
cells are IgW, IgM and IgNAR (immunoglobulin new antigen receptor) [104]. IgW was
phylogenetically related to teleost IgD, whereas IgNAR is known as a shark-specific Ig that is
composed of only disulfide-linked heavy chains. Shark B cells are morphologically similar to
that of teleost fish and higher vertebrates. However, shark I[gNAR and IgM are expressed by
different B cell subsets and this species are devoid of B cells-expressing both B cell receptors
[105]. It has been reported that teleost leukocytes are morphologically and functionally similar
to mammalian macrophages, dendritic cells, neutrophils, monocytes, T cells and plasma cells.
Although there are studies reporting cells having similar morphology and functions with
eosinophils, mast cells and basophils, these cells are not certain in teleosts [106]. In teleost,
development of B cells at early stages varies in different species. Several studies have been

reported about development of B cells [93].
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Teleost contains three Ig isotypes including IgM, IgD and IgT/IgZ. IgM is the main Ig
isotype in teleosts that is found as a tetrameric form in serum. It can be expressed on the surface
of B cells as BCRs or secreted as antibodies. [gM concentration in teleost serum has been found
between 800 and 9000 pg/ml [107]. In teleost, IgM is secreted by plasmablasts and plasma-
like cells. The majority of IgM-secreted cells are localized in the head kidney [108]. However,
teleost lacks of Ig class-switch mechanism and they are known to have low affinity maturation
for the IgM responses in comparison to mammalian species. Furthermore, teleost requires
longer time for generating a significant antigen-specific response than mammals[108, 109].
IgM is involved in wide varieties of immune mechanisms such as mediation of agglutination
for phagocytosis, cellular cytotoxicity and modulation of complement system [107]. To date,
serum IgD has been reported in channel catfish, rainbow trout, Atlantic salmon and Japanese
flounder [110-112]. Two variants of the secreted IgD at about 130 and 180 kDa were found in
channel catfish serum. In Japanese flounder, IgD-positive B lymphocytes are mainly present
in peripheral blood leukocytes (PBLs) [111]. Channel catfish has been reported to express three
different types of B cells: single positive IgM /IgD" B cells, double positive IgM /IgD" B cells
and IgD-only B cells [113]. Teleost IgT/IgZ is a recent teleost Ig isotype that was firstly
identified in rainbow trout (as a IgT) [114] and in zebrafish (as a IgZ) [115]. To date, IgT/IgZ
has been cloned and characterized in various fish species [116-118]. Expression analyses of
teleost IgT/IgZ reported that it is expressed in both primary and secondary lymphoid organs.
Moreover, at early developmental stages of IgT/IgZ, it can be expressed as early as 4 days post
fertilization of teleost fish and its expression is more rapidly than that of IgM. In adult fish,
IgM is the dominant isotype in serum, whereas IgT being more highly expressed in mucosal
organs. These findings suggest that IgM plays vital role in protection of adult fish through
systemic immune response, while IgT may be specialized in mucosal immunity [119].

3. Antibody detections and applications

Due to the high affinity and high binding specificity of antibodies, they have become
one of the most effective tools for immunological studies and immunodiagnostic of numerous
diseases [120]. Detections of antibody in the circulation or in tissues have become useful
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invertebrate and vertebrate immune systems. Several immunological techniques are available
for antibody detection such as immunosorbent assay, immunoprecipitation, immunoblotting
and immunocytochemistry [121]. The immunoassays are based on the reaction of antibody-
target antigen binding. Antibodies specific to a desired antigen are basically required for the
immunoassays. Antibodies can be produced by immunization of animals such as rabbit, mouse,
sheep and goat with desired antigens. High molecular weight compounds such as proteins can
be used as antigens for immunization of animal to produce the specific antibodies [122].
However, in the absence of native proteins and if the amino acid sequence of desired antigens
is known, antibody can be produced by immunization of animal with low molecular weight
proteins such as synthetic peptide [123]. Synthetic peptides are widely used for antibody
production since they are easily synthesized with high purity. Nevertheless, since low
molecular weight compounds have low immunogenicity, it needs to be conjugated with carrier
proteins such as bovine serum albumin (BSA) and keyhole limpet hemocyanin (KLH) to
increase its immunogenicity [123]. Antibodies produced by immunization of animal with
synthetic coupled to a carrier protein are known as anti-peptide antibodies. Peptide antibody is
one of powerful tools in experimental studies. The main advantages of using peptide antibody
are that since antibody is raised against selected region, the epitope of antigen recognized by
peptide antibody is well defined. Moreover, peptide antibody is easily produced against
isoform or modified proteins [124]. However, since synthetic peptide lacks the normal three-
dimensional or folding structure of the desired protein, it might not be able to recognize native
forms of the protein [125]. On the other hand, serum collected from the animal after
immunization with the desired antigens and booster infections without purification process is
known as polyclonal antibody, whereas antibody produced by screening of the antigen-specific
B cell (hybridoma) is known as monoclonal antibody. The major differences of polyclonal and
monoclonal antibody are polyclonal antibody recognizes multiple epitopes on any one antigen,
whereas monoclonal antibody recognizes only one epitope on an antigen. Therefore,
monoclonal antibody has higher specificity and affinity to the desired antigen than polyclonal
antibody [121]. In teleost, several studies have reported the detection antibody responses

specific to the desired antigen to evaluate the vaccine efficacy [126-128]. To date, antibody
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responses have been broadly detected in various fish species to study their specific immune
responses by immunoassays. Moreover, both monoclonal and polyclonal antibodies specific to
fish Ig have been widely developed under laboratory condition in various fish species. For
example, antibodies specific to recombinant proteins of Japanese flounder IgM heavy chain
constant regions were produced and antibody specificity to fish IgM was determined. The
antibodies are useful for I[gM detection in Japanese flounder by Western blot and they are also
applicable for immunohistochemical analysis [129, 130]. Moreover, also the antibody specific
to serum Ig of black rockfish (Sebastes schlogeli) was produced by commercial affinity
column. The antibody was also applicable for fish IgM detection by immunoblotting [131].
Research objective

Detection of antibody has become a useful analytical tool in immunological studies and
immunodiagnostic of various diseases. Detection of antibody responses by immunoassays
requires the Ig-specific antibody. To date, IgM-specific antibodies have been available as
commercial products and have been developed under laboratory condition in many fish species.
However, there are many fish species from both fishery and aquaculture productions in Japan
that have been threatened from numerous infectious diseases. Furthermore, their specific
immune responses have been broadly studied by using Ig-specific antibodies. Development of
IgM-specific antibody for each fish species would be expensive and time-consuming.
Therefore, the detection tools are developed based on immune molecules for antibody detection

in multiple fish species
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Chapter 2: Development and evaluation of fish IgM heavy chain polyclonal antisera for fish
IgM detection
Materials and methods

Two synthetic peptides (IgH-1 and IgH-2) were designed based on the conserved
sequence of fish IgH including Japanese flounder Paralichthys olivaceus, seabream Pagrus
major, yellowtail Seriola quinqueradiata, carp Cyprinus carpio L., rainbow trout
Oncorhynchus mykiss, hybrid sturgeon Huso huso x Acipenser ruthenus and banded
houndshark Triakis scyllium. The synthetic peptides were used for immunization of rabbit to
produce peptide polyclonal antisera (anti-IgH-1 and anti-IgH-2). The specificity of peptide
antisera was determined by Western blot and enzyme-linked immunosorbent assay (ELISA).
Results and discussion

Anti-IgH-1 antiserum showed reactivity to IgMs of Japanese flounder, seabream,
yellowtail, carp, rainbow trout and hybrid sturgeon under reducing and non-reducing condition
of Western blot. Anti-IgH-2 antiserum reacted to IgMs of seabream, yellowtail and rainbow
trout under reducing condition. However, under non-reducing condition, anti-IgH-2 antiserum
solely reacted to IgM of rainbow trout. Attempts to use the antisera to measure fish antibody
titer by ELISA were unsuccessful.

Conclusion
These results demonstrate that anti-fish IgH peptide polyclonal antisera are potentially

applicable tool for detecting immunoglobulins in various fish species by Western blotting.
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Chapter 3: Development and evaluation of fish IgM light chain polyclonal antisera for fish
IgM detection
Materials and methods

Recombinant proteins of three isotypes of Japanese flounder IgL (L1, L2 and L3) were
produced and used for immunization of rabbit to produce specific antiserum. The cross-
reactivities of three antisera to Igls of seven fish species including Japanese flounder
Paralichthys olivaceus, seabream Pagrus major, yellowtail Seriola quinqueradiata, carp
Cyprinus carpio L., rainbow trout Oncorhynchus mykiss, hybrid sturgeon Huso huso x
Acipenser ruthenus and banded houndshark Triakis scyllium. were determined by Western blot
(under reducing and non-reducing conditions) and ELISA.

Results and discussion

Anti-JF IgL1 and L2 antisera could react to Japanese flounder, seabream and yellowtail
IgLs under reducing condition. However, fish IglLs were not clearly detected by anti-JF IgL3
antiserum under reducing condition. Unexpectedly, measurements of fish antibody titer by
ELISA using the polyclonal antisera were unsuccessful. These results demonstrate the cross-
reactivities of anti-JF IgL antisera to fish IgLs.

Conclusion

Although anti-JF IgL antisera did not have reactivity to fish IgM determined by ELISA,
they showed cross-reactivities to red seabream and yellowtail IgLs under reducing condition
by Western blot. These antisera are useful for detection of IgMs in Japanese flounder, red

seabream and yellowtail which are economically important fish species in Japan.
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Chapter 4: Development of fish IgM detection tools based on Japanese flounder Fc receptor-
like proteins
Materials and methods

FcR-like proteins 1, -2, -3 and -4 were identified and characterized in Japanese
flounder. JF-FcR-like protein mRNAs were examined in each tissue of healthy fish by reverse-
transcription PCR (RT-PCR). The mRNA levels of JF-FcR-like protein were also detected after
formalin-killed cells (FKCs) of Edwardsiella tarda and Streptococcus iniae stimulations by
quantitative PCR (qPCR). Recombinant proteins of FcR were produced for determination of
their binding specificity to fish IgMs and bacterial components by enzyme-linked
immunosorbent assay (ELISA).

Results and discussion

Their open reading frames of JF-FcR-like protein 1, 2, 3 and 4 encoded 358, 255, 519
and 441 amino acid residues, respectively. JF-FcR-like protein mRNAs were mainly detected
in kidney and spleen of healthy fish. Injection of formalin-killed cells (FKCs) of E. tarda
significantly increased the spleen mRNA levels of JF-FcR-like protein 1 but not the other JF-
FcR-like proteins. Injection of FKC of S. iniae did not significantly affect any of the JF-FcR-
like protein mRNAs. ELISA reveals that recombinant JF-FcR-like proteins have different
binding affinities for the serum proteins. Interestingly, recombinant JF-FcR-like proteins also
bind to formalin-killed cells of E. tarda and S. iniae. Therefore, attempts to use the recombinant
protein as tool for antigen-specific antibody detection were unsuccessful.

Conclusion

These results indicate that all FcR-like proteins are involved in regulation of immune

response through binding not only to the Japanese flounder IgM molecules but also to

pathogenic bacteria.
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Chapter 5: Development of single chain variable fragment antibodies from phage display
library for fish IgM detection
Materials and methods

The phage library was generated from variable regions of rabbit spleen B cells-
immunized with tuna IgM. Fish IgM-specific phage library was enriched by two rounds of bio-
panning with purified yellowtail IgM and further two rounds of bio-panning with purified red
seabream IgM. Then the single clonal phage library was isolated and their nucleotide and
amino acid sequences were analyzed. The recombinant single chain variable fragment (scFv)
proteins were produced for determination of their binding specificity to native form and
denatured form of fish IgM by enzyme-linked immunosorbent assay (ELISA) and Western
blot, respectively.

Results and discussion

The enriched phages library with yellowtail and red seabream IgMs demonstrated
increase in binding specificity to the purified tuna, yellowtail, red seabream and rock bream
IgMs compared with an unpanned library. The recombinant proteins had binding properties to
fish IgMs determined by ELISA. Western blot revealed that a clone of recombinant scFv
protein had binding specificity to both native and denatured forms of fish IgM. However, the
rest of recombinant proteins bound to only native forms of fish IgM.

Conclusion
These results indicate that recombinant scFv proteins might potentially be applicable

tools for detecting immunoglobulins in various fish species by ELISA.
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