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ABSTRACT
The recognition of pathogen-associated molecular patterns (PAMPs) by pattern
recognition receptors (PRRs) is important for the initiation of the host defense against
pathogens. NOD-like receptors (NLRs) are a family of PRRs that primarily detect the
cytosolic PAMPs of the pathogens. The NLRs have been well studied in mammals, but
are relatively less known in fish. The objective of my thesis was to identify and
functionally characterize NLRs and their signaling molecules of goldfish macrophages in
response to bacterial pathogens.
The NOD1, NOD2 and NLRX1 of goldfish macrophages were functionally
characterized. Treatment of macrophages with LPS, Poly I:C, muramyl dipeptide (MDP),
peptidoglycan (PGN), heat-killed Aeromonas salmonicida or Mycobacterium marinum
differentially altered the expression of the NOD-like receptors. These results indicated
that goldfish NLRs were functionally highly conserved and that they played a pivotal role
in recognition of fish pathogens such as A. salmonicida and M. marinum. The association
between the NOD1/NOD2 receptors and the key adaptor protein (RIP2) of their
signaling pathway was examined. Treatment of goldfish macrophages with LPS, PGN,
MDP, Poly I:C, heat-killed and live M. marinum, and heat-killed A. salmonicida
differentially changed the expression of RIP2 at both mRNA and protein levels. RIP2 was
found to associate with NOD1 and NOD2 receptors in eukaryotic cells, and RIP2 overexpression resulted in the activation of the NF-κB. RIP2 was shown to play a central role
in the production of pro-inflammatory cytokines TNF-2 and IL-11 by goldfish
macrophages exposed to M. marinum.
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I identified and functionally characterized, for the first time, an NLRP
inflammasome-like molecule (= NLRP3rel), and its adaptor protein (ASC) of bony fish
macrophages. Treatment of goldfish macrophages with nigericin, an inducer of
inflammasome pathway, up-regulated the expression of both NLRP3rel and ASC at
mRNA and protein levels. Confocal microscopy and co-immunoprecipitation assays
results indicated that goldfish NLRP3rel associated with ASC in eukaryotic cells. In
addition, the results indicated that ASC associated with caspase-1 and RIP2, and ASC
over-expression did not cause the activation of NF-κB, but down-regulated RIP2 ability
to activate NF-κB. These results indicate that the goldfish NLRP3rel molecule has a
similar inflammasome signaling pathway to that of mammals. An inflammasome
signaling pathway downstream molecule, HMGB1, was also functionally characterized
after exposure to bacteria. My results indicated that goldfish HMGB1, was a critical
regulatory cytokine of inflammatory and antimicrobial responses of the goldfish. The
results of my dissertation highlight the importance of NLRs in antimicrobial responses of
bony fish.
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The research presented in this thesis represents the first comprehensive analysis
of the biology and characterization of NOD-like receptors in goldfish macrophages
exposed to bacterial pathogens. It is also the first comprehensive analysis of the
molecular characterization of NOD1, NOD2, NLRX1 and NLRP3rel, as well as relevant
signaling molecules RIP2, ASC and HMGB1 in teleosts. I was responsible for data
collection, analysis and writing of the manuscripts. Hodgkinson, J.W. assisted in M.
marinum infection and collection of goldfish tissue samples, Li, C., Katzenback, B.A., and
Kovacevic, N. assisted in the treatment studies of goldfish macrophages for use in
quantitative PCR analyses. Belosevic, M. was the supervisory author and involved in
discussion of concepts and writing of the manuscripts.
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CHAPTER I: GENERAL INTRODUCTION

1.1. INTRODUCTION
The innate immune response is short-lasting immunity that represents the first
line of defense against various microorganisms, whereby the conserved microbial
structures known as pathogen-associated molecular patterns (PAMPs) are recognized by
germ line-encoded pattern recognition receptors (PRRs), which exist as four major
classes, including the Toll-like receptors (TLRs), the NOD-like receptors (NLRs), the
retinoid acid-inducible gene-I (RIG-I)-like receptors (RLRs) and the C-type lectin
receptors (CLRs). PAMPs include lipopolysaccharides (LPS), polyinosinic: polycytidylin
acid (Poly: IC), lipopeptide, peptidoglycan (PGN), flagellin, double-stranded RNA (dsRNA),
single-stranded RNA (ssRNA) and CpG DNA, among others. Damage-associated
molecular patterns (DAMPs) are microbial or non-microbial insults that, upon stress or
damage to the host cell, are released or modified and are capable of initiating an
inflammatory response, such as DNA-binding proteins like high-mobility group protein 1
(HMGB1), heat-shock proteins (HSPs), extracellular ATP, and uric acid crystals (1).
Recognition of these PAMPs or DAMPs by PRRs triggers the activation of signaling
pathway components, such as nuclear factor-κB (NF-κB) and mitogen-activated protein
kinases (MAPKs), resulting in the generation of pro-inflammatory cytokines [Type I and II
interferons (IFN), interleukin 1 beta (IL-1β), tumor necrosis factor alpha (TNF-α),
interleukin-18 (IL-18) and interleukin-33 (IL-33)]. In turn these cytokines regulate proinflammatory and antimicrobial responses of phagocytes.
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The TLRs are the best known group of the PRRs whose functions have been well
characterized (2, 3). TLRs play a fundamental role in innate immune responses by
sensing the molecular signatures of microbial pathogens through the recognition of
structural components shared by many bacteria, viruses, fungi and protozoa (3–5). At
present, at least 18 TLRs have been characterized and TLR14, TLR19, TLR20, TLR21,
TLR22 and TLR23 were found to be non-mammalian TLRs (6), indicating the existence of
unique PRRs in lower vertebrates.
Another important family of innate immune receptors, are the cytosolic
receptors called NLRs, that recognize intracellular bacteria and protozoan parasites. In
the early 2000s, NLRs and their subfamilies were discovered in humans and named by
various groups as CATERPILLER (7, 8), NODs (9), NOD-LRR (10, 11), NACHT-LRR (12) and
NOD-like receptor (13, 14). It is now recognized that NLRs are evolutionarily highly
conserved and are present in animals from sea urchins to mammals (8, 15). Certain NLRs
such as NACHT, LRR and PYD domain-containing protein 1 (NLRP1), NLRP3 & NLR family
CARD domain-containing protein 4 (NLRC4), after pathogen recognition, form
oligomerized protein complexes termed “inflammasomes” (16–18). Recently, NLRP3 has
been identified as a crucial element in the adjuvant applications (19, 20).
From the evolutionary perspective, bony fish (teleosts) are at the transition point
since they can generate both innate and adaptive immune responses. However, teleosts
rely heavily on the innate immune system for defense against pathogens. In the aquatic
environment, teleosts are more likely to be exposed to different PAMPs and DAMPs,
highlighting a crucial role of PRRs in host defense and maintenance of homeostasis. To
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date, different TLRs, NLRs and RLRs have been identified in teleosts. For example, more
than 18 fish TLRs have been reported, including 8 mammalian TLR orthologues (TLR1-5,
and 7-9) and 10 non-mammalian TLRs (TLR5, 14, 18-23, 25-26) (6, 16, 21), 3 RLRs
containing retinoic acid inducible gene-I (RIG-I), melanoma differentiation-associated
gene 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2) (22–26). In addition,
numerous NLRs (22, 27, 28) and C-type lectin receptors (CLRs) exist in teleosts (22, 29–
32).
Research on the immune mechanisms of teleosts is important to understand the
evolution of immune system in vertebrates. Although the NLRs have been well studied
in mammals, the precise roles of these receptors in teleost host defense remain to be
fully elucidated.

1.2. OBJECTIVES OF THE THESIS
The main objective of my thesis research was to identify and functionally
characterize NLRs of goldfish macrophages in response to bacterial pathogens. The
specific aims of my research were:
1) To characterize at the molecular and functional levels major goldfish
macrophage NOD-like receptors; and
2) To examine whether the signaling pathways of NOD-like receptors in goldfish
macrophages in response to bacterial pathogens are similar between fish and mammals.
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The overall hypothesis of my thesis was that NLRs and inflammasome signaling
pathways are generally conserved in fish and play an important role in mediating host
defense.

1.3. OUTLINE OF THE THESIS
The thesis consists of 10 chapters. Chapter I is the general introduction of the
thesis. Chapter II is literature review of NLRs that covers the discovery of the cytosolic
pattern recognition receptors with a focus on the NLRs, their classification and signaling
pathways in mammals and the research progresses of NLRs in teleosts. In Chapter III,
detailed Materials and Methods used to perform the research are presented. The
characterization of three NOD-like receptors (NOD1, NOD2 and NLRX1) and their role in
antimicrobial responses of goldfish macrophages to A. salmonicida and M. marinum, are
presented in chapter IV. In Chapter V, I present the results of functional characterization
of receptor-interacting serine/threonine kinase 2 (RIP2), a downstream signaling
molecule in the NOD1/NOD2 pathway of goldfish macrophages. The results of the
functional characterization of NLRP3rel molecule and downstream adaptor molecule,
apoptosis-associated spec-like protein (ASC), of goldfish macrophages are presented in
chapters VI and VII. The identification and functional characterization of the goldfish
high mobility group box 1 (HMGB1) chromatin-binding protein, an inflammasome
pathway downstream molecule, are presented in chapter VIII. Lastly, a general
discussion on the findings presented in this thesis, as well as the future research
directions on teleost NLRs are detailed in chapter IX.
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1.4. SIGNIFICANCE OF RESEARCH
NLRs have emerged as central regulators of immunity and inflammation during
the past decade. The understanding of the molecular mechanisms of NLRs activation is
essential for our understanding of the antimicrobial responses of macrophages in lower
vertebrates such as teleosts. It is also well established that in aquaculture setting, due to
stress and crowding conditions, there is a high prevalence of infectious diseases. Thus,
the understanding of the host immune defense mechanisms may pave a way for
therapeutic applications in controlling of fish infectious diseases.

6

CHAPTER II LITERATURE REVIEW - CYTOSOLIC NLRS AND THEIR
SIGNALING PATHWAYS

2.1. INTRODUCTION
Depending on the subcellular localization and expression pattern, the major
innate immune pattern recognition receptors (PRRs) can be broadly classified into two
groups: (i) Transmembrane PRRs including TLRs and CLRs; and (ii) Cytosolic PRRs
including NLRs and RLRs. Most of TLRs and all the CLRs are expressed on the plasma
membrane for detection of the conserved PAMPs present on the cell surface of
pathogens. By contrast, the cytosolic NLRs and RLRs are responsible for the recognition
of cytosolic PAMPs of the pathogens. In this literature review, I mainly focus on the
ligands and signaling pathways of the cytosolic NLRs in mammals and teleosts. For
excellent reviews of TLRs, RIG-I and CLRs, please see reviews by Zhang et al. (2014) (33)
and Rauta et al., (2014) (34), Aoki et al., (2013) (35) and Langevin et al. (2013) (36), and
Zhu et al. (2013) (22) and Ng et al. (2015) (37), respectively. This literature review
focuses on the NLRs of teleosts and mammals.

2.2. DISCOVERY OF NLRs IN MAMMALS AND TELEOSTS
The NLRs were originally discovered in plants as R-proteins, which share
nucleotide binding site (NBS) and leucine rich repeat (LRR) domains, that recognized
avirulence proteins delivered by pathogenic bacteria to trigger rapid activation of host
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defense (38, 39). Later, a family of molecules (NLRs) that shared high structural
similarity to the NBS-LRR molecules were characterized in mammals. The first identified
mammalian NLR was human NOD1, also known as CARD4 by Bertin et al. (40) and
Inohara et al. (41) in 1999. The NOD1/CARD4 have a typical NOD domain (also referred
to as the NACHT domain), which is a critical structural feature of NLRs, that had been
earlier identified in apoptotic protease activating factor 1 (APAF1) and its homologue
CED-1 in Caenorhabditis elegans (42–44). Subsequently, NOD2/CARD15 was identified
by searching for NOD1 homologues in the genomic databases (45), and at present there
are 23 and 34 NLRs known to exist in humans and mice, respectively.
The first reported teleost NLRs were identified in the zebrafish genome (46).
Three subfamilies of NLRs were present in zebrafish: the first resembled mammalian
NODs, the second resembled mammalian NLRPs, and the third was reported to be a
unique subfamily of genes having similarities to both mammalian NOD3 and NLRPs (27).
Subsequently, fish NLRs were reported in grass carp (47), rainbow trout (48), channel
catfish (28, 49), rohu (50, 51), orange-spotted grouper (52), goldfish (53), Japanese
founder (54, 55), and miiuy croaker (56, 57). The results of these studies indicated the
presence of inducible NLRs, and that teleost NLRs shared the conserved structural
domains with their mammalian counterparts. To date, studies on most of teleost NLRs
primarily focused on the examination of gene expression induced by different immune
stimuli and/or fish pathogens.
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2.3. CLASSIFICATION OF NLRs IN MAMMALS AND TELEOSTS
Structurally, NLR proteins were classified based on their tripartite domains: (i) a
variable N-terminal protein-protein interaction domain that is defined by the either
caspase recruitment domain (CARD), pyrin domain (PYD), or baculovirus inhibitor repeat
(BIR); (ii) an intermediary nucleotide-binding oligomerization (NOD) domain that
mediates nucleotide binding and self-oligomerization after activation; and (iii) a Cterminal leucine-rich repeat (LRR) that senses PAMPs to modulate NLR activity (Fig. 2.1).
Depending on the type of effector domain featured at N-terminus, NLRs were
subdivided into four subfamilies, NLRA, NLRB, NLRC and NLRP.
NLRA subfamily contains only CIITA, which is the only NLR with an acidic
transactivation domain. BIR, CARD or PYD domain define the NLRB, NLRC and NLRP
subfamilies, respectively. Compared to the NLRA and NLRB subfamilies, NLRC and NLRP
have more members. In human, the NLRC subfamily has six members, NOD1, NOD2,
NLRC3, NLRC4 (IPAF), NLRC5 and NLRX1. Among them, NLRX1 appears to be unique
without a N-terminal domain and is localized in mitochondria (58, 59). NLRX1 was
included in the NLRC subfamily because it featured a CARD-related “X” domain (60).
Currently, the assignment of the amino-terminal effector domain of NLRX1 remains
unclear, but the N- terminus of NLRX1 has been reported to include a mitochondrialtargeting sequence (61). In contrast to the NLRA subfamily, NLRP subfamily is more
diverse containing 14 members, NLRP1 to NLRP14 (Fig. 2.1).
Generally, the recognition of PAMPs or DAMPs by NLRs results in activation of
NF-B and/or MAP kinase signaling cascades, and/or the formation of inflammasomes
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(62, 63). Several molecular mechanisms have been proposed to regulate inflammasome
activation, including single PYD or CARD-containing proteins, indicating the importance
of these domains in regulation of inflammatory responses.
Similar to mammals, teleost NLRs were classified to NLRA, NLRB, NLRC and NLRP
subfamilies based on the predicted functional domains located at their N-terminus. For
example, the reported NOD1 and NOD2 in grass carp (48), rohu (50, 51), goldfish (53)
and miiuy croaker (56) share one CARD or two CARD domains. NLRC3 has one CARD
domain at the N-terminus in catfish (49) and seabass (64). In contrast, teleost NLRC5
featured either no CARD domain in black rockfish (65) and Japanese pufferfish (57) or
one CARD domain in catfish (49). There are no reported NLRPs in teleosts, but several
computational approaches predicted NLRPs in the National Center for Biotechnology
Information (NCBI) database. Due to the polymorphism of teleost NLRPs, the accuracy of
these transcripts remains to be validated. The conserved NLR domains were described
by Laing and colleagues (27), in which three subfamilies of NLRs shared CARD, PYD, and
NACHT domains as well as LRR regions, suggesting that NLRs are structurally conserved
throughout evolution.

2.4. MAMMALIAN NON-INFLAMMASOME NLRs
2.4.1. Mammalian NOD1 and NOD2
NOD1 and NOD2 were first identified as mammalian members of the
CED4/APAF-1 family of apoptosis regulators (41, 45). Structurally, both NOD1 and NOD2
have a central NACHT domain and a C-terminal LRR domain, and NOD1 contains only
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one N-terminal CARD domain, whereas NOD2 contains two CARD domains. CARD
domain is primarily responsible for the recruitment of downstream adaptor proteins
through homophilic and heterophilic protein interactions that are required to initiate
inflammatory signaling cascades in response to PAMPs or DAMPs (10). Generally, NOD1
and NOD2 remain indolent with a folded LRR domain bound to NACHT domain in a
dormant state, and upon activation, the LRR domain alters its conformation resulting in
the NACHT oligomerization to form an active platform (66, 67). LRR domain contains
multiple LRRs that consist of motifs with a length of 20-29 amino acids, whose function
is to sense PAMPs or DAMPs.
To date, the ligands of NOD1 and NOD2 have been well characterized in
mammals but not teleosts. NOD1 recognizes conserved structure of PGN that is widely
found in almost all Gram-negative bacteria, and some Gram-positive bacteria, such as B.
subtilis and L. monocytogenes (68, 69). Specifically, NOD1 detects the L-Ala-γ-D-Glu-mdiaminopimelic acid (iE-DAP) on most Gram-negative organisms including P. aeruginosa
(70), H. pylori (71), entero-invasive Escherichia coli (72), C. jejuni (73), S. flexneri (74, 75)
and Streptococcus pneumoniae (76), whereas most of the Gram-positive bacteria
contain a lysine residue at the terminal position of their PGN, rendering their PGN
incapable of signaling through NOD1 (Table 2.1). In contrast, the recognition of bacterial
PGN by NOD2 is dependent on the presence of MDP that is present in the PGN of both
Gram-positive and Gram-negative bacteria (Table 2.1) (77). These observations were
confirmed by direct binding assays between NOD1 and iE-DAP using atomic force
microscopy (AFM) and surface plasmon resonance (SPR). Additional studies
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demonstrated the relationship between the status of RIP2 phosphorylation and affinity
for NOD1, when iE-DAP was pre-bound to the LRR domain of NOD1 (78). Similarly, MDP
was also confirmed as a specific ligand of NOD2 using surface plasmon resonance (79).
NOD2 has been reported to play a critical role in clearance of L. monocytogenes
and M. tuberculosis (80–82). For example, a higher pulmonary bacterial burden was
observed after M. tuberculosis infection in NOD2-deficient mice (83). Interestingly,
NOD1 and NOD2 have been also implicated in the host defense against intracellular
parasites, Typanosoma cruzi and Toxoplasma gondii, respectively (84, 85).
In mammals, NOD1 is widely expressed in most cell types with high expression
reported in epithelial cells of the intestinal tract (86, 87), whereas the NOD2 expression
is restricted to leukocytes, such as T cells (88), neutrophils (76), monocytes,
macrophages (45), and dendritic cells (89), as well as keratinocytes, intestinal epithelial
cells (90) and osteoblasts (91).

2.4.2. Mammalian NOD1 and NOD2 signaling pathways
Upon detection of their ligands, NOD1 and NOD2 homodimerize via their central
NACHT domains and subsequently recruit receptor-interacting serine/threonine-protein
kinase 2 (RIP2) through homotypic CARD-CARD interactions to initiate downstream
signaling cascades (45, 74, 80, 92, 93). Recruited RIP2 is K63-polyubiquitinated within its
kinase domain, and then mediates the recruitment and activation of the
serine/threonine kinase TAK1 to further activate the IB kinase (IKK) complex and MAPK
pathway. IKK-mediated phosphorylation of NF-B inhibitor IBα leads to its
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polyubiquitination and degradation of IKK complex and IB proteins (41, 45, 92, 93),
triggering NF-B to translocate into the nucleus, where it promotes the transcription of
pro-inflammatory molecules including IL-1β, CXCL5, CXCL8 and macrophage
inflammatory protein-2 (71, 77). Recently, a few members of the inhibitors of apoptosis
proteins (IAPs), including XIAP, cIAP1, and cIAP2 (all E3 ubiquitin ligases), were shown to
initiate RIP2-dependent K63-linked polyubiquitination through direct interaction (Fig.
2.2) (94–96).
In addition, NOD1 and NOD2 were also shown to induce Type I IFN production
via different molecular mechanisms (88, 97). Upon detection, NOD1 binding to its ligand
activates RIP2, that then binds to TNF receptor-associated factor 3 (TRAF3), that leads to
activation of TANK-binding kinase 1 (TBK1) and IB kinase ε (IKKε), and eventual
activation of IFN regulatory factor 7 (IRF7) (97). The produced Type I IFN mediated by
IRF7 signals through the IFN-stimulated gene factor 3 (ISGF3), can induce the production
of chemokine CXCL-10 (IP-10) and amplify the type I IFN response (98). NOD2 can also
induce Type I IFN production via a different pathway. After recognition of the ssRNA
viruses, NOD2 interacts with mitochondrial antiviral signaling molecule (MAVS) to
promote IFN production by engaging with a RIP2-independent mitochondrial signaling
complex that was observed in RIG-I signaling pathway (97). In this process, MAVS is a
central adaptor molecule of this mitochondrial complex formed with NOD2 after its
translocation to mitochondria, which is analogous to TRAF3 in NOD1-mediated Type I
IFN production, through the activation of TBK1 and IKK-ε (Fig. 2.2) (97).
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2.4.3. Mammalian NOD1/NOD2 signaling adaptor, RIP2
RIP2, also called RIPK2, CARD3, RICK, or CARDIAK, is a serine/threonine kinase,
which contains a CARD-containing kinase, implicated in the induction of NF-B and
MAPK activation with consequent production of several inflammatory mediators (99–
101). RIP2 functions as a key signaling protein in host defense responses induced by
activation of NOD1 and NOD2 via CARD-CARD interactions, and RIP2 deficiency has been
shown in mammals to affect cellular signaling and cytokine responses triggered by
NOD1 and NOD2 ligands (102). Previous observations suggested that the MAPK kinase
family member, TAK1, provides the link between RIP2 and NF-B activation after NOD1
and NOD2 stimulation (Fig. 2.2) (93, 103). In addition to CARD-CARD interactions with
NOD1 and NOD2, RIP2 has been shown to interact with apoptosis-associated speck-like
protein (ASC), which is capable of inducing apoptosis and caspase-1 activation (104).
ASC has been demonstrated to direct caspase-1 away from RIP2-mediated NF-B
activation, and toward caspase-1-mediated processing of pro-IL-1β. Alternatively, RIP2,
has the ability to activate caspase-1 under inflammatory conditions and can serve as a
stress-inducible upstream modulator of pro-caspase-1 apoptotic activation (105–107).
Moreover, upon viral infection, RIP2 was shown to regulate the activation of
inflammasomes by mediating mitophagy in a kinase-dependent manner (108). These
observations clearly suggest that RIP2 not only mediates the NOD1 and NOD2 signaling
pathway, but also participates in the regulation of inflammasome-associated pathways.
RIP2 can also associate with other signaling proteins (independently of CARDcontaining molecules), including members of the tumor necrosis factor receptor (TNFR)
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family (109), TNFR-associated factor (TNAF) (110), CD40 (111), toll-like receptor 2 (112),
and the inhibitor of apoptosis proteins (IAP) family (cIAP-1 and cIAP-2) (99, 105). Recent
report also suggests that TNAF3 is a RIP2 binding partner because it inhibited RIP2induced NF-B activation (110). The precise function of RIP2 in immune signaling
remains to be fully elucidated in mammals, and the activation of NF-B and MAPK
signaling pathways though RIP2, are believed to be primarily associated with its capacity
to activate the downstream molecules of the TNFR family, TLR family and NOD-like
receptor family (92, 99, 100, 105, 109, 113).

2.4.4. The roles of NOD1, NOD2 and RIP2 in bony fish
To date, relatively few studies have identified and characterized the signaling
pathways of NLRs in bony fish, although NOD1 and NOD2 have been identified in
different bony fishes including zebrafish (27, 46), grass carp (47), Japanese flounder (54),
olive flounder (55), rainbow trout (48), rohu (50, 51), catfish (28) and others (Table 2.2).
The NOD1 and NOD2 in these fish were differentially expressed in all the tissues with
notable differences in the expression between different fish genera and species. For
example, NOD1 was highly expressed in the spleen of rohu (50) and kidney of oliver
flounder (55), while the highest mRNA levels of NOD2 were detected in the muscle (51)
and the liver of rainbow trout (48). The injection of rohu with LPS, Poly I:C, A. hydrophila,
Edwardsiela tarda or S. flexneri resulted in the up-regulation of NOD1 expression (50).
Similarly, the expression of NOD2 was enhanced in response to PGN, LTA, Poly I:C, A.
hydrophila and E. tarda (51). The NOD1 and NOD2 appear to also play an important role
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in viral infections of fish (47, 48, 50–52, 55, 114). In goldfish, I found that the expression
goldfish NOD-like receptors (NOD1, NOD2 and NLRX1) were differentially induced by LPS,
Poly I:C, MDP, PGN, A. salmonicida and M. marinum, suggesting that teleost NLRs might
play a critical role in host defense against bacteria and viruses (53). Subsequently, NOD1
and NOD2 have also been characterized in other teleost species, such as mrigal (white)
carp (115), pufferfish (116), miiuy croaker (56) and zebrafish (114). The results of these
studies confirmed the involvement of NOD1 and NOD2 in recognition of fish pathogens.
As a highly versatile immune regulator, RIP2 has been shown to regulate both
innate and acquired immunity in mammals (100, 102, 113). However, there are only a
few studies in fish that examined the RIP2 mRNA levels after exposure of the host or
host cells to defined stimuli. Swain and colleges were first to report a correlated upregulation of NOD1 and RIP2 expression in rohu after bacterial challenge (50). These
findings suggested that RIP2 was a downstream molecule for NOD1 and NOD2 signaling
pathways in teleosts. However, the proposed NOD1/NOD2-RIP2 interactions were based
solely on the co-expression profiles upon stimulation by PAMPs, and not the actual
association between these molecules. In this thesis, I functional characterized a bony
fish RIP2 (see Chapter V) and provided direct evidence that RIP2 was an essential
component of the NOD1/NOD2 signaling pathways that eventually results in proinflammatory cytokine processing and secretion in a teleost (117).
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2.4.5. NLRC3 and NLRC5 in mammals and teleosts
NLRC3 and NLRC5 share high structure similarity with one N-terminal CARD
domain. Although NLRC5 is widely expressed in different tissues, it is particularly highly
expressed in cells of myeloid and lymphoid lineages (118). Compared to other NLRs,
NLRC3 and NLRC5 were relatively less studied, and are believed to be the negative
regulators of the NF-B pathway. For example, NLRC3 was shown to down-regulate
TLR4-dependent NF-B activation by interacting with TRAF6 (119, 120), as well as type I
interferon signaling by interacting with the DNA sensor STING (121). Similarly, NLRC5
has been shown to act as a key negative regulator of inflammatory responses of
immune cells. Overexpression studies in HEK293T cells showed that NLRC5 repressed
the activation of NF-B, activator protein (AP-1) and type I IFN-dependent signaling
pathways (118). Thus, NLRC5 negatively regulated both NF-B and type-1 interferondependent responses (122), while at the same time it promoted activation of
inflammasomes (123).
The NLRC3 and NLRC5 have recently been shown to also regulate adaptive
immunity. For example, NLRC3 was shown to be a negative regulator of T cell activation
(120), and NLRC5 is believed to be involved in the regulation of MHC class I expression
(118, 124). Meissner and colleagues described a crucial role for NLRC5 in the regulation
of MHC class I transcription, where a nuclear localization signal (NLS) region was found
to be present on NLRC5, and NLRC5 was shown to be able to shuttle between the
cytoplasm and nucleus (125). Instead of interacting with DNA-binding motifs directly,
NLRC5 associated with and activated the promoters of MHC class I genes, and induced
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the transcription of MHC class I, as well as, related genes involved in MHC class I antigen
presentation (125).
In teleosts, only a few studies examined the expression of NLRC3 in response to
bacterial infections. As early as in 2009, Sha and co-workers investigated the expression
profiles of NLRC3 in catfish, but no significant changes of the mRNA level of NLRC3 were
observed upon challenge with E. ictaluri (49). Later, seabass NLRC3 was characterized
and its mRNA levels were up-regulated following exposure to LPS and both Gramnegative and Gram-positive bacteria (Table 2.2) (54). These authors suggested that
teleost NLRC3 may play a role in IL-1β induction after LPS-stimulation (54). More
recently, Li and colleagues (126) identified and characterized NLRC3 in Japanese
flounder, and found that the NLRC3 expression was up-regulated following stimulation
with extracellular ATP (Table 2.2). Similarly, seabass NLRC3 was demonstrated to be a
pivotal cytosolic innate immune receptor that recognized a wide array of PAMPs (64).
The available preliminary evidence suggests that teleost NLRC3 may be a cytosolic
sensor of different PAMPs, akin to other NLRs. Similar to teleost NLRC3, NLRC5
expression was up-regulated in pufferfish exposed to Lactobacillus paracasei, LPS,
nigericin or LPS+nigericin (57). Furthermore, exposure to LPS and Poly I:C were shown to
up-regulate NLRC5 expression in black rockfish (65). Thus, mammalian NLRC3 and NLRC5
negatively regulate the innate immune responses by modulating NF-B, AP-1 and type I
IFN-dependent signaling pathways. In contrast, they positively regulate the innate
immune responses of teleosts induced by various PAMPs.
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2.4.6. NLRX1 in mammals and teleosts
NLRX1 homologues are present in most vertebrates and are highly conserved
(61). NLRX1 is the only NLR family member that specifically localizes in the mitochondria
although this protein is expressed ubiquitously (59, 61). It is relatively well established
that mitochondria serve as a major source of ROS production and released
mitochondrial DNA triggers inflammasome activation (127). Mitochondria also
contribute to antiviral responses through the involvement of viral RNA sensors, retinoic
acid-inducible gene 1 (RIG-I) and melanoma differentiation-associated protein 5 (MDA5)
(13, 14).
To date, the reported specific function(s) of NLRX1 are controversial. NLRX1 has
been shown to act either as an antiviral response activator or as a negative immune
regulator of TLRs and RLRs. When acting as an activator, like other NLRs, NLRX1 is a proinflammatory receptor that promotes the production of ROS via TNF-α activation and
interaction with the matrix-facing protein ubiquinol-cytochrome C reductase core
protein II (UQCRC2) (59, 128). The produced ROSs are directly microbicidal and also
activate pro-inflammatory pathways, such as NF-B and c-Jun N-terminal kinases (JNK)
(129). NLRX1 is also believed to be a direct sensor of byproducts of different
mitochondrial metabolic processes. Allen and colleagues (130) and Xia and co-workers
(131) reported a more general role for NLRX1 as a negative regulator of TRAF6dependent NF-B signaling. Moore and co-workers (61) showed that the depletion of
NLRX1 using small interference RNA (siRNA) promoted virally-induced type I interferon
(IFN) production, and proposed that NLRX1 appeared to be a negative modulator of
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antiviral signaling induced by RLR and TLR pathways, through a direct binding with
MAVS and TRAF6-IKK, respectively (130, 131). Hong and colleagues (132) demonstrated
direct interaction between the C-terminal fragment of NLRX1 and RNA ligands, and
suggested that this interaction played a key role in NLRX1-mediated ROS activation.
In teleosts, NLRX1 was first described in catfish (49). Infection with E. ictaluri
caused an up-regulation in splenic NLRX1 mRNA levels. In this thesis, I present findings
that showed that Gram-negative (LPS, PGN) and Gram-positive bacterial components
(MDP) induced the expression of NLRX1 in goldfish macrophages (Chapter IV and Table
2.2). Surprisingly, the viral mimic component (Poly I:C) did not affect NLRX1 mRNA levels.
This observation differs from the findings of Li and colleagues (133), that reported that
both bacterial (Vibrio anguillarum) and Poly I:C induced higher NLRX1 expression in
miiuy croaker. Interestingly, an inflammasome-inducing agent, nigercin, was shown to
stimulate NLRX1 expression in Japanese pufferfish, however, the NLRX1 signaling
cascades remain to be fully elucidated in teleosts.

2.4.7. Signaling pathways of mammalian NLR-associated inflammasomes
2.4.7.1. General introduction of mammalian NLR-associated inflammasomes
Inflammasome was originally extracted from human THP-1 monocytic cells and
was found as a protein complexes containing NLRP1, caspase-1, caspase-5, ASC and
CARDINAL (134). In response to invading pathogens, PAMPs and DAMPs, certain NLRs
such as NLRP1, NLRP3, NLRC4 and others can form oligomerized multiprotein aggregates
termed “inflammasomes” (16–18).
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NLRs have been found to be expressed in various cell populations, although
different NLRPs differ in their sites of expression. For example, NLRP1 is ubiquitously
expressed in leukocytes, especially in T lymphocytes, Langerhans cells, stomach, gut,
lungs and brain (135). NLRP3 is present in various leukocytes, and epithelial-type cells in
particular, whereas NLRC4 is located in brain and some macrophage-rich tissues, such as
spleen, lungs and liver (135, 136).
At present, NLRP3 is the best known and most comprehensively studied
inflammasome component that is generated following exposure to diverse stimuli
including nigericin, ATP, sillica dioxide, etc. Once activated, NLRP3s oligomerize through
their NACHT domains to recruit ASC, through PYD-PYD interaction, which results in the
subsequent recruitment with procaspase-1 to the inflammasome complexes via CARDCARD interaction. By contrast, NLRP1 and NLRC4 inflammasomes are primarily activated
by anthrax lethal toxin and flagellin, respectively (Fig. 2.3).

2.4.7.2. Canonical (classic) and non-canonical (alternate) inflammasomes
Depending on the downstream activated caspases, the inflammasomes can be
divided into canonical and non-canonical inflammasomes. Canonical inflammasomes,
including NLRP1, NLRP3, and NLRC4, recruit and cleave procaspase-1 in response to a
range of microbial stimuli and endogenous danger signals (Fig. 2.3). Caspase-1 activation
promotes the secretion of IL-1β and IL-18 and pyroptosis (“inflammatory apoptosis”).
Whereas activated non-canonical inflammasomes convert procaspase-11 into active
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caspase-11. Caspase-11 activation mediates pyroptotic cell death in response to
cytosolic bacteria (Fig. 2.3).

2.4.7.3. NLRP1 inflammasome
NLRP1 inflammasome was first characterized as a caspase-activating complex in
2002 (134). Similar to other NLRs, NLRP1 contains a PYD, a central NACHT and a short
LRR domain.
Humans have only a single NLRP1 gene, whereas mice have three tandem NLRP1
paralogues (NLRP1a-c), which makes it very difficult to generate NLRP1-deficient mice as
a triple knock-out is required (137). A big difference between human NLRP1 and its
murine NLRP1 orthologues is that the latter do not have a PYD domain at the Nterminus (137). Among the NLRP1 paralogues in mouse, NLRP1b is highly polymorphic
between mouse strains. For example, macrophages from 129S1 mice produce functional
NLRP1b but lack the other two isoforms (137, 138). In contrast, C57BL/6 mice express
NLRP1a and NLRP1c but have mutations in NLRP1b that render the Nlrp1b protein
nonfunctional. The function(s) of NLRP1c are not known at present, but genetic data
support its role in inflammasome signaling for NLRP1a and NLRP1b.
Among these murine NLRP1 paralogues, NLRP1b inflammasome is the best
studied and is believed to be the lethal toxins (LeTx)-sensing protein (137). LeTx is a
bipartite toxin composed of two subunits, protective antigen (PA) and lethal factor (LF).
PA can bind to the receptor on the surface of cells and forms a membrane-inserted pore
to assist in the delivery of LF into the host cell cytosol. The mechanism of activation of
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NLRP1 by is controversial, however, it was suggested that NLRP1b physically interacted
with cytosolic LF, and that LF metalloprotease was required for its recognition (139). It
has also been shown that LeTx cleaves NLRP1b at N-terminal region (140, 141).
The NLRP1b has been shown to form two functionally different inflammasomes:
one is an ASC-deficient complex that induces pyroptosis, the other is an ASC-containing
complex for processing of IL-1β and IL-18 (142). Macrophages from NLRP1b-deficient
mice do not activate caspase-1, do not secrete IL-1β and do not exhibit pyroptosis in
response to LeTx (143). NLRP1b recruits caspase-1 directly via its CARD motif, although
the bipartite PYD-CARD adaptor protein ASC may stabilize these interactions. Indeed,
ASC is critical for NLRP1b-induced caspase-1 auto-processing but dispensable for LeTxinduced pyroptosis and IL-1β secretion (144).

2.4.7.4. NLRP3 inflammasome
The NLRP3 inflammasomes are NLRP3-ASC-caspase-1 multiprotein complexes
formed through the homotypic interactions of PYD-PYD domains of NLRP3 and ASC, and
CARD-CARD domains of ASC and caspase-1. It is believed that rather than binding with
NLRP3 directly, NLRP3 inducers activate one or more downstream cellular events that
lead to its activation (17, 145–147). In terms of PAMPs activation, the canonical NLRP3
inflammasome is activated by bacterial, viral and fungal pathogens, pore-forming toxins,
endogenous ligands and crystalline substances such as silica, and alum (148). It is
generally accepted that the following events occur during NLRP3 activation: (i)
potassium efflux (149); (ii) production of mitochondrial reactive oxygen species (ROS)
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(150); (iii) cytosolic release of lysosomal cathepsins (151); (iv) release of mitochondrial
DNA or the mitochondrial phospholipid cardiolipin (150, 152–154); and (v) translocation
of NLRP3 to mitochondria. In addition, dsRNA-activated protein kinase, PKR, may also
play a role in NLRP3 activation, but this remains controversial.
It is well accepted that the formation of NLRP3 inflammasome requires two
signals. The first signal is provided by microbial or endogenous molecules that primes
the activation of TLR-Myd88-IRAK-NF-κB pathway to synthesize pro-IL-1β and pro-IL-18
and to upregulate the transcription of NLRP3 (155, 156). The second signal promotes
NLRP3 to undergo homotypic oligomerization and assemble inflammasome upon
activation (Fig. 2.4). In this process, the activation of NLRP3 can be induced by
exogenous ATP, nigericin, silica, and pore-forming bacterial toxins, all of which promote
efflux of potassium (149, 157–159). During the first signal, the induction of NLRP3 does
not contribute directly to NLRP3 inflammasome assembly (Fig. 2.4). Instead, the
assembly of the NLRP3 inflammasome occurs when the second signal is provided by an
NLRP3 activator (148). It seems like NLRP3 deubiquitination is required for
inflammasome assembly and activation (160–162), and that the K63-specific
deubiquitinase BRCC3 may act as a critical regulator of NLRP3 activity by promoting its
deubiquitination (162). However, whether this promotes NLRP3 re-localization or
conformational changes to assemble NLRP3 inflammasome is not known. In addition,
the mechanism of how E3 ubiquitin ligase modifies NLRP3 in the basal state is also
unclear.
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2.4.7.5. NLRC4 inflammasome
Structurally, NLRC4 forms inflammasome and lacks a PYD domain, which is
required for interaction with ASC that leads to cytokine processing. Instead, NLRC4
directly binds to caspase-1 via homotypic CARD-CARD interactions to induce pyroptosis
(163). Interestingly, NLRC4 has also been shown to recruit ASC, via an unknown
mechanism, to promote cytokine processing rather than induction of pyroptosis (142). It
is clear that ASC can amplify NLRC4 inflammasome activity because it is critical for
NLRC4-induced caspase-1 auto-processing and secretion of mature IL-1β and IL-18 (142,
144, 164).
Previously, NLRC4 inflammasome was also known as IPAF inflammasome, that
was assembled after exposure to intracellular flagellin from Gram-negative bacteria,
such as S. typhimurium, S. flexneri, P. aeruginosa and L. pneumophilia (164–168). The
flagellin is believed to contain a species-conserved amino acid motif at its C-terminus
that is specifically recognized by NLRC4 (169, 170). Supporting this postulate is the
evidence that genetically engineered S. tryphimurium strain that persistently expressed
flagellin was cleared by wild-type mice, but not by NLRC4-deficient mice (170). On the
other hand, flagella-deficient Shigella strain can also trigger NLRC4-dependent caspase-1
activation, resulting in IL-1β processing and secretion (166). These observations suggest
that other virulence factors can also activate NLRC4 inflammasome. Indeed, these
virulence factors are basal body PrJ-like proteins that are homologous to segments of
flagellin (170).
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Recent studies suggested that NLRC4 inflammasome was a trimeric complex
containing NAIP, the ligand and NLRC4. Instead of the old concept where the NLRC4 was
the sensor of the ligand (171–175), NAIPs appear to be the real sensors of the ligands.
NAIPs belong to the NLRB subfamily, which contain NACHT, LRR and BIR domains. Upon
detection of the ligand(s), NAIPs oligomerize with NLRC4 to form the NAIP/NLRC4
inflammasome. In mice, four NAIP members have been identified, NAIP1, 2, 5 and 6,
whereas only one NAIP exists in humans. Human NAIP and mouse NAIP1 are believe to
be homologous and both recognize Type III secretion system (T3SS) needle proteins
(173). NAIP2 detects T3SS rod protein (including PrJ-like protein). NAIP5 and NAIP6 are
found to bind flagellin (169, 172, 173). Furthermore, the interaction between NAIP2 and
PrJ-like proteins was shown to induce NLRC4 inflammasome activation (172, 173).
Alternatively, protein kinase C (PKC)-dependent phosphorylation, which is an upstream
regulator of NLRP3 inflammasome, has also been shown to be able to regulate NLRC4
inflammasome activation (176). Serine-533 of NLRC4 has been shown to be
phosphorylated by PKC in response to Salmonella, suggesting NLRC4 inflammasome
assembly may require modification at the protein level (176). Thus, NAIP/NLRC4 can
form distinct inflammasomes for diverse functions: (i) an ASC-deficient complex to
induce caspase-1 for pyroptosis; and (ii) an ASC-dependent canonical pathway for
cytokine processing.
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2.4.7.6. Other emerging inflammasomes: NLRP6, and NLRP12
Similar to NLRP3, NLRP6 and NLRP12 can form ASC-caspase-1 inflammasome
complexes. The first evidence regarding NLRP6 inflammasomes was the increased
caspase-1 cleavage observed when NLRP6 and ASC were co-expressed (177). Evidence
from other studies also support the protective role of NLRP6 in intestinal inflammation
and tumorigenesis, since NLRP6-deficient mice are highly susceptible to chemicallyinduced colitis and colitis-associated tumorigenesis (178–180). In addition, NLRP6deficient mice have reduced IL-18 production, expanded Bacteroidetes and TM7
microbiota population, and higher incidence for spontaneous and induced colitis (179),
similar to what has been observed for the ASC-, caspase-1- and caspase-11-deficient
mice (179). NLRP6 has also been shown to negatively regulate innate immunity and host
defense against bacterial pathogens by attenuating NF-B- and MAPK-dependent
cytokine and chemokine production (181). Thus, NLRP6 can form inflammasome, and
also function as a negative regulator of inflammatory responses.
The NLRP12 was the first NLR shown to associate with ASC in transfected cells
(182), and NLPR12 was defined as an inflammasome molecule due to its co-localization
with ASC and caspase-1, NF-B activation and induction of IL-1β and IL-18 production
(177, 182). However, the role of NLRP12 in innate immunity remains unclear, although
both inflammatory and anti-inflammatory functions have been attributed to NLRP12.
Zaki and colleagues (183) and Allen and co-workers (184) showed that NLRP12-deficient
mice exhibit increased NF-B activation and strong extracellular regulated kinase (ERK)
induction in chemically-induced colitis and colitis-associated tumorigenesis models. It
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was reported that Yersinia pestis infection induces NLRP12 inflammasome activation
leading to production of IL-18 for the clearance of the infection, since NLRP12-deficient
mice were more susceptible to Y. pestis infection (185). Given the evidence that NLRP12
and NLRP3 inflammasome complexes were present in monocytes of malaria patients,
NLRP12 was also believed to play a pivotal role in IL-1β production and hypersensitivity
to secondary bacterial infections during malaria (186). Collectively, these studies suggest
that NLRP12 inflammasome is important in innate immune responses against pathogens,
although the specific ligand(s) of NLRP12 remain to be identified.

2.4.7.7. Non-canonical inflammasomes
Normally, the recognition of microbial products such as bacterial flagellin and
DNA in the cytosol leads to the assembly of canonical inflammasomes and the
recruitment of caspase-1, triggering its autocatalytic activity. However, instead of
activing caspase-1, caspase-11 is activated in the non-canonical inflammasome pathway,
which is different to all known inflammasomes including NLRP1, NLRP3 and NLRC4 (187–
189). Recently, caspase-11 was found to be a direct receptor for cytosolic LPS and can
from an alternative multiprotein platform following LPS recognition (190). The caspase11 platform was first identified in insect cells, in which caspase-11 exists as a monomer,
and upon exposure to LPS it oligomerizes. Subsequent biochemical studies confirmed
that caspase-11 binds LPS directly, which in turn leads to its activation and the
multiprotein platform formation. In addition, results from experiments utilizing the site
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directed mutagenesis approach revealed that positively charged lysine residue motifs in
the CARD domain of caspase-11 serve as the binding sites for LPS (190).
In general, caspases are not known to be able to bind directly to PAMPs and the
recruitment of caspases to an upstream molecular scaffold is widely believed to be a
prerequisite for their activation. It appears that caspase-11 is an exception to this rule.
However, it is still unknown whether this caspase-11 complex contains additional
proteins. Interestingly, there are no caspase-11 transcripts in humans, while in mice
caspase 4 and caspase 5 appear to be functionally similar to caspase-11, since they
directly bind LPS and trigger pyroptotic cell death (190).

2.4.7.8. Teleost inflammasomes
To date, there are limited reports on the inflammasomes of teleost fish, although
NLRP isoforms are present in the (NCBI) database, such as NLRP3 (Accession number:
XM_017212365.1), NLRP3X1 (XP_017206752.1), NLRP12 (XP_009299711.1), NLRP12-like
(XO_009289652.1) and their homologues in zebrafish. In addition, there are several
other NLRs in teleosts as well as the inflammasome signaling downstream proteins, ASC
and caspase-1 in teleosts (22, 27, 28, 46, 53, 56, 126, 133) and HMGB1 protein (191–
194), suggesting that inflammasome signaling pathway may be conserved in lower
vertebrates.
Inflammasomes are multi-protein complexes generated in response to
pathogens and other danger signals. Three typical NLR-associated inflammasome
molecules have been well characterized in mammals, including NLRP1, NLRP3 and
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NLRC4 (195). Despite the growing evidence of an expanded family of NLR receptors in
lower vertebrates (196), and the suggestion that inflammasome and caspase-1 triggered
seabream macrophage cell death (197), no study has specifically identified functional
inflammasome molecules in teleost. Using conventional cloning methods, I made several
attempts to clone NLRP3 in goldfish without success. The main reason for the difficulty
in obtaining full-length sequences of genes encoding inflammasomes in goldfish was
that NLRP subfamily members in teleosts are highly polymorphic. High NLRs
polymorphism is present in various organisms including Arabidopsis spp. (198), zebrafish
(27), mouse (199, 200) and humans (201–203). Using the high-throughput sequencing
and transcriptome assembly, I successfully identified a NLRP3rel molecule of the
goldfish (Appendix A). To our knowledge, this is the first discovery and confirmation of
NLRP3rel molecule in a teleost, although previous reports suggested the presence of this
NLRP subfamily in zebrafish (27).
The NLRP3rel molecule was identified and functionally characterized in nigericinactivated goldfish macrophages (see Chapter VI). Goldfish NLRP3rel was differentially
expressed in goldfish immune cell populations with highest mRNA levels present in PBLs
and macrophages. I generated a recombinant form of the molecule [functional domain
containing PRY/SPRY domains (aa 851-1025, C-terminus), that has been denoted as
rgfNLRP3rel] and an anti-CT-NLRP3rel antibody. Treatment of goldfish primary kidney
macrophages in vitro with nigericin, an inducer of inflammasome pathway, up-regulated
the expression of NLRP3rel at both mRNA and protein levels. Confocal microscopy and
co-immunoprecipitation assays indicated that goldfish rgfNLRP3rel molecule associated
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with the ASC in HEK293 cells. Nigericin activation of macrophages also induced caspase1-dependent HMGB1 and IL-1β1 production.

2.4.7.9. Apoptosis associated speck-like protein (ASC) of mammals and teleosts
ASC has gained a great attention as a PYD and CARD domain containing molecule,
and as such it plays a central role in transduction of the signaling after inflammasome
activation in mammals (144, 204). It was first identified as a target of methylationinduced silencing (TMS)-1, as the methylation mediated silencing of TMS-1 conferred a
survival advantage by allowing cells to escape from apoptosis (205). The ability of ASC to
regulate apoptosis has been shown to be primarily associated with the CARD via
homologous CARD-CARD domain interaction (206).
The main functions of ASC as an adaptor molecule are: (i) to bridge NLRs and
caspase-1 to form inflammasomes; (ii) to form pyroptosome; (iii) to elicit “cytokine-like”
functions; and (iv) to interact with other CARD-containing molecules to regulate
cytosolic PRR functions.
As a bridging molecule of inflammasomes, particularly NLRP3, ASC binds to
NLRP3 via its PYD domain, forming the NLRP3/ASC complex which in turn binds to
caspase-1 via its CARD domain. Binding of caspase-1 to the NLRP3/ASC complex causes
caspase-1 activation and processing of caspase-1 substrates, including IL-1β or IL-18, to
initiate pro-inflammatory cytokine production and eventual cytokine-mediated
regulation of inflammatory responses (207). ASC gene deletion in macrophages has
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been shown to impaired their ability to form inflammasomes and activate caspase-1 in
response to DAMPs, indicating a crucial role for ASC in this process (164, 208, 209).
ASC has also been shown to self-oligomerize to pyroptosome, which is a
supramolecular assembly formed in response to inflammatory stimuli. The pyroptosome
rapidly recruits and activates caspase-1 to induce pyroptosis and release of proinflammatory cytokines, in particular, HMGB1 (210).
After pyroptosis, the ASC specks have “cytokine-like” function because they are
present in the extracellular space after pyroptosis, and shown to promote maturation of
IL-1β (211). In addition, phagocytosis of extracellular ASC specks by macrophages,
induced lysosomal damage, increased nucleation of soluble ASC and induction of IL-1β
production (211).
ASC also regulates the function of other PRRs because it interacts with other PYD
or CARD domain molecules, such as RIP2 (104, 212). In mammals, it has been
demonstrated that ASC not only up-regulates NF-κB activation upon co-transfection
with other PYD family proteins like cytopyrin and PYPAF7 (182, 213), but also downregulates NF-κB signaling by modifying RIP2 interaction with procaspase-1 upon LPS
activation (104). Interestingly, an ASC-RIP2 axis has been proposed to be involved in the
generation of prostaglandin E2 (PGE2) in patients diagnosed with chronic adult
periodontitis (214).
To date, there are few reports regarding the role of ASC in teleosts. Sun and
colleagues (215), characterized ASC in mandarin fish and found that ASC formed a speck
in the transfected HEK293T cells, further transfection analyses indicated that
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overexpression of ASC inhibited NF-κB activity with or without stimulation in eukaryotic
cells. ASC was also cloned and characterized in Japanese flounder: the expression of ASC
was shown to be up-regulated by E. tarda infecton, and by exposure to LPS, poly I:C,
zymosan and extracellular ATP (216). The overexpressed ASC formed speck-like
aggregations in the cytoplasm of the Japanese flounder FG-9703 cells. I also examined
the functions of goldfish ASC, and report that it played a role as an adaptor molecule in
the NLRP3rel inflammasome signaling pathway, and that it exhibited a regulatory role
for the NOD-1/NOD-2 pathway, by modifying the RIP2 functions (see Chapter VII).
Together, the above studies suggest that ASC may be multifunctional and of central
importance in inflammatory responses of teleosts.

2.4.7.10. Caspase-1 in mammals and teleosts
Caspase-1 is a prototypic protein that belongs to a family of inflammatory
caspases, that all have a CARD domain. Caspase-1 was originally characterized as IL-1βconverting enzyme (ICE) that cleaves the IL-1β precursor to active IL-1β to mediate
inflammation (206, 217, 218). After stimulation by myriad microbial and endogenous
signals, the procaspase-1 can be self-activated by proteolytic cleavage into the
enzymatically active heterodimer consisting of two 10- and 20-kilodalton subunits (12).
Active caspase-1 was found to be an essential regulator of inflammatory responses for
its role in generation and activation of IL-18 and IL-33 (219). For example, caspase-1knockout mice cannot activate pro-IL-1β, pro-IL-18 and pro-IL-33, and cells isolated from
these mice appear to be sensitive to most apoptotic inducers (220, 221). Following the
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discovery of inflammasomes, caspase-1 has been demonstrated to be an essential
component for the inflammasome assembly (12, 134).
Depending on the stimulus, the activation of caspase-1 can either promote
cytokine release or cause cell death. It is well documented that various microbial agents
induce capase-1 activation, including S. typhimurium, Legionella pneumophila,
Francisella tularensis, Bacillus anthracis, Myxoma virus, etc (137, 222–226). Different
mechanisms have been proposed to elucidate the role of caspase-1 in host response to
the pathogens, and, not surprisingly, the NLR family of proteins features prominently in
described mechanism of host defense.
In teleost, the function of caspase-1 has been reasonably well studied. As early
as in 2003, Masumoto and colleagues (227) identified two caspase-1 isoforms in
zebrafish and demonstrated that overexpression of these isoforms induced apoptosis in
mammalian cells. However, only one of the identified isoforms, caspy, oligomerized with
zebrafish ASC to enhance caspy-dependent apoptosis (227). Ten years after, a few
caspase-1 molecules and their ability to process IL-1β were investigated in zebrafish,
seabass and seabream (197, 228, 229). In zebrafish, infection of primary leukocytes with
F. noatunensis induced caspase-1-like activity that resulted in IL-1β processing. In
addition, both zebrafish caspase orthologues, caspase A and caspase B, were shown to
cleave IL-1β. These findings were similar to the cleaved IL-1β observed in seabream,
whose IL-1β was processed after caspase-1 activation (230). The activated caspase-1
was found to be auto-processed to two active heterodimers, p24/p10 and p20/p10,
which are similar to those observed in humans. But the seabass caspase-1 has a
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different, but phylogenetically conserved, ICE cleavage site that was similar to that of
bird but not mammalian caspase-1 (228). The available results suggest that activated
teleost caspase-1 can cleave the pro-IL-1β and process IL-1β for inflammatory responses,
akin to caspase-1 of higher organisms.

2.4.7.11. Caspase-11 in mammals and teleosts
Caspase 1 and 11 belong to a family of aspartate-specific cysteine proteases
conserved through evolution. In mammals, caspase-11 and caspase-1 mRNA are
transcribed from the same chromosomal locus, and both of them have been
traditionally classified as “inflammatory caspases”. Like caspases 8, 9, and 10, which
initiate apoptotic cell death, caspase 1 and 11 have large pro-domains that mediate
interactions with other proteins.
Caspase-11 has very low mRNA expression in normal murine tissues. However,
following LPS stimulation, the expression of caspase-11 is significantly up-regulated in
tissues including the thymus, lung, spleen, and kidney (231). The elevated expression
profiles of caspase-11 were also observed in monocytes and macrophages (232). In mice,
caspase-11 activation is required for NLRP3 inflammasome activation in response to
infection by Gram-negative bacteria, which has been termed as non-canonical NLRP3
inflammasome activation (187). In contrast, Gram-positive pathogens do not activate
caspase-11 (146).
It is generally accepted that both caspase-1 and caspase-11 induce pyroptosis,
but only caspase-1 processes IL-1β and IL-18. In contrast, activation of caspase-11 is
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triggered by acylated lipid A, a component of the LPS found in many Gram-negative
bacteria (188, 233). Indeed, TLR4-deficient mice, treated first with a TLR3 agonist to
induce expression of caspase-11, were susceptible to a lethal dose of LPS, whereas the
majority of caspase-11-deficient mice survived this regimen (188, 233), suggesting that
intracellular LPS and/or acylated lipid A can activate caspase-11 in macrophages lacking
the LPS receptor TLR4. Recently, a direct interaction between intracellular LPS and the
CARD domain of caspase-11 (and human caspases-4 and -5) has been demonstrated
(190). Collectively, these findings suggest that caspase-11 has the capacity to recognize
cytosolic LPS directly, thereby initiating the non-canonical inflammasome pathway.
There are no direct homologues of caspase-11 in humans, however, caspases-4 and
caspase-5 are considered to be functional orthologues to mouse caspase-11, and this is
believed to have arisen following a gene duplication event (12).
To date, caspase-4, caspase-5 and caspase-11 have not been identified in
teleosts. In my research, I have searched the NCBI database, as well as the goldfish
transcriptome database, but failed to obtain the sequence information of these
molecules.

2.4.7.12. High mobility group box protein 1 (HMGB1) in mammals and teleosts
HMGB1 belongs to HMGB family, which consists of a group of non-histone
chromosomal proteins that regulate DNA-dependent transcription, replication,
recombination and DNA repair (234). Four subfamilies of HMGBs are known to exist
including HMGB1, HMGB2, HMGB3 and HMGB4. These are small proteins (less than 30
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kDa) that share high sequence identities and similar biochemical properties (235–238).
Structurally, all of the HMGB proteins possess two HMG boxes located at the N-terminus
(Box A and Box B), a middle region, while a C-terminal acidic tail is present in HMGB1,
HMGB2, and HMGB3, but not HMGB4 (235–237). HMG boxes contain three α-helices
that fold DNA into a typical wedge shape (239–242). The C-terminus acidic tail can also
regulate the binding capacity of HMG boxes to DNA. During the resting status, the acidic
tail interacts with basic stretches in the HMG boxes and shields them from other
interactions that might occur before HMGB1 binds DNA, and upon activation, the intramolecular interaction between the acidic tail and HMG boxes is disrupted generating
HMG boxes in open conformation for DNA binding (238–240, 242).
The HMGB1 has been linked to properly functioning innate and adaptive
immunity (243). As a nuclear protein, HMGB1 was first discovered and named because
of its quick migration during electrophoresis (244). The sequences of HMGB1 proteins
have been highly conserved throughout evolution in mammals (>99%), implying the
tight evolutionary conservation of this protein. HMGB1 is abundantly expressed in
mammals, with higher expression level in lymphoid tissues and testis, and a less extent
in brain and liver (245). The importance of HMGB1 in maintenance of homeostasis, as
well as responses to pathogens, is indicated by the fact that HMGB1-knock-out mice die
a few hours after birth with severe organ disorders (246).
HMGB1 is highly conserved through evolution and is primarily found in the
nucleus where it functions as a non-histone chromatin-binding protein (247). With the
capacity to bind the damaged DNA, HMGB1 is a universal sentinel for DNA-induced
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innate immune responses and dendritic cell-mediated adaptive immune responses (243,
248).
One of the unique functional aspects of HMGB1, compared to other HMGBs, is
that it can act as an inflammatory cytokine (249). The HMGB1 is also present in the
cytoplasm and can be secreted to extracellular space upon inflammasome and caspase
activation (148, 250, 251). Extracellular HMGB1 triggers inflammatory responses though
TLR2 and TLR4, and exhibits chemoattractant activity by interacting with the receptor
for advanced glycation end-products (RAGE) (252). The activation of HMGB1 leads to the
activation of NF-κB and MAP kinases (253). It has been demonstrated that blockade of
either RAGE or TLR4 causes a reduced nitric oxide response and an overall decrease
inflammatory responses of mammals (254, 255). These observations suggest that
HMGB1 acts as a pro-inflammatory cytokine in mammals.
The mammalian HMGB1 contains two folded DNA binding motifs called box A
and box B and an acidic C-terminus tail. Box A acts as an HMGB1 antagonist, whereas
box B exerts the cytokine-like inducing functions. Interestingly, HMGB1 was identified as
a product of pyroptosis and a delayed cytokine-like mediator released by activated
monocytes, macrophages, neutrophils, and dendritic cells following infection (256, 257).
As such, inflammasome-induced HMGB1 release can be used as a biomarker for
pyroptosis (258).
In teleost, HMGB1 has been characterized in zebrafish (191, 259, 260), grass carp
(192), goldfish (194) and humphead snapper (193). Structurally all of the teleost
HMGB1s contain HMG box A and HMG box B, and a highly acidic C-terminal region. Two
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HMGB1 genes have been characterized in grass carp and their expression was upregulated after GCRV infection and other viral PAMPs (192). In addition, HMGB1 has
been demonstrated to function as a cytokine during bacterial infections and was shown
to promote the innate immunity by activating macrophages of red drum (261).
Interestingly, studies in zebrafish showed that HMGB1 is required for brain development
(259) and contributes to the regeneration processes after spinal cord injury (260),
demonstrating the multifaceted functional roles for HMGB1 in biological processes of
teleosts. I have reported on the cloning and comprehensive expression and functional
analysis of the goldfish HMGB1 (194). The tissue and immune cell population expression
of goldfish HMGB1 was found to be highest in the brain and splenocytes. A recombinant
form of goldfish HMGB1 (rgHMGB1) was generated and shown to prime goldfish
monocytes and macrophages for enhanced respiratory burst and nitric oxide responses,
respectively. Western blot and quantitative qPCR analysis indicated that goldfish
HMGB1 participated in the antimicrobial responses against M. marinum and A.
salmonicida. Cai and colleagues (2014) recently confirmed my observations that HMGB1
plays a major role in host defense against pathogens in teleosts (193).

2.4.7.13. IL-1β and IL-18, in mammals and teleosts
2.4.7.13.1. IL-1β in mammals and teleosts
Both IL-1β and IL-18 belong to IL-1 family of cytokines that plays a major role in
inflammation, host responses to pathogens and in autoimmune diseases (262, 263).
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IL-1β is a pro-inflammatory cytokine secreted by activated macrophages and
monocytes. It promotes local and systemic responses to infection, injury, and
immunological challenges and plays a central role in controlling the acute and chronic
inflammation (263). Unlike other cytokine promoters, IL-1β regulatory regions are
distributed over several thousand base pairs upstream from the transcriptional start site.
In addition to cAMP response element, there are NF-κB-like and activating protein-1
(AP-1) sites. IL-1β gene regulation and its role in different diseases has been
comprehensively reviewed by Dinarello (264, 265), and is not addressed in this review.
The IL-1β production is regulated via different pathways: inflammasomedependent or inflammasome-independent. IL-1β is produced as a dormant cytoplasmic
precursor (proIL-1β, p35) that can be cleaved by caspase-1 to generate a smaller
bioactive form (p17). Although pro-caspase-1 is abundant in hematopoietic cells,
activation of caspase-1 requires cleavage by the inflammasomes. Thus, the key
requirement in this process is the formation of macromolecular complexes (particularly
the NLRP3-inflammasome) (266). However, not all IL-1β-mediated inflammation is
exclusively due to NLRP3 or caspase-1 activity. For example, mice deficient in caspase-1
develop the same IL-1β-mediated disease as do wild-type mice (264, 265).
In humans, the primary sources of IL-1β are macrophages, skin dendritic cells, B
lymphocytes, NK cells and brain microglia, generated in response to activated
complement components, other cytokines (such as TNF-α) and IL-1 itself (265). In
contrast, fibroblasts and epithelial cells do not produce IL-1β, and circulating blood
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monocytes or bone marrow aspirates from healthy humans do not constitutively
express IL-1β.
To date, IL-1β has been characterized in many teleost species, including rainbow
trout (267, 268), salmon (269), catfish (270), seabass (271–274), Atlantic cod (275, 276),
Japanese flounder (277) and Atlantic halibut (278). The inflammasome mediated IL-1β
production has been proposed by Angosto and colleagues (2012) who demonstrated the
release of mature IL-1β from isolated seabream leukocytes upon infection with S.
typhimurium or L. monocytogenes lysteriolysin treatment (197). Mature IL-1β was
generated from seabream macrophages after infection with S. typhimurium or
stimulated with hypotonic solution while the production of IL-1β was blocked by the
caspase-1 inhibitor YVAD (197). These results suggest that seabream caspase-1 plays an
important role in the generation of IL-1β. Despite the fact that the typical ICE cutting
site present in mammalian IL-1β, this is not a feature of teleost IL-1β molecules. Growing
evidence indicates that teleost IL-1β is produced as a precursor that is subsequently
cleaved to be active (268, 271). For example, the seabass IL-1β was cleaved in vitro
following incubation with caspase-1 into a 18 kDa isoform. The caspase-1-mediated IL1β processing in seabream leukocytes occurred after 4 h, which is significantly longer
than IL-1β processing in other animals, and the processing of IL-1β was blocked by pancaspase inhibitor, Ac-YVAD-CHO. Similarly, zebrafish IL-1β processing was caspase-1
dependent in a mixed leukocyte population exposed to fish pathogen Francisella, and
was inhibited by the caspase-1 inhibitor YVAD (229, 279). Thus, IL-1β is an evolutionarily
conserved, pro-inflammatory cytokine that is generated upon exposure to pathogens.
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2.4.7.13.2. IL-18 in mammals and teleosts
IL-18 was initially identified as an IFN-γ-inducing factor in sera from mice
infected with bacterium Propionibacterium acnes and after in vitro challenge of naïve
spleen cells with LPS (280). IL-18 is mainly produced by Kuppfer cells (liver macrophages)
as a 192 amino acids precursor, that is cleaved to produce a 157 aa mature protein (281).
A short time after the discovery of murine IL-18, human IL-18 was cloned using murine
IL-18 cDNA as a probe and expressed in E. coli (282), and shown to induce IFN-γ in
peripheral blood mononuclear cells (PBMCs). The IL-18 gene is located on chromosome
9 in mouse and on chromosome 11 in humans (283–286).
Pro-IL-18 is constitutively expressed in endothelial cells, keratinocytes and
intestinal epithelial cells throughout the gastrointestinal tract. The inactive IL-18
precursor remains in the intracellular compartment of mesenchymal cells, whereas
macrophages and dendritic cells secrete active IL-18. As with the processing of IL-1β,
following cleavage by active caspase-1, IL-18 is secreted by the phagocytes, although as
much as 80% of the pro-IL-18 remains unprocessed inside the cells. Mice deficient in
caspase-1 do not secrete IL-18 after endotoxin (LPS) exposure, and this deficiency is
believed to be the result of failed IL-18 processing (287, 288). It is also known that IL-18
production may be caspase-1 independent, as the Fas ligand stimulation results in
release of biologically active IL-18 in caspase-1-deficient murine macrophages (289).
Similar to IL-1β, IL-18 is also a pro-inflammatory cytokine, that induces cell
adhesion, synthesis of nitric oxide and production of chemokines. For example, blocking
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IL-18 generation reduced metastasis in mouse because of decreased production of
vascular call adhesion molecule-1 (290). Unlike other pro-inflammatory cytokines, IL-18
does not induce fever and the formation of acute phase proteins (291, 292). However,
IL-18 is involved in promoting the production of interferon-γ (IFN-γ) in T helper type 1
(Th1) cells, natural killer cells and cytotoxic T lymphocytes, enhancing the development
of T helper type 2 (Th2) cells (293). For example, IL-18 induces IL-4 production in the
absence of IL-12. In transgenic mice overexpressing IL-18, serum levels of IgE, IgG1, IL-4
and IFN-γ are significantly increased (294). Thus, high IL-18 production participates in
the polarization of Th1 and Th2 responses in hosts.
In teleost, IL-18 has been identified in a few fish species, including rainbow trout,
medaka, pufferfish and seabream. The first report showing the existence of IL-18 was
described by Huising and colleagues (295) through the analysis of pufferfish genome.
Zou and co-workers (296) characterized IL-18 in rainbow trout and found that the gene
organization of trout and pufferfish IL-18 was similar to that of mammalians IL-18.
Unlike IL-1β, sequence analysis of IL-18 revealed that there is a putative ICE
cleavage site at Asp32 in trout and Asp31 in pufferfish. Surprisingly, treatment of primary
kidney cells with LPS, poly I:C and trout recombinant IL-1β did not affect the mRNA
levels of IL-18. However, two IL-18 transcripts had different expression patterns in a
fibroblast cell line in response to LPS and recombinant IL-1β, suggesting that the
quantitative balance of two IL-18 transcripts may influence IL-18 expression and
processing. To date, there are no reports on the involvement of IL-18 in the
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inflammasome pathways and IL-18 appears not to be present in other teleost genomes
(goldfish, zebrafish and carp).

2.4.7.14. Pyroptosis in mammals and teleosts
Programmed cell death (PCD) is essential for the tissue homeostasis and
elimination of damaged cells and plays crucial roles in cell fate (297). Apoptosis, necrosis
and pyroptosis are the three main forms of PCD with distinct morphological
characteristics and biochemical mechanisms (297, 298). Apoptosis was first defined
based on a distinct sequence of morphologic features by electron microscopy in 1972
(299). The mechanisms of apoptosis were first investigated using the development of
the nematode C. elegans (300). From the total generated 1,090 somatic cells to form the
adult worm, 131 of them underwent apoptosis at particular stages during the
development process.
Apoptosis occurs not only during the development and aging as a homeostatic
mechanism to maintain and renew cells in tissues, but also during ongoing immune
response or when cells are damaged by pathogens or noxious agents (301). Apoptosis is
characterized by specific morphological and biochemical changes of dying cells,
including cell shrinkage, nuclear condensation and fragmentation, dynamic membrane
blebbing and loss of adhesion to neighbor cells or to the extracellular matrix (302). In
contrast, necrosis involves cell swelling, organelle dysfunction and cell lysis (303–305).
Necrosis has also been considered as the “accidental” and “unregulated” cell death (306,
307). When cells undergo necrosis, the integrity of the cell membrane is disrupted so
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that the intracellular materials are released to the extracellular milieu, leading to
inflammatory responses by immune cells (306, 307).
Pyroptosis was originally described in S. flexneri-infected macrophages in 1992
(308) and after infection with Salmonella spp. (309, 310) . Initially, this type of cell death
was first considered to be apoptosis because of the characteristic nuclear condensation,
DNA fragmentation, and caspase dependence. In 2001, pyroptosis (also referred to as
“inflammatory” apoptosis) was recognized as a distinct cell death process. “Pyro” means
fire or fever, implying the inflammatory feature of this form of cell death, and “ptosis”
means falling, which is similar to other forms of programmed cell death (311). At
present, pyroptosis is considered as a hallmark of inflammasome-induced caspase-1dependent processes (312–314).
Apoptosis and pyroptosis can be distinguished as follows: (i) the cell size;
pyroptotic cell death accompanies the plasma membrane pore forming, water influx and
cell swelling, so cell dying by pyroptosis increase significantly in size (315–317); (ii)
caspase-1 activity; the apoptotic cell death is initiated by caspase-3/8/9, while
pyroptosis is caspase-1-dependent; (iii) the integrity of plasma membrane; during the
apoptosis, the cell membrane remains intact, unlike pyroptosis that features a rapid loss
of cell integrity; and (iv) the nuclear integrity; during apoptosis, caspase-mediated
proteolysis of ICAD releases caspase-activated DNase (CAD) that cleaves DNA
nucleosomes, resulting in characteristic oligonucleosomal DNA fragments of
approximately 180 bp (317). In contrast, during pyroptosis, the caspase-1-activated
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nuclease does not produce the oligonucleosomal DNA fragmentation pattern so that the
nuclear integrity is maintained (224, 318).
Although pyroptosis and necrosis share similar morphological events, they can
be differentiated as follows: (i) caspase activation: pyroptotic cells result from caspase-1
activation, whereas necrosis requires no caspase activation; and (ii) condensed
chromatin; one of features of pyroptosis is chromatin condensation, that does not occur
during necrosis.
In teleosts, Angosto and colleagues (2012) were first to demonstrate pyroptosis
in seabream macrophages exposed to Salmonella spp. (197). Recently, Varela and
colleagues (319) reported possible pyroptosis of zebrafish larval macrophages exposed
to hemorrhagic virus, however, these authors did not document classical morphological
changes associated with pyroptotic cell death. In addition to the classical morphological
changes, to confirm pyroptotic cell death, one must examine the caspase-1 activation
and release of pyrogenic interleukins, such as IL-1β and IL-18, into the extracellular
milieu (17, 320). Given that pyroptosis is also considered as one of the hallmarks of
inflammasome-induced caspase-1 dependent processes (312, 313), and features rapid
plasma membrane rupture and release of pro-inflammatory intracellular contents (321),
documenting inflammasome formation as well as HMGB1 release would confirm that
cells were undergoing pyroptotic cell death.
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2.5. SUMMARY
One of the main goals of my thesis research was to further the understanding of
NLRs biology in fish. NLRs have emerged as central regulators of immunity and
inflammation during the past decade. The understanding of the molecular mechanisms
of NLRs activation is essential for our understanding of the antimicrobial responses of
macrophages in both higher and lower vertebrates such as teleosts. Initial studies of
NLRs functions were done in mammalian systems, and NLRs were only recently
examined in teleost model systems. The loss of key NLRs (i.e. NLRC4) and downstream
signalling molecule (caspase-11), as well as the polymorphism of NLRPs due to whole
genome duplication events suggest that although NLRs are evolutionarily conserved in
vertebrates, the recognition and signalling cascades involved in host defence differ
between mammals and teleosts.
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Table 2.1. Summarized NLRs and their recognized PAMPs in human and mouse
NLR
subfamily
NLRA

Human

Mouse

Other names

CIITA

CIITA

NLRA; MHC2TA;
C2TA; NLRA; MHC2TA

NLRB

NAIP
NAIP1-7

NLRC

NOD1
NOD2
NLRC3
NLRC4

NOD1
NOD2
NLRC3
NLRC4

NLRC5
NLRX1
NLRP

References

NLRB1; BIRC1; CLR5.1
BIRC1a-g

Flagellin from
Legionella

(324)
(200, 224, 226)

NLRC1; CARD4; CLR7.1
NLRC2, CARD15
NOD3; CLR16.2
CARD12; CLAN; CLR2.1;
IPAF

IE-DAP
MDP
N/A
Flagellin from
Salmonella,
Legionella, Listeria,
Pseudomonas
N/A

(40, 41)
(10, 77, 90)
(8, 325)
(173, 326–330)

NOD27; CLR16.1
NOD9;
CLR11.3

NLRP1(NALP1,
DEFCAP, NAC,
CARD7)
NLRP1a,b,c
NLRP2
NLRP2
NLRP3

NLRP3

NLRP4

N/A
NLRP1; DEFCAP; NAC;
CARD7; CLR17.1

MDP, Lethal Toxin

NALP1a,b,c

Lethal toxin

NALP2; PYPAF2; NBS1;
PAN1; CLR19.9
PYPAF2; NBS1; PAN1;
CIAS1; PYPAF1;
Cryopyrin; NALP3;
CLR1.1

N/A

CIAS1; PYPAF1;
Cryopyrin; NALP3;
MMIG1;
NALP4; PYPAF4; PAN2;
RNH2; CLR19.5;

NLRP4a-g
NLRP5

NLRP5
NLRP6-14

Recognized PAMPs
or pathogens
N/A

NLRP6-14

NALP4a-g;
NALP5; PYPAF8;
MATER; PAN11;
CLR19.8;
Master; Op1; NALP5;
PYPAF5; PANS; CLR11.4
NALP6-14

(322, 323)

(10, 124, 323,
331–333)
(8, 61, 323,
334)
(134, 141, 335)

(137, 138, 141,
336)
(8, 337–339)

N/A
Bacterial or viral
RNA; uric acid,
crystals, LPS, LTA;
MDP; Nigericin
Bacterial or viral
RNA; uric acid,
crystals, LPS, LTA;
MDP; Nigericin
N/A

(340–342)
(213, 331, 332,
343)

N/A
N/A

(351, 353)
(354–357)

N/A

(177, 356, 358)

N/A

(8, 177, 179,
354, 359–362)

(344–347)

(348–352)
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Table 2.2. Summarized NLRs and their recognized PAMPs in teleosts
NLR
subfamily
NLRA
NLRB
NLRC

NLRs

Fish species

Recognized PAMPs or fish pathogens

References

CIITA
NAIP
NOD1

Catfish
Zebrafish
Zebrafish
Goldfish
Catfish
Miiuy croaker

E. tarda, S. iniae, catfish virus
N/A
iE-DAP, S. enterica
LPS, PGN, Poly I:C, A. salmonicida
Poly I:C, LPS,

(363)
(27)
(364, 365)
(53)
(49)
(56)

Oliver flounder

E. tarda, S. iniae, VHSV

(55)

Orange-spotted grouper

LPS, V. alginolyticus

(52)

Grass carp
Mrigal carp
Rohu

LPS, PGN, Poly I:C, GCRV
IE-DAP, S. uberis, A. hydrophila
E. tarda, S. iniae, VHSV

(47)
(115)
(50)

Rainbow trout

IE-DAP

(366)

Zebrafish
Goldfish

(114)
(53)

Catfish
Miiuy croaker
Pufferfish

MDP, E. tarda, SVCV
LPS, MDP, PGN, Poly I:C, A. salmonicida,
M. marinum
N/A
Poly I:C, S. aureus, V. anguillarum
LPS, Nigericin, Nigericin+LPS

Rohu
Grass carp
Mrigal carp
Japanese flounder

PGN, LTA, A. hydrophila, E. tarda, Poly I:C
LPS, PGN, Poly I:C, GCRV
MDP, S. uberis, A. hydrophila
LPS, E. tarda

(51)
(47)
(50)
(126)

NLRP3rel

N/A
Black rockfish
Pufferfish
Goldfish
Pufferfish
Miiuy croaker
Goldfish

N/A
LPS, poly I:C
Lpp, LPS, nigericin, Nigericin+LPS
A. salmonicida, M. marinum
LPS, Nigericin+LPS
V. anguillarum, poly I:C
Nigericin, ATP

N/A
(65)
(116)
(53)
(116)
(133)
Chapter VI

NLRPL1
NLRPL2

Zebrafish
Zebrafish

E. tarda, F. columnare, SVCV
E. tarda, F. columnare, SVCV

(367)
(367)

NOD2

NLRC3
NLRC4
NLRC5
NLRX1

NLRP

(49)
(56)
(116)

Abbreviations: SVCV = Spring viremia of carp virus; GCRV = Grass carp reovirus; VHSV =
Viral hemorrhagic septicemia virus; Lpp = Lactobacillus paracasei spp. paracasei; N/A =
Not applicable
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Figure 2.1. The NLR subfamilies and their domains in mammals.
NB and NACHT, nucleotide binding domains; LRR, leucine rich repeats; TIR, Toll
interleukin-1; BIR, baculoviral inhibition of apoptosis protein repeat; CARD, caspase
recruitment domain; PYD, pyrin domain [After Elinav et al., 2011 (179) and Robertson et
al., 2012 (368)].
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Figure 2.2. Schematic representation of NOD1 and NOD2 signaling pathways.
NOD1 and NOD2 can be activated by its specific ligand iE-DAP or MDP via two distinct
signaling pathways. The shared pathway is the activation of NOD1/NOD2, which triggers
pro-inflammatory cytokines production, such as TNF-α and IL-1β1, through the
consecutive activation of RIP2, TAK1 and MAPK or NF-B. NOD1 activation can also
promote Type I IFN production in a RIP2-independent way through the activation of
TRAF3, TBK1/IKK-ε and IRF7. NOD2 also induces Type I IFN production through MAVS by
engaging a RIP2-independent mitochondrial signaling complex through IRF3. Modified
from Saxena and Yeretssian, 2014 (369) and Motta et al., 2015 (370).
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Figure 2.3. Schematic representation of canonical and non-canonical inflammasome
pathways.
Canonical inflammasomes contain sensors, NLRP1, NLRP3 and NAIP/NLRC4. NAIP/NLRC4
is activated by bacterial flagellin or T3SS components, NLRP1 is activated by anthrax
lethal toxin. NLRP3 is activated by a wide variety of signals including pore-forming toxins,
ATP, uric acid, and alum. Once activated the receptors form an inflammasome complex
with or without the adaptor, ASC, and recruit procaspase-1, which is subsequently
cleaved into active caspase-1. Caspase-1 cleaves pro-IL-1β and pro-IL-18 into their active
forms as well as induces pyroptosis. Non-canonical inflammasome can be activated by
cytosolic lipopolysaccharide (LPS). Gram-negative bacterial infections lead to the
activation of TLR4-TRIF-type I IFN pathway, as well as assembly of NLRP3 inflammasome.
Type I IFN induces the expression caspase-11. Caspase-11 oligomerize upon binding with
cytosolic LPS from bacteria, and this activated caspase-11 controls NLRP3
inflammasome-dependent cleavage of caspase-1 though an unknown mechanism.
Modified from Latz et al., 2013 (371), Yang et al., 2015 (189) and Vanaja et al., 2015
(147).
Abbreviation: ASC, apoptosis-associated speck-like protein containing a CARD; IL,
interleukin; GBP, guanylate-binding protein.
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Figure 2.4. Schematic representation of priming (first) and activation (second) signals
of the NLRP3 inflammasome.
NLRP3 activation requires two signals. The first signal is the binding of the TLR4 ligand
LPS to its receptor. This triggers NF-B-mediated upregulation of NLRP3, pro-IL-1β and
pro-IL-18. Alternatively, TLR4 may provide signal through its adaptor molecules MyD88
and IRAK. BRCC3-mediated K63-deubiquitination of NLRP3 is required for NLRP3
inflammasome assembly and activation by extracellular ATP and other NLRP3-activating
stimuli. These agents together with cytosolic release of lysosomal cathepsins, cytosolic
release of mitochondria-derived factors such as reactive oxygen species (ROS),
cardiolipin, and oxidized mitochondrial DNA (mtDNA) provide a second signal to
facilitate the NLRP3 oligomerization and inflammasome assembly. Modified from
Franchi et al., 2012 (372), Lamkanfi and Dixit, 2014 (17) and Ozaki et al., 2015 (373).
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CHAPTER III: MATERIALS AND METHODS

3.1. ANIMALS AND FISH CELL CULTURES
3.1.1. Fish
Goldfish (Carassius auratus L.) were purchased from Aquatic Imports (Calgary,
AB) and kept in the Aquatic Facility of the Department of Biological Sciences, University
of Alberta. Fish were maintained at 17°C using a flow-through water system and a
simulated natural photoperiod. Fish were fed to satiation daily with trout pellets, and
acclimated to this environment for at least three weeks prior to use in experiments. All
fish ranged from 10 to 15 cm in length. Prior to handling, fish were sedated using a TMS
(tricaine methane sulfonate, Syndel Laboratories) solution of 40-50 mg/L in water. The
animals in the aquatic facility were maintained according to the guidelines of the
Canadian Council of Animal Care (CCAC-Canada).

3.1.2. Fish serum
Fish serum was obtained by bleeding common carp (Cyprinus carpio). Carp were
anaesthetized with TMS (Syndel Laboratories) and bled from the caudal vein using 3 mL
syringes and 23 Gauge needles every 4 to 8 weeks. Blood was pooled and allowed to
clot overnight at 4°C. The next day blood was centrifuged for 25 minutes at 1,000 x g at
4°C. Serum was collected, heat inactivated at 56°C for 30 minutes, sterilized by filtration
using a 0.22 µm filter, and frozen at -20°C until use in the experiments. Carp serum was
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used for the cultivation of goldfish primary kidney macrophage (PKM) cultures and
primary kidney neutrophil cultures.

3.1.3. Fish primary cell culture medium
The culture medium used for cultivation of goldfish primary kidney macrophages
and primary kidney neutrophils, NMGFL-15, was described previously (374, 375). The
composition of incomplete NMGFL-15 medium, the nucleic acid precursor solution and
Hank’s Balanced Salt Solution (HBSS) are shown in Table 3.1-3.3. Complete NMGFL-15
medium contained 10% heat-inactivated newborn calf serum, 5% heat-inactivated carp
serum, 100 U/mL penicillin/100µg/mL streptomycin (P/S) (Gibco), 100 µg/mL gentamicin
(Gibco).

3.1.4. Isolation of goldfish kidney leukocytes
3.1.4.1. Primary kidney macrophage (PKM) cultures
The procedures for the isolation and cultivation of PKM have been described
previously (376, 377). Briefly, fish were anesthetized using TMS, the kidneys were
aseptically removed and placed in ice-cold NMGFL-15. The kidneys were gently passed
through sterile stainless steel screens using medium containing antibiotics (100 U/mL
penicillin, 100 µg/mL streptomycin) and heparin (50 U/mL). The resulting cell suspension
was layered over 51% Percoll (51 mL Percoll, 10 mL 10 X HBSS, 39 mL NMGFL-15
medium) and centrifuged at 400 x g for 25 minutes at 4°C. Cells at the 51%
Percoll/medium interface were transferred to a new sterile 15 mL tube containing 10 mL
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of incomplete NMGFL-15 medium. The cell suspension was then centrifuged for 10
minutes at 230 x g. This washing step was repeated twice before the cells were resuspended in complete NMGFL-15 medium. The number of viable leukocytes was
determined using trypan blue exclusion method. The cell viability was always greater
than 95%.

3.1.4.2. Primary kidney neutrophils
The isolation of goldfish kidney leukocytes was performed as previously
described (374, 377, 378), with the following minor modifications. Briefly, the kidney cell
suspension was layered on 51% Percoll, centrifuged at 400 x g at 4°C for 25 minutes and
cells at the 51% Percoll/medium interface removed. All remaining Percoll was removed,
leaving behind the red blood cell/neutrophil pellet. The red blood cells were lysed using
ACK lysing buffer (Gibco). The cells were washed twice using incomplete medium (400 x
g for 10 minutes) and re-suspended in the complete medium (medium supplemented
with serum). The contaminating monocytes/macrophages were removed by allowing
the monocytes/macrophages to adhere to the bottom of culture flasks, and nonadherent neutrophils harvested prior to use in the experiments.

3.1.5. Establishment of primary kidney macrophages cultures
Goldfish macrophage cultures were established by seeding freshly isolated
kidney leukocytes from individual fish (18-20 x 106 cells/fish) into 75 cm2 tissue culture
flasks containing 15 mL of complete medium and 5 mL of cell-conditioned medium (CCM)
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from previous cultures. The PKM cultures consisted of heterogeneous populations of
cells including early progenitors, monocytes and mature macrophages as determined by
flow cytometry, morphology, cytochemistry and function. Less aged cultures (3-4 days)
consisted predominantly of monocytes, while older cultures (6-8 days) were
predominately mature macrophages (376, 377).

3.1.6. Collection of cell conditioned medium (CCM)
Goldfish PKM cultures aged 6-8 days were centrifuge at 230 x g for 10 minutes at
4°C and the resulting CCMs from individual cultures were pooled, filter sterilized using a
0.22 µm filter, and stored at 4°C until use.

3.1.7. Isolation of goldfish spleen leukocytes (splenocytes)
Spleens from individual fish were aseptically removed, passed through #50
stainless steel mesh screens and re-suspended in incomplete NMGFL-15 medium
containing 100 U/mL penicillin/100 µg/mL streptomycin. The cell suspensions were than
layered over 51% Percoll and centrifuged at 400 x g at 4°C for 25 minutes. The cells at
the 51% Percoll-medium interface were carefully removed, washed twice in NMGFL-15
medium (230 x g for 10 minutes) and re-suspended in complete NMGFL-15 prior to use
in the experiments.
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3.1.8. Isolation of goldfish peripheral blood leukocytes
Individual fish were bled from the caudal vein using a 1 mL heparin-coated
syringe to prevent clotting, and approximately 2 mL of whole blood obtained from
individual fish was diluted in 10 mL of incomplete NMGFL-15 medium containing 100
U/mL penicillin, 100 µg/mL streptomycin and heparin (50 U/mL). The cells were layered
over a density gradient of 60% Percoll, and centrifuged at 400 x g at 4°C for 25 minutes.
The buffy coat was removed and any residual red blood cells were lysed. The PBL
suspensions were washed twice in incomplete medium (400 x g for 10 minutes) and resuspended in the complete NMGFL-15 medium prior to use in the experiments.

3.1.9. Fluorescence-activated cell sorting (FACS) of goldfish monocytes and
macrophages
PKMs were cultured for 3-4 days for the isolation of monocytes, or 6-8 days for
the isolation of macrophages. Following the cultivation time indicated, PKMs were
harvested, centrifuged at 230 x g for 10 minutes, and adjusted to a concentration of 2
x 106 cells/mL. Monocytes and macrophages were sorted based on their size and
internal complexity using standard gates (R3 and R2, respectively) on an FACS Aria flow
cytometer located in the flow cytometry facility of the Department of Medical
Microbiology and Immunology, University of Alberta (379). Cells were sorted into 15 mL
tubes contain complete NMGFL-15 medium. Tubes containing sorted cells were
centrifuged at 230 x g at 4°C for 10 minutes and re-suspended in complete NMGFL-15,
to desired number of cells/mL before used in the experiments.
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3.1.10. Cultivation of mammalian cell line
HEK293 cells were maintained in DMEM supplemented with 10% FBS, 1% P/S, 1%
non-essential amino acids, 10 Mm HEPES and 44 mM sodium bicarbonate at 37°C with 5%
CO2. Approximately every 3-4 days, when cells became confluent, cells were rinsed with
incomplete DMEM, and treated with 0.25% trypsin/0.03% EDTA to detach cells from
culture vessels. Trypsin was neutralized by the addition of complete DMEM medium.
Cells were passed at a 1:10 dilution.

3.2. PATHOGENS AND FISH INFECTION
3.2.1. Aeromonas salmonicida A449
A. salmonicida A449 was a kind gift from Dr. Jessica Boyd (NRC Institute, Halifax,
Canada) and is a virulent strain that possesses an A layer and is auto-aggregating as
previously described (378). Glycerol stocks of A. salmonicida A449 stored at −80°C were
used to streak Tryptic Soy Agar (TSA) + 20 μg/mL chloramphenicol (Sigma) plates and the
plates incubated at 18°C for 72 h. A single colony was used to inoculate 5 mL of tryptic
soy broth (TSB) + 20 μg/mL chloramphenicol that was grown for 24 h at 18°C with
shaking. A 1:100 dilution of the stationary phase culture was used to inoculate 100 mL of
TSB + chloramphenicol and cultured at 18°C until mid-log phase. Bacteria were
harvested and washed twice in sterile 1 X PBS. Due to the auto-aggregating nature of the
bacteria, a sample of bacteria was serially diluted in TSB containing 1% SDS prior to
plating on TSA + chloramphenicol plates which mitigated clumping and allowed for the
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enumeration of individual colony forming units (CFUs). Plates were incubated for 48 h at
18°C and colonies counted. A. salmonicida A449 was heat-killed by incubating at 60°C
for 45 minutes in a circulating water bath. Following heat killing, a sample of the bacteria
was plated on TSB + chloramphenicol plates to ensure bacteria were non-viable. Heat
killed A. salmonicida A449 was stored at −20°C until used.

3.2.2. Mycobacterium marinum
The M. marinum strain ATCC 927 (fish isolate) was a kind gift from Dr. Lourens
Robberts, School of Public Health, University of Alberta. Bacteria were generated as
previously described (380). Briefly, M. marinum was grown with shaking at 30°C as a
dispersed culture in 7H9 broth (Difco, USA) supplemented with 0.5% glycerol and 10%
albumin-dextrose complex for 7-10 days. The number of colony forming units (cfu)/mL
was determined by plating on Middlebrook 7H10 agar (Difco). Before use in the
experiments, bacterial cultures were dispersed by 10-15 passages though a 25-gauge
needle. When required, enumerated bacterial cultures were heat-killed by incubation in
an 80°C water bath for 30 minutes. Heat killing efficiency (loss of bacterial viability) was
confirmed by plating heat killed M. marinum on Middlebrook 7H10 agar (Difco), and
failure of bacteria to grow after 5 days of incubation.

3.2.3. Fish infection
M. marinum were grown at 30°C as a dispersed culture in 7H9 broth (Difco, USA)
supplemented with 0.5% glycerol, 0.05% Tween 80 and 10% albumin-dextrose complex
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for 7-10 days. The number of colony forming unites (cfu)/mL was determined as above
described (section 3.2.2). Before use in the experiments, bacterial cultures were
dispersed by 10-15 passages though a 25-gauge needle. Fish were infected by
intraperitoneal injection with 107 cfu of M. marinum diluted in 1X PBS as previously
described (381) and from each of three PBS-injected (Sham-injected; SI) and M.
marinum-infected (MI) fish, spleen tissues were collected 24 h after infection for RNAseq analysis.

3.3. IDENTIFICATION OF GOLDFISH NOD-LIKE RECEPTORS AND INFLAMMATORY GENES
3.3.1. Primers
Primers used in this thesis for vector specific sequencing are shown in Table 3.4.
The primers used in homology-based PCR, RACE-PCR, RT-PCR are shown in Table 3.5.

3.3.2. RNA isolation
RNA was isolated from goldfish tissues or cells using TRIzol (Gibco) according to
the manufacturer’s instructions. Briefly, tissues or cells were placed in an RNAse free
Eppendorf tube, lysed in 1 mL of TRIzol reagent and homogenized by continually filling
and expelling the tissue or cell sequentially through a 1 mL syringe fitted with a 18 G, 21
G and finally 25 G needle. Following homogenization, the TRIzol mixture was allowed to
sit at room temperature for 5 minutes prior to the addition of 200 μL of chloroform. The
process of mixing and centrifuging was repeated. The aqueous layer was transferred to a
new 1.5 mL Eppendorf tube containing 500 μL of isopropanol. Tubes were inverted 10
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times and samples were centrifuged at 10,000 x g at 4 °C for 10 minutes to pellet the
RNA. Supernatants were aspirated, and the RNA pellet washed twice with 1 mL of 75%
reagent grade ethanol followed by centrifugation at 10,000 x g at 4 °C for 5 minutes.
Ethanol was aspirated and pellets allowed to air-dry for 5-10 minutes. Nuclease-free
water was used to re-suspend the RNA pellet. The nucleic acid concentration was
quantified using a Nanodrop apparatus at an absorbance of 230 nm, 260 nm and 280
nm to determine phenolic and protein contamination.

3.3.3. cDNA synthesis
cDNA synthesis from RNA was performed using the Superscript II or III cDNA
synthesis kit (Invitrogen) according to manufacturer’s specifications. RNA levels were
quantified using a Nanodrop apparatus and normalized prior to cDNA synthesis. For all
cDNA synthesis procedures, Oligo dT was used as the primer.

3.3.4. RT-PCR
Target mRNA transcripts were amplified by adding 1 μL of cDNA template to
18.15 μL of nuclease free water, 2.5 μL of 10 x PCR buffer (without MgCl2), 0.75 μL of 50
mM MgCl2, 0.5 μL of 10 mM dNTP Mix, 2.0 μL of 20 μM primer solution, 0.1 μL of 5 U/μL
Taq DNA polymerase. PCR reactions were amplified in an Eppendorf Mastercycler
Gradient thermocycler. The general thermocycling program consisted of an initial
denaturation step of 94°C for 5 minutes; followed by 30-33 cycles of 94°C for 30
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seconds; 55°C  10°C for 30 seconds; 72°C for 3 minutes, and a final extension of 72°C
for 10 minutes.
For colony PCR, the PCR mixture was set up in a similar manner as described
above. However, instead of cDNA template, a single colony was picked and swirled into
12.5 μL of reaction mixture. The thermocycling program for pJET1.2 forward and reverse
sequencing primers is as follows: an initial denaturation step of 94°C for 5 minutes;
followed by 30-33 cycles of 94°C for 30 seconds; 51°C for 30 seconds; 72°C for 3 minutes,
and a final extension of 72°C for 10 minutes. For T7 forward and BGH reverse primers,
the annealing temperature was set to 55°C. PCR products were run on a 1% agarose gel,
stained with ethidium bromide, and visualized under UV light.

3.3.5. Cloning into pJET1.2/blunt cloning vector
Bands of interest were excised from gels and purified using the Gel Extraction Kit
(Qiagen) according to manufacturer’s protocol. All bands were eluted in 30 μL of elution
buffer provided with kit. Three microliters of the purified PCR product was transferred
to a 0.6 mL tube on ice. To the reaction mixture, 0.5 μL of pJET1.2/blunt cloning vector,
0.5 μL of T4 DNA ligase and 5 μL of 2 x reaction buffer were added and gently mixed by
swirling the pipette tip in the mixture. The tube was placed at room temperature for 510 minutes. For larger inserts (> 1500 bp), the incubation time was extended to 20-30
minutes. During the final five minutes of incubation, One Shot Top 10 or NEB 10-beta E.
coli competent cells, stored frozen at -80°C, were placed on ice and allowed to thaw. The
entire 2.5 μL ligated products was added and transferred to the competent cells, mixed
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by gently swirling the pipette tip in the solution, and incubated for 20 minutes on ice.
Cells were heat-shocked at 42°C for 30 seconds and allowed to recover for 2 minutes on
ice. Three hundred microliters of SOC or LB medium was added, and cells incubated at
37°C for 1 h with shaking at 250 rpm. Cells were then plated on LB agar plates containing
100 μg/mL ampicillin and incubated overnight at 37°C. The next day, the presence of
inserts was assessed by colony PCR.

3.4. DNA SEQUENCING AND IN SILICO ANALYSES
3.4.1. General approach
Generated amplicons were gel purified using the QIA Gel Extraction kit (Qiagen)
and cloned into pJET1.2/blunt cloning vector (Thermo Scientific). Positive colonies were
identified by colony PCR using the vector specific pJET1.2 forward and reverse
sequencing primers. The constructed plasmids were extracted from positive colonies
using QIAspin Miniprep Kit (Qiagen) and sequenced using an ET terminator cycle
sequencing dye and a PE Applied Biosystems 377 automatic sequencer. Single pass
sequences were analyzed using 4peaks software (http://mekentoj.com/4peaks/) and
sequences aligned and analyzed using BLAST programs
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).

3.4.2. DNA sequencing and in silico analyses of goldfish NOD1, NOD2 and NLRX1
The sequences for goldfish NOD1, NOD2 and NLRX1 were identified using
homology-based PCR using primers (IDT) designed against the NOD1 genes of grass carp
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(Accession No. FJ937972.1) and zebrafish (Accession No. XM_002665060.2), NOD2 gene
of rohu (Accession No. JF923468.1) and zebrafish (Accession No. XM_692832.4) and
NLRX1 gene of catfish (Accession No. FJ004848.1) and zebrafish (Accession No.
XM_680389.5), respectively. From these initial fragments, RACE PCR (Clontech) was
performed to obtain the full open reading frame for NOD1, NOD2 and NLRX1 according
to manufacturer’s specifications.
Protein sequences, secretion signals, transmembrane domains, molecular weight
and isoelectric point were predicted using programs from the ExPASy website
(http://ca.expasy.org/) and the conserved domains program on Pfam (pfam.xfam.org).
Phylogenetic analysis of NOD1, NOD2 and NLRX1 was done by the neighbor-joining
method of the MEGA 4 program and bootstrapped 10,000 times (382). The goldfish
NOD1 (JX965184), NOD2 (JX965186) and NLRX1 (JX965186) mRNA sequences have been
submitted to GenBank.

3.4.3. DNA sequencing and in silico analyses of goldfish RIP2
The sequences for goldfish RIP2 were identified using homology based PCR using
primers (IDT) designed against RIP2 gene of zebrafish (Accession number: NM_194411.2)
and Nile tilapia (Accession number: XM_003438043.2). From this initial fragment, RACE
PCR (Clontech) was performed to obtain the full open reading frame for RIP2 according
to manufacturer’s specifications.
Protein sequences, secretion signals, transmembrane domains, molecular weight
and isoelectric point were predicted using programs from the ExPASy website
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(http://ca.expasy.org/) and the conserved domains program on Pfam (pfam.xfam.org).
Phylogenetic analysis of goldfish RIP2 was done by the neighbor-joining method of the
MEGA 5.1 program and bootstrapped 10,000 times (382). The goldfish RIP2 (KJ636470)
mRNA sequence has been submitted to GenBank.

3.4.4. DNA sequencing and in silico analyses of goldfish HMGB1
The sequences for goldfish HMGB1 were identified using homology-based PCR
using primers (IDT) designed against the HMGB1 gene of zebrafish (Accession number:
BC067193.1) and Blunt snout bream (Accession number: FJ785329.1). From this initial
fragment, RACE PCR (Clontech) was performed to obtain the full open reading frame for
RIP2 according to manufacturer’s specifications.
Protein sequences, secretion signals, transmembrane domains, molecular weight
and isoelectric point were predicted using programs from the ExPASy website
(http://ca.expasy.org/) and the conserved domains program on Pfam (pfam.xfam.org).
Phylogenetic analysis of goldfish HMGB1 was done by the neighbor-joining method of
the MEGA 5.1 program and bootstrapped 10,000 times (382). The goldfish HMGB1
(KF638272) mRNA sequence has been submitted to GenBank.

3.5. QUANTITATIVE EXPRESSION ANALYSIS OF GOLDFISH IMMUNE GENES
3.5.1. Primers
All Q-PCR primers used in this thesis were designed with the Primer Express
software (Applied Biosystems) and are shown in Table 3.6. Primers for Q-PCR were
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validated by running primers with 1:2 serial dilutions of cDNA and creating a standard
curve, which was utilized in the determination of the R2 value, y-intercept, and efficiency
of the primer set using the 7500 Fast software. All primer sets were chosen with an R 2
value of 0.95 or higher, a y-intercept value of -3.0 to -3.2, and an efficiency of 90% or
higher. Melt curves were analyzed to ensure a single melting peak, and Q-PCR products
were run on a gel, excised, and sequenced to ensure the correct amplicons were being
amplified.

3.5.2. Quantitative PCR thermocycling conditions and analyses
All quantitative expression of goldfish genes was performed using SYBR green
reagents and an Applied Biosciences 7500 Fast Real Time Machine. Elongation factor 1
alpha (EF-1α) was employed as an endogenous control. Thermocycling conditions were
95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute.
A melting curve step was added to the end of this protocol. Data were analyzed using
the 7500 fast software (Applied Biosciences) and is represented as the average of the
samples with standard error shown. Fold difference of gene expression was determined
using ∆∆Ct method (2-(∆Ct, experimental sample - ∆Ct, reference sample)). ∆Ct = Ct (target gene) – Ct
(endogenous control).

3.5.3. Quantitative PCR analysis of NOD1, NOD2 and NLRX1 expression in normal
goldfish tissues
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Goldfish heart, kidney, liver, muscle, spleen, brain, gill and intestine were
harvested from five individual fish (n = 5), and their RNA isolated using TRIzol, and
reverse transcribed into cDNA using Superscript III cDNA synthesis kit. The RQ values
were normalized against the expression seen in the lowest tissue group for NLRs (liver).

3.5.4. Quantitative PCR analysis of NOD1, NOD2 and NLRX1 expression in goldfish
immune cell populations
PKM cultures from four individual fish (n = 4) were used for this experiments.
Monocytes and macrophages were sorted using a FACS flow cytometer using a
previously described protocol (376). RNA was isolated from the cell populations
immediately after sorting using TRIzol and RNA was reverse transcribed into cDNA using
Superscript III cDNA synthesis kit. The RQ values were normalized against the lowest
observed expression of NLRs (macrophage).

3.5.5. Quantitative PCR analysis of NOD1, NOD2 and NLRX1 expression in activated
goldfish macrophages
Primary macrophage cultures were derived from four individual fish (n = 4) and
cells from 6 to 8-day old cultures were treated with either PBS, LPS (25 μg/mL, Sigma
L2630), Poly I:C (50 μg/mL, Sigma P9582), PGN (10 μg/mL, Sigma 79682), MDP (Muramyl
dipeptide) (5 μg/mL, Sigma A9519), heat-killed A. salmonicida (2 x 106 cfu/mL) or heatkilled or viable M. marinum (2 x 106 cfu/mL). Each treatment group consisted of 1 x 106
cells in a final volume of 500 μL of complete medium. Immediately following the
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indicated incubation times, the total RNA was isolated from the cells using the TRIzol
and reverse transcribed into cDNA using the Superscript III cDNA synthesis kit according
to manufacturer’s directions. Expression analysis of goldfish NOD1, NOD2 and NLRX1
was performed relative to EF-1α, using the ddCT value of PBS at 3 h to standardize the
expression of the three NLRs. The RQ values were normalized against values from the
PBS groups for baseline expression (3 h). The primer sequences for these genes are
listed in Table 3.6.

3.5.6. Quantitative PCR analysis of RIP2 expression in normal goldfish tissues
Goldfish heart, kidney, liver, muscle, spleen, brain, gill and Intestine were
harvested from four individual fish (n = 4), and their RNA isolated using TRIzol and
reverse transcribed into cDNA using Superscript III cDNA synthesis kit. The RQ values
were normalized against the expression seen in the lowest tissue group for RIP2 (liver).

3.5.7. Quantitative PCR analysis of RIP2 expression in goldfish immune cell
populations
PKM cultures from four individual fish (n = 4) were used for this experiments.
Monocytes and macrophages were sorted using a FACS flow cytometer using a
previously described protocol (376). RNA was isolated from the cell populations
immediately after sorting using TRIzol and RNA was reverse transcribed into cDNA using
Superscript III cDNA synthesis kit. The RQ values were normalized against the lowest
observed expression of RIP2 (macrophage).
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3.5.8. Quantitative PCR analysis of RIP2 in activated goldfish macrophages
The analysis of RIP2 in goldfish macrophages after activation using different
stimuli was done as previously described (53). Briefly, macrophage cultures were derived
from four individual fish (n = 4) and cells from 6 to 8-day old cultures were either treated
with either PBS, lipopolysaccharide (LPS; 25 µg/mL, Sigma 79682), peptidoglycan (PGN;
10 µg/mL, Sigma A9519), muramyl dipeptide (MDP; 5 µg/mL), Poly I:C (25 µg/mL, Sigma
P9582), heat-killed A. salmonicida (2 × 106 cfu/mL) or heat-killed or live M. marinum (2 ×
106 cfu/mL). Each treatment group consisted of 1 × 106 cells in the final volume of 500 µL
of complete medium. After 6 or 12 h of treatment, the total RNA was isolated from the
cells using the TRIzol and reverse transcribed into cDNA using the Superscript III cDNA
synthesis kit. Expression analysis of gfRIP2 was performed relative to EF-1α, using ddCT
value of PBS at 6 h to standardize the expression of the RIP2. The RQ values were
normalized against PBS for baseline expression (6 h). The primer sequences for these
genes are listed in Table 3.6.

3.5.9. Quantitative PCR analysis of NLRP3rel expression in normal goldfish tissues
Goldfish heart, kidney, liver, muscle, spleen, brain, gill and intestine were
harvested from four individual fish (n = 4) and RNA isolated using TRIzol, and reverse
transcribed into cDNA using Superscript III cDNA synthesis kit. The RQ values were
normalized against the expression seen in the lowest tissue group for NLRP3rel (muscle).
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3.5.10. Quantitative PCR analysis of NLRP3rel expression in goldfish immune cell
populations
PKM cultures from four individual fish (n = 4) were used for this experiment.
Monocytes and macrophages were sorted using a FACS flow cytometer using a
previously described protocols (376). RNA was isolated from the cell populations
immediately after sorting using TRIzol and RNA was reverse transcribed into cDNA using
Superscript III cDNA synthesis kit. The RQ values were normalized against the lowest
observed expression of NLRP3rel (monocytes).

3.5.11. Quantitative PCR analysis of NLRP3rel expression in activated goldfish
macrophages
The analysis of NLRP3rel in goldfish macrophages after activation using different
stimuli was done as previously described (53, 117). Briefly, macrophage cultures were
derived from four individual fish (n = 4) and cells from 6 to 8-day old cultures were
treated with either controls received either PBS or dimethyl sulfoxide (DMSO) (final
concentration of DMSO was less than 0.1%), nigericin (20 µM), LPS (25 μg/mL), ATP (4
mM), heat-killed A. salmonicida (1 x 107 cfu/mL), heat-killed or live M. marinum (1 x 107
cfu/mL). Each treatment group consisted of 1 x 106 cells in a final volume of 500 µL of
complete medium. After 6 and 12 h of treatment, the total RNA was isolated from the
cells using the TRIzol reagent and reverse transcribed into cDNA using the Superscript III
cDNA synthesis kit (Life technologies). Expression of gfNLRP3rel was performed relative
to EF-1α, using the ddCT value of PBS at 6 h to standardize the expression of the
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NLRP3rel. The RQ values were normalized against PBS for baseline expression (6 h). The
primer sequences for these genes are listed in Table 3.6.

3.5.12. Quantitative PCR analysis of ASC expression in normal goldfish tissues
Goldfish heart, kidney, liver, muscle, spleen, brain, gill and intestine were
harvested from four individual fish (n = 4) and their RNA isolated using TRIzol and
reverse transcribed into cDNA using Superscript III cDNA synthesis kit. The RQ values
were normalized against the expression seen in the lowest tissue group for NLRP3rel
(muscle).

3.5.13. Quantitative PCR analysis of ASC expression in goldfish immune cell
populations
PKM cultures from four individual fish (n = 4) were used for this experiments.
Monocytes and macrophages were sorted using a FACS flow cytometer using a
previously described protocol (376). RNA was isolated from the cell populations
immediately after sorting using TRIzol and RNA was reverse transcribed into cDNA using
Superscript III cDNA synthesis kit. The RQ values were normalized against the lowest
observed expression of NLRP3rel (monocytes).

3.5.14. Quantitative PCR analysis of ASC in activated goldfish macrophages
The analysis of ASC in goldfish macrophages after activation using different
stimuli was done as previously described (53, 117). Briefly, macrophage cultures were
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derived from four individual fish (n = 4) and cells from 6 to 8-day old cultures were
either treated with either controls received either PBS or DMSO (final concentrations of
DMSO was less than 0.1%), nigericin (20 µM), LPS (25 μg/mL), ATP (4 mM), heat-killed A.
salmonicida (1 x 107 cfu/mL), heat-killed or live M. marinum (1 x 107 cfu/mL). Each
treatment group consisted of 1 x 106 cells in a final volume of 500 µL of complete
medium. After 6 and 12 h of treatment, the total RNA was isolated from the cells using
the TRIzol reagent and reverse transcribed into cDNA using the Superscript III cDNA
synthesis kit (Life technologies). Expression of goldfish ASC (gfASC) was performed
relative to EF-1α, using the ddCT value of PBS at 6 h to standardize the expression of the
ASC. The RQ values were normalized against PBS for baseline expression (6 h). The
primer sequences for these genes are listed in Table 3.6.

3.5.15. Quantitative PCR analysis of HMGB1 expression in normal goldfish tissues
Goldfish heart, kidney, liver, muscle, spleen, brain, gill and intestine were
harvested from five individual fish (n = 5) and their RNA isolated using TRIzol and reverse
transcribed into cDNA using Superscript III cDNA synthesis kit. The RQ values were
normalized against the expression seen in the lowest tissue group for HMGB1 (liver).

3.5.16. Quantitative PCR analysis of HMGB1 expression in goldfish immune cell
populations
PKM cultures from five individual fish (n = 5) were used for this experiment.
Monocytes and macrophages were sorted using a FACS flow cytometer using a
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previously described protocol (376). RNA was isolated from the cell populations
immediately after sorting using TRIzol and RNA was reverse transcribed into cDNA using
Superscript III cDNA synthesis kit. The RQ values were normalized against the lowest
observed expression of HMGB1 (macrophage).

3.5.17. Quantitative PCR analysis of rgHMGB1 induced IL-1β1 and TNFα-2 gene
expression in macrophages
Primary macrophage cultures were derived from three individual fish (n = 3) and
cells from 6 and 8-day old cultures were incubated with medium alone (control) or
treated with 5 ng, 20 ng and 100 ng rgHMGB1 for 12 h before they were lysed with 50
μL of RIPA buffer. Each treatment group consisted of 1 × 106 cells in a final volume of
500 μL of complete medium. The IL-1β1 and TNFα-2 gene expressions for different
experimental groups were determined using quantitative PCR.

3.6. PROKARYOTIC EXPRESSION OF GOLDFISH RECOMBINANT PROTEINS
3.6.1. Cloning of goldfish genes into prokaryotic expression vectors
The production of the recombinant goldfish proteins (rgRIP2, rgCT-NLRP3rel,
rgASC and rgHMGB1) characterized in this thesis has been described previously (117,
194). Briefly, PCR fragment encoding the full sequence of gfRIP2 ORF was amplified with
gene-specific primers introduced with EcoR I and Xho I at their 5’-end (Table 3.6). The
PCR product was digested completely by restriction enzymes EcoR I and Xho I
(Invitrogen), and then linked to the EcoR I/Xho I digested pET-32a (+) vector (Novagen).
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PCR fragment encoding the C-terminal region of goldfish NLRP3rel (CT-NLRP3rel) (8511025 aa, having PRY and SPRY functional domains, C-terminus) was amplified with genespecific primers introduced with Sac I and Not I at their 5’-end (Table 3.7). The PCR
product was digested by restriction enzyme Sac I and Not I (Invitrogen), and then ligated
to the Sac I/Not I digested pET-28a (+) vector (Novagen). PCR fragment encoding the full
sequence of goldfish ASC ORF was amplified with gene-specific primers designed to
meet the requirements of the pET-SUMO expression vector (Invitrogen). PCR fragment
encoding the full sequence of goldfish HMGB1 ORF was amplified with gene-specific
primers introduced with EcoR I and Not I at their 5’-end (Table 3.7). The PCR product
was digested completely by restriction enzymes EcoR I and Not I (Invitrogen), and then
linked to the EcoR I/Not I digested pET-28a (+) vector (Novagen).

3.6.2. Recombinant goldfish protein expression studies
Preliminary pilot expression studies were performed where bacterial cultures
expressing the desired recombinant were grown for 1 hour, induced with 1 mM IPTG
and sampled every subsequent 30 minutes to determine the optimal induction and
protein expression times for each respective recombinant protein. Following the
sampling period, bacterial lysate supernatants and pelleted bacterial fractions were
resolved by SDS-PAGE and visualized by western blotting against the His tags on the
recombinant proteins. By assaying lysates and pelleted bacterial fractions, I was able to
determine the optimal induction time and whether the respective recombinants were
being retained in bacterial inclusion bodies and would require denaturing conditions
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during lysis. The list of optimal induction conditions determined from these preliminary
studies can be found in Table 3.9.

3.6.3. Scale up production of goldfish recombinant proteins
Following the above preliminary expression studies, E. coli were scaled up
overnight and grown for 2 hours, and then induced in the presence of 0.1 mM IPTG for
respective optimal times (as indicated in Table 3.9), pelleted, and kept frozen at -20°C.
overnight. The following day, the bacteria were lysed (2.5 mL of 10 X FastBreak cell lysis
reagent (Promega) in 22.5 mL denaturing wash buffer (100 mM Hepes, 10 mM imidazole,
7.5 M urea, pH 7.5) and incubated with MagneHis Ni-particles (Promega). A PolyATtract
System 1000 magnet (Promega) was used to retain the Ni-particles bound to the
recombinant HMGB1, the supernatants were discarded and the beads were washed
three times under denaturing conditions using the denaturing washing buffer described
above. The recombinant protein was eluted from the beads using 500 mM imidazole.
The protein was subsequently renatured in 10 volumes of renaturation buffer (4mM
reduced glutathione, 2 mM oxidized glutathione, 50 mM sodium borate, 5 mM EDTA, pH
8.5) overnight, while being dialyzed in 1 X PBS. The protein was concentrated using
dialysis tubing placed in polyethylene glycol flakes for 4-5 h, and further dialyzed
overnight against PBS to reduce traces of imidazole and urea. The recombinant protein
was passed through a ProteoSpinTM Endotoxin removal column (Norgen) as per the
manufacturer’s directions. The protein concentration was determined using a Micro BCA
Protein Assay Kit (Thermo Scientific) and the presence of the recombinant protein
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verified by Western blot and the identity of the protein confirmed using mass
spectrometry.

3.7. ASSESSMENT OF rgHMGB1 ABILITY TO PRIME THE GOLDFISH MACROPHAGES
RESPIRATORY BURST RESPONSE
Respiratory burst assays were performed as previously described (383). Briefly,
four- to five-day-old PKMs were seeded into 96-well plates at a density of 3 × 105 cells
per well and incubated in culture medium alone (control) or treated with the following:
rgTNFα-2 (250 ng/mL), or rgHMGB1 (5, 20, 100 or 250 ng/mL). The cell cultures were
incubated for 18 h at 20°C after which NBT (2 mg/mL, Sigma) and PMA (final conc. 100
ng/mL, Sigma) in PBS was added to the cultures and incubate at room temperature for
an additional 30 minutes. The plates were then centrifuged at 400 × g at 4°C for 10
minutes, the supernatants aspirated and cells in the pellet fixed with absolute methanol.
Non-reduced NBT was removed by washing with methanol and reduced NBT was
dissolved with 2 M KOH. DMSO was added to induce the colorimetric response and the
plates were read at 630 nm. Reading from cells alone (no PMA) was subtracted from
treatment group values to factor in background NBT reduction. Experiments were done
using PKMs from three individual fish (n = 3).
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3.8. NITRITE OXIDE ASSAY
3.8.1. Generation of nitrite standard curve
Seventy five microliters of sodium nitrite, diluted in PBS to different
concentration (0, 1.56, 3.13, 6.25,12.5, 25, 50, 100, 150, 200 and 250 μM), was seeded
into 96-well plates in triplicates. 100 μl of 1% (w/v) sulphanilamide in 2.5% (v/v)
phosphoric acid with 100 μl of 0.1% (w/v) N-naphthyl-ethylenediamine in 2.5% (v/v)
phosphoric acid were subsequently added. The absorbance was measured at 540 nm for
the standard curve generation.

3.8.2. Assessment of rgHMGB1 ability to elicit goldfish macrophages nitric oxide
production
Nitric oxide assays were performed as performed as previously described (383).
Briefly, macrophages were isolated from individual goldfish kidneys (n = 3) were
cultured for 6 to 8 days, and then seeded into individual wells of 96-well plates at a
density of 3 × 105 cells per well. These were then incubated in culture medium alone
(control) or treated with the following: heat-killed A. salmonicida, rgTNFα-2 (250 ng/mL),
or rgHMGB1 (5, 20, 100 or 250 ng/mL) and incubated at 20°C for 72 h. Nitrite
production was determined using the Griess reaction. Nitrite levels were determined
colorimetrically at 540 nm with the generated nitrite standard curve (Fig. 3.1).
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3.9. PRODUCTION OF POLYCLONAL ANTIBODIES TO RECOMBINANT PROTEINS
Two hundred and fifty μg of purified recombinant goldfish HMGB1, CT-NLRP3rel
and ASC was used to immunize rabbits mixed with 750 μL of Freund’s Complete
Adjuvant (FCA). Booster injections were performed every 4 weeks for 12 weeks using
the same quantity of recombinant proteins in mixed with Freund’s incomplete adjuvant
(FIA). The polyclonal anti-HMGB1, anti-CT-NLRP3rel and anti-ASC IgG antibodies were
purified from 100 μL of rabbit serum using a Melon Gel IgG Purification kit (Thermo
Scientific) according to the manufacturer’s protocol. Briefly, the resin was washed twice
with Melon Gel buffer and incubated with diluted serum for 5 minutes to allow for the
binding of serum proteins. Antibodies were then spun through the resin and stored at 20°C in aliquots.

3.10. TRANSFECTIONS AND DUAL-LUCIFERASE REPORTER ASSAY
3.10.1. Assessment of the ability of RIP2 to activate NF-κB
Dual-luciferase reporter assays were performed as previously described (194).
Briefly, HEK 293 cells were grown at 37°C in the presence of 5% CO2 in complete DMEM
supplemented with 10% fetal bovine serum (FBS). HEK 293 cells in 24-well plates (2 x 105
cells/well) were co-transfected with a total of 200 ng pcDNA3.1/V5-His empty or
pcDNA3.1/V5-His-RIP2 or pcDNA3.1/V5-His-LBP (LPS binding protein), including 20 ng of
pRL-TK vector (Promega) and 200 ng of pNF-κB-Luc (Stratagene), using polyethylenimine
(PEI) reagent (Polysciences). Firefly and renilla luciferase activities were measured using
Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer’s
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instruction. Briefly, at 24 h post-transfection, HEK293 cells in 24-well plates were
washed with 500 µL 1 X PBS twice, then lysed with 100 µL 1 X passive lysis buffer at
room temperature for 15 minutes. Twenty µL of cell lysate was transferred to a 1.5 mL
eppendorf tube and 100 µL Luciferase assay reagent II and 1 X stop & glo reagent were
added in sequence, then firefly and renilla luciferase activities were measured using a
GloMax 20/20 Luminometer (Promega), respectively.

3.10.2. Assessment of the ability of ASC to activate NF-κB
Dual-luciferase reporter assays were done as previously described (117, 194)
with the following modifications. Briefly, HEK293 cells in 24-well plates (1 x 105/well)
were co-transfected with a total of either 200 ng pcDNA3.1/V5-His-empty (His-empty),
pcDNA3.1/V5-His-ASC (His-ASC), pcDNA3.1/V5-His-caspase-1 (His-caspase-1),
pcDNA3.1/V5-His-RIP2 (His-RIP2), His-empty and His-RIP2, His-ASC and His-RIP2, His-ASC
and His-caspase-1, His-ASC and His-RIP2 and His-caspase-1, His-empty and His-RIP2 and
His-caspase-1, or His-RIP2 and His-caspase-1 including 20 ng of pRL-TK vector (Promega)
and 200 ng of pNF-κB-Luc (Stratagene), using Turbofect transfection reagent (Thermo
Fisher scientific). Firefly and renilla luciferase activities were measured using a DualLuciferase Reporter Assay System according to the manufacturer’s instructions
(Promega).
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3.10.3. Assessment of the ability of HMGB1 to activate NF-κB
The goldfish HMGB1 ORF region was amplified using gene specific primers (Table
3.7) and cloned into the pcDNA3.1/V5-His TOPO TA expression vector (Invitrogen)
according to manufacturer’s protocols. Constructs were screened and confirmed by DNA
sequencing with vector specific primers T7 and BGH (Table 3.4). HEK293 cells were
grown at 37°C in the presence of 5% CO2 in complete DMEM supplemented with 10%
fetal bovine serum (FBS). HEK 293 cells in 24-well plates (2 x 105 cells/well) were cotransfected with a total of 200 ng pcDNA3.1/V5-His empty or pcDNA3.1/V5-His-HMGB1
or pcDNA3.1/V5-His-LBP (LPS binding protein), including 20 ng of pRL-TK vector
(Promega) and 200 ng of pNF-κB-Luc (Stratagene), using polyethylenimine (PEI) reagent
(Polysciences). Firefly and renilla luciferase activities were measured using a DualLuciferase Reporter Assay System (Promega) according to the manufacturer’s
instruction. Briefly, at 24 h post-transfection, HEK293 cells in 24-well plates were
washed with 500 μL 1 X PBS twice, then lysed with 100 μL 1 X passive lysis buffer at
room temperature for 15 minutes. Twenty µL of cell lysate was transferred to a 1.5 mL
eppendorf tube and 100 μL Luciferase assay reagent II and 1X stop & glo reagent were
added in sequence, then firefly and renilla luciferase activities were measured by
GloMax 20/20 Luminometer (Promega), respectively.
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3.11. CO-IMMUNOPRECIPITATION (CO-IP) ANALYSES
3.11.1. Co-IP analysis of goldfish RIP2 and NOD1/NOD2
Goldfish NOD1 and NOD2 ORF regions were amplified using gene specific
primers (Table 3.7) and cloned into the pcDNA3.1/NT-GFP-TOPO expression vector
(Invitrogen), while gfRIP2 ORF was amplified and cloned into pcDNA3.1/V5-His TOPO
expression vector (Invitrogen) with gene specific primers (Table 3.7). Constructs were
screened and confirmed by DNA sequencing with vector specific primers GFP Forward or
T7 promoter and BGH Reverse (Table 3.4). Co-IP assay was performed as described by
Montgomery and co-workers previously with following modifications (384). Briefly, HEK
293 cells (1 × 106) were co-transfected with pcDNA3.1/NT-GFP-empty or pcDNA3.1/NTGFP–NOD1/NOD2 and pcDNA3.1/V5-His-RIP2 expression plasmids and harvested after
48 h for IP. Cells were lysed by incubating them for 10 minutes in 500 µL of ice-cold IP
buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, supplemented with complete
mini EDTA-free protease inhibitor and phosphatase inhibitor cocktail tablets; Roche) and
incubated overnight at 4°C on a rotary mixer with 1 µg of either anti-GFP polyclonal
antibody (Thermo Scientific) or anti-His monoclonal antibody (Sigma), respectively. Fifty
µL of pre-washed (with IP buffer) protein G Sepharose beads (GE Healthcare) were then
added to the samples and incubated for a further 2 h at 4 °C on a rotary mixer. Beads
were washed three times with 1 mL of IP buffer, subjected to SDS-PAGE, and then
electrotransferred to nitrocellulose membranes. The blots were incubated for 2 h at
room temperature in blocking buffer (5% skim milk in 1 X TBST) and then overnight at
4°C with anti-GFP or anti-His antibody. Detection was performed using the ECL Western
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Blot Substrate kit (Thermo Scientific) after incubation with anti-mouse IgG or anti-rabbit
IgG antibody (Bio-Rad).

3.11.2. Co-IP analysis of goldfish NLRP3rel and ASC
Co-IP assays were performed was described previously (117) with the following
modifications. Briefly, HEK293 cells in 24-well plates (1 x 105 cells/well) were cotransfected with 1 μg pcDNA3.1/V5-His TOPO TA expression vector (His-empty) or
pcDNA3.1/V5-His-ASC (His-ASC) and GFP-NLRP3rel expression plasmids and harvested
after 48 h for IP analysis. Cells were lysed by incubating them for 10 minutes in 500 μL of
ice-cold NP40 cell lysis buffer (Invitrogen) supplemented with protease inhibitor cocktail
(Calbiochem). Fifty microliters of pre-washed beads (wash buffer: PBS with 0.02%
Tween-20; Dynabeads protein A (Invitrogen)) were first cross-linked to anti-His or antiGFP antibody using the cross-linker bis [sulfosuccinimidyl] substrate (BS3) (Thermo
Fisher Scientific) according to the manufacturer’s protocol. The antibody cross-linked
beads were then washed and incubated with the lysed proteins overnight at 4°C on a
rotary mixer. Beads were washed, three times, with 500 μL of wash buffer, and eluted in
30 μL of elution buffer (50 mM Glycine, pH=2.8) before being subjected to SDS-PAGE
analysis and then electrotransferred to nitrocellulose membranes (Bio-Rad). The blots
were incubated for 2 h at room temperature in blocking buffer (5% skim milk in 1 X TBST)
and then overnight at 4°C with anti-His and/or anti-GFP antibody. Detection was
performed using ECL Western Blot Substrate kit (Thermo Fisher Scientific) after
incubation with anti-mouse IgG or anti-rabbit IgG antibody (Bio-Rad).

83

3.11.3. Co-IP analysis of goldfish ASC and caspase-1/RIP2
Co-IP assays were performed as described previously (117) but with the
following modifications. Briefly, HEK293 cells in 24-well plates (1 x 105 cells/well) were
co-transfected with 1 μg of either His-empty or His-ASC and GFP-RIP2 or GFP-caspase-1
expression plasmids and harvested after 48 h for co-IP analysis. Cells were lysed by
incubating them for 10 minutes in 500 μL of ice-cold NP40 cell lysis buffer (Invitrogen)
supplemented with protease inhibitor cocktail (Calbiochem). Fifty microliters of prewashed beads (wash buffer: PBS with 0.02% Tween-20; Dynabeads protein A
(Invitrogen)), were first cross-linked to anti-His or anti-GFP antibody using the crosslinker BS3 (Thermo Fisher Scientific) according to the manufacturer’s protocol. The
antibody cross-linked beads were then washed and incubated with the lysed proteins
overnight at 4°C on a rotary mixer. Beads were washed, three times, with 500 μL of
wash buffer, and eluted in 30 μL of elution buffer (50 mM Glycine, pH=2.8) before being
subjected to SDS-PAGE and electrotransfer to nitrocellulose membranes (Bio-Rad). The
blots were incubated for 2 h at room temperature in blocking buffer (5% skim milk in 1 X
TBST), and then overnight at 4 °C with anti-His and/or anti-GFP antibody. Detection was
performed using the ECL Western Blot Substrate kit (Thermo Fisher Scientific) after
incubation with anti-mouse IgG or anti-rabbit IgG antibody (Bio-Rad).

3.12. CONFOCAL MICROSCOPY
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3.12.1 Co-localization analysis of goldfish NLRP3rel and ASC
HEK 293 cells were seeded on sterilized coverslips (Neuvitro) in 24-well plates at
a density of 1 x 105/well. After 24 h, cells were co-transfected with 1 μg of either
pcDNA3.1-NT-GFP-empty (GFP-empty) or pcDNA3.1-NT-GFP-ASC (GFP-ASC) and pDsRedMonomer-C-NLRP3rel (DsRed-NLRP3rel) using Turbofect transfection reagent (Thermo
Fisher Scientific). At 48 h hours after transfection, cells were washed twice with PBS
before being fixed in 4% paraformaldehyde (PFA) for 15 minutes at room temperature.
Subsequently, cells were mounted on slides using Fluoroshield mounting media
containing 4’, 6-diamidino-2-phenylindole (DAPI; Sigma), and viewed using a Laser
Scanning Confocal Microscope (Zeiss LSM 710, objective 40 × 1.3 oil plan-Apochromat)
at the Cross Cancer Institute Cell Imaging Facility, Edmonton, Alberta. Quantification of
“ring” structures was performed by visualizing 100 co-transfected cells in three separate
experiments.

3.12.2 Co-localization/aggregation analysis of goldfish ASC
HEK 293 cells were seeded on sterilized coverslips (Neuvitro) in 24-well plates at
a density of 1 x 105/well. After 24h, cells were co-transfected with 1 μg of either
pcDNA3.1-NT-GFP-empty (GFP-empty) or pcDNA3.1-NT-GFP-ASC (GFP-ASC) and pDsRedMonomer-C-ASC (DsRed-ASC) using Turbofect transfection reagent (Thermo Fisher
Scientific). At 48 h after transfection, cells were washed twice with PBS and fixed using 4%
paraformaldehyde (PFA) for 15 minutes at room temperature. The cells were mounted
on slides using Fluoroshield mounting media containing DAPI (Sigma), and viewed using
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a Laser Scanning Confocal Microscope (Zeiss LSM 710, objective 40 × 1.3 oil planApochromat) at the Cross Cancer Institute Cell Imaging Facility, Edmonton, Alberta.

3.13. LDH RELEASE ASSAY
Lactate dehydrogenase (LDH) release was measured using the Pierce LDH
Cytotoxicity assay kit (Thermo scientific). Briefly, cells from 6 to 8-day old cultures were
seeded into individual wells of 96-well plates at a density of 1 x 105/100 μL per well.
These were pretreated with 100 µM of a pan-caspase inhibitor (Q-VD-OPH, SM
Biochemicals) for 3 h or left untreated, and then incubated in culture medium alone
(control) or treated with 10 µL of the following: DMSO (1:10 diluted with complete
media), 20 µM nigericin (final concentration) and incubated at 20°C incubator for 12 h.
The plates were then centrifuged at 230 x g at 4°C for 10 minutes, 50 µL of supernatants
were transferred into a new 96-well plate and 50 µL of reaction buffer was added to
each well for an additional 30 minutes. Subsequently, 50 µL stop reagent was added
before the absorbance was measured at 490 nm and 680 nm in sequence. To determine
LDH activity, the absorbance at 680 nm was subtracted by that at 490 nm first, then the %
cytotoxicity was calculated using the following formula: % LDH release = (Compoundtreated LDH activity – Spontaneous LDH activity)/(Maximum LDH activity –
Spontaneous LDH activity) x 100. Water- and lysis buffer-induced LDH activities were
considered as spontaneous and maximum LDH activity, respectively.

3.14. WESTERN BLOT ANALYSES
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3.14.1. Western blot analysis of recombinant protein expression
Following the production and isolation of all the recombinant goldfish proteins
described above, equal amount of 2 × Laemmli sample buffer was added to the protein
samples and the 15 μL of protein samples mixture loaded in gel lanes and SDS-PAGE
performed at 120 V for 10 minutes followed by at 140 V for 50 minutes. Separated
proteins were then transferred onto 0.2 μm nitrocellulose membranes (Bio-Rad) at 135
V for 45 minutes. Membrane were blocked for 1 h at room temperature with 5% skim
milk in TBST and probed overnight at 4°C with primary antibody [anti-His (1:5000) or
purified rabbit anti-recombinant protein IgG (1:3000)]. The following day, the
membranes were washed, incubated for 1 h with HRP-conjugated goat anti-mouse or
rabbit IgG antibody (Bio-Rad) for 1 h at room temperature, and developed using ECL
(Thermo Scientific) on X-ray film (Eastman Kodak Co.).

3.14.2. Validation of specificity of polyclonal anti-RIP2 antibody and RIP2 inhibitors
Identical recombinant pET-32a-RIP2 (rgRIP2) protein samples were loaded on
opposite halves of a single gel. After transfer, membranes were split and blocked as
described above. Membranes were incubated for 2 h at room temperature with either
anti-His mAb (diluted 1:5000 in 1 × TBST, Sigma), or anti-human RIP2 rabbit polyclonal
antibody (diluted 1:3000 in 1 × TBST, Abcam ab85265) that has been predicted to
recognize zebrafish, mouse, rat, chicken, cow and human RIP2. Membranes were
subsequently washed three times with 1 × TBST, before incubation with anti-mouse IgG
or anti-rabbit IgG (diluted 1:5000 in 1 × TBST, Bio-Rad) for 1 h at room temperature,
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respectively. After another set of washes, detection was performed as above described
(Section 3.14.1).
Three RIP2 inhibitors, SB203580 (Santa Cruz Biotechnology), gefitinib and
erlotinib (LC Laboratories), that have been shown to inhibit RIP2 activity in mammals
(385–389), were tested to determine whether they inhibited goldfish RIP2. The reagents
were dissolved in DMSO in accordance with the manufacturer’s instructions. In general,
aliquots of stock solutions were stored at -20°C and final concentrations were achieved
by diluting stock reagents in complete medium. In all instances, final concentrations of
DMSO were less than 0.1% and had no effect on macrophage viability. Cells isolated
from individual goldfish kidney that had been cultured for 6-8 days were seeded into
individual wells of 24-well plates at a density of 1 × 106 cells per well in a final volume of
500 µL of complete medium. These were then incubated in approximately 0.1% DMSO
diluted in culture medium alone (control) or treated with the following: SB203580 (5 µM
or 10 µM), gefitinib and erlotinib (0.1 µM or 0.5 µM). After 12 h of treatment, cells were
washed three times with PBS and lysed using 100 µL of ice-cold IP buffer and then
subjected to Western blot analysis as above described (Section 3.14.1).

3.14.3. Evaluation of the involvement of RIP2 in pro-inflammatory cytokine production
in response to heat-killed M. marinum
The anti-TNF-2 and anti-IL-11 antibodies were generated as previously
described (194, 390). Heat-killed M. marinum was prepared as described in section 3.2.2.
Primary macrophage cultures were pooled from macrophage cultures established from
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four individual fish (n = 4) and cells from 6 to 8 day old cultures were incubated with PBS
(control), SB203580, or with heat-killed M. marinum (2 × 106 cfu/mL) for 12 h before
treatment with 10 µM SB203580 for 2 h. The same experimental design with an
additional inflammasome-related protein [high mobility group box1 (HMGB1)] was
employed for the Q-PCR analysis. Each treatment group consisted of 1 x 106 cells in a
final volume of 500 µL of complete medium. After treatment, cells were washed three
times with PBS and lysed with 100 µL of ice cold IP buffer and then subjected to Western
blot analysis as described above (Section 3.14.1).

3.14.4. Western blot analysis of NLRP3rel in activated goldfish macrophages
The analysis of NLRP3rel in goldfish macrophages after activation using different
stimuli was done as previously described (53, 117). Briefly, macrophage cultures were
derived from three individual fish (n = 3) and cells from 6 to 8-day old cultures were
either treated with either controls received either PBS or DMSO (final concentration of
DMSO was less than 0.1%), nigericin (20 µM), LPS (25 μg/mL), ATP (4 mM), heat-killed A.
salmonicida (1 x 107 cfu/mL), heat-killed or live M. marinum (1 x 107 cfu/mL). Each
treatment group consisted of 1 x 106 cells in the final volume of 500 µL of complete
medium. After 6 and 12 h of treatment, the treated macrophages were washed three
times with PBS and lysed with 100 µL of NP-40 buffer and then subjected to Western
blot analysis using anti-CT-NLRP3rel antibody or anti-β-actin antibody. β-actin was used
as a loading control.
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3.14.5. Assessment of the role of NLRP3rel in cytokine processing of nigericinactivated macrophages
The anti-HMGB1 and anti-IL-1β1 antibodies were generated as previously
reported (194). The anti-caspase-1 antibody was also generated against the
recombinant SUMO-caspase-1 and its specificity was confirmed by Western blot.
Primary macrophage cultures were pooled from macrophage cultures established from
three individual fish (n = 3) and cells from 6 to 8 day old cultures were incubated with
culture medium alone or pre-incubated with 100 µM Q-VD-OPH for 3 h before being
treated with either 0.1% DMSO, 20 µM nigericin for another 12 h. Each treatment group
consisted of 1 x 106 cells in a final volume of 500 µL of complete medium. After
treatment, cells were washed three times with PBS and lysed with 100 µL of NP-40
buffer and then subjected to western blot analysis using anti-CT-NLRP3rel antibody or
anti-β-actin antibody. β-actin was used as a loading control.

3.14.6. Western blot analysis of ASC expression in activated goldfish macrophages
The analysis of ASC in goldfish macrophages after activation using different
stimuli was done as previously described (53, 117). Briefly, macrophage cultures were
derived from three individual fish (n = 3) and cells from 6 to 8-day old cultures were
either treated with either controls received either PBS or DMSO (final concentration of
DMSO was less than 0.1%), nigericin (20 µM), ATP (4 mM), LPS (25 µg/mL), heat-killed A.
salmonicida [1 x 107 colony forming units (cfu)/mL] or heat-killed or live M. marinum (1
x 107 cfu/mL). Each treatment group consisted of 1 x 106 cells in a final volume of 500 µL
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of complete medium. After 6 or 12 h of treatment, the treated macrophages were
washed three times with PBS and lysed with 100 µL of NP-40 buffer and then subjected
to western blot analysis using anti-ASC antibody or anti-β-actin antibody. β-actin was
used as a loading control.

3.14.7. In vitro cross-linking studies of rgfASC
In vitro cross-linking assays were performed as previously described (391). Briefly,
HEK293 cells were grown at 37°C in the presence of 5% CO2 in complete DMEM
supplemented with 10% fetal bovine serum (FBS). HEK293 cells at a density of 1 x 105
cells/well were transfected with 1 μg of either pcDNA3.1/V5-His TOPO TA expression
vector (His empty) or pcDNA3.1/V5-His-ASC (His-ASC). After 48h, cells were washed
twice with PBS before being incubated in conjugation buffer (20 mM Hepes) and then
cross-linked for 30 minutes using 5 mM disuccinimidyl suberate (DSS, final
concentration, Thermo Fisher Scientific). The cross-linking reactions were terminated by
the treatment with a final concentration of 50 mM Tris for 15 minutes. The reactions
were resolved under reducing conditions by SDS-PAGE and visualized by Western blot
using anti-His and anti-ASC IgG antibody. Western blots were developed using ECL
(Thermo Fisher Scientific) on BioMax XAR Film (Sigma).

3.14.8. Western blot analysis of HMGB1 in activated goldfish macrophages
Heat-killed M. marinum and A. salmonicida was prepared as previously
described (380, 392). Primary macrophage cultures were derived from three individual
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fish (n = 3) and cells from 6 to 8-old cultures were incubated with medium alone (control)
or treated with heat-killed M. marinum (2 × 106 cfu/mL) or A. salmonicida (2 × 106
cfu/mL). Each treatment group consisted of 1 × 106 cells in a final volume of 500 μL of
complete medium. After 12 h, cells were washed three times with PBS and lysed with 50
μL of radioimmunoprecipitation assay (RIPA) buffer (1 mM sodium vanadate, 1 mM pnitrophenyl-phosphate, 2 mM phenylmethylsulfonyl fluoride (PMSF), 50 μg/mL of
aprotinin A, 25 μg/mL of leupeptin, and 25 μg/mL of pepstatin). Fifty microliters of 2 ×
Laemmli sample buffer was added and the 20 μL of protein samples loaded in gel lanes
and SDS-PAGE performed at 120 V for 10 minutes followed by 140 V for 50 minutes.
Separated proteins were then transferred onto 0.2 μm nitrocellulose membranes (BioRad) at 135 V for 45 minutes. Membrane were blocked for 1 h at room temperature
with 5% skim milk in TBST and probed overnight at 4°C with primary antibody (purified
rabbit anti-HMGB1 IgG; 1:3000) and anti-actin-beta (NT) zebrafish polyclonal IgG
(1:1000, AnaSpec Inc.). The following day the membranes were washed, and incubated
for 1 h with HRP-conjugated goat anti-rabbit IgG antibody (Bio-Rad) for 1 h at room
temperature, and developed using ECL (Thermo Scientific) on X-ray film (Eastman Kodak
Co.).

3.14.9. Assessment of the ability of rgHMGB1 to induce IL-1β1 and TNFα-2 production
in macrophages
Primary macrophage cultures were derived from three individual fish (n = 3) and
cells from 6 and 8-day old cultures were incubated with medium alone (control) or
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treated with 5 ng, 20 ng and 100 ng rgHMGB1 for 12 h before lysed with 50 μL of RIPA
buffer. Each treatment group consisted of 1 × 106 cells in the final volume of 500 μL of
complete medium. Twenty microliters of 2 × Laemmli sample buffer was added and
loaded in SDS-PAGE for Western blotting as described in Section 3.14.1. The IL-1β1 and
TNFα-2 proteins were detected using polyclonal anti-IL-1β1 and anti-TNFα-2 IgG
antibodies. At the same time, gene expressions for the different experimental groups
were determined using quantitative PCR.

3.15. DENSITOMETRIC AND STATISTICAL ANALYSES
The X-ray films developed from ECL were scanned onto a computer in colour
using a flat-bed Canoscan 4400F scanner and protein density quantified using the
analysis of gels option in image J software (http://rsbweb.nih.gov/ij). The involved
images being converted into grayscale. Each band of interest was selected using the
rectangular selection tool. Subsequently, a profile plot was created for each selected
area and a straight line was drawn at the base of each peak. Finally, using the wand
tracing tool to select each peak, the size could be expressed as a percentage of the total
size of all the measured peaks. The percentage value of the protein of interest was
divided by the loading control (β-actin) percentage to get a relative intensity.
Significance was determined by Student’s t test using StatPlus software.
Data from quantitative PCR, reactive oxygen and nitric oxide production assays
were analyzed using StatPlus software one-way analysis of variance (ANOVA). Post hoc
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tests used were Dunnett’s or Tukey’s test. Probability level of P < 0.05 was considered
significant.
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Table 3.1. Composition of incomplete NMGFL-15 medium
Reagent
Amount
HEPES
3.5 g
KH2PO4
0.344 g
K2HPO4
0.285 g
NaOH
0.375 g
NaHCO3
0.17 g
10 × Hank’s Balanced Salt Solution
40 mL
MEM amino acid solution (50 ×)
12.5 mL
MEM non-essential amino acid solution (100 ×)
12.5 mL
MEM sodium pyruvate solution (100 Mm/100 ×)
12.5 mL
MEM vitamin solution
10 mL
Nucleic acid preparation solution
10 mL
2-Mercaptoethanol solution
3.5 μL
*
GFL-15 medium
500 mL
L-glutamine
0.2922 g
Insulin
0.005 g
Milli-Q water
Fill to 1 L
pH to 7.4 and filter sterilized using a 0.2 μm filter. Stored at 4°C.
*GFL-15 medium is made by mixing equal volumes of Leibowitz’s L-15 medium with
Delbecco’s Modified Eagle Medium (DMEM) with phenol red. GFL-15 medium is
filtered using a 0.2 μm filter and stored at 4°C.

95
Table 3.2. Composition of nucleic acid precursor solution
Reagent
Amount
Adenosine
0.67 g
Cytidine
0.061 g
Hypoxanthine
0.034 g
Thymidine
0.061 g
Uridine
0.061 g
Milli-Q water
100 mL
Do not filter, store at 4°C.

Table 3.3. Composition of 10 X Hanks Balanced Salt Solution (HBSS)
Reagent
Amount
KCl
2g
KH2PO4
0.3 g
NaCl
40 g
Na2HPO4-7H2O
0.45 g
D-glucose
5g
Phenol Red
0.05 g
Milli-Q water
Up to 500 mL
Filter sterilized with a 0.2 μm filter, store at 4°C.
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Table 3.4. Vector specific primers
Primer name
pJET1.2 Forward
pJET1.2 Reverse
SUMO Forward
T7 Reverse
T7 Promoter
T7 Terminator
T7
BGH Reverse

Vector
pJET1.2/blunt
pJET1.2/blunt
pET-SUMO
pET-SUMO
pET-28a, pET-32a
pET-28a, pET-32a
pcDNA3.1/V5-His,
pcDNA3.1/NT-GFP
pcDNA3.1/V5-His,
pcDNA3.1/NT-GFP

Sequence 5’-3’
CGACTCACTATAGGGAGAGCGGC
AAGAACATCGATTTTCCATGGCAG
AGATTCTTGTACGACGGTATTAG
TAGTTATTGCTCAGCGGTGG
TAATACGACTCACTATAGGG
GCTAGTTATTGCTCAGCGG
TAATACGACTCACTATAGGG
TAGAAGGCACAGTCGAGG
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Table 3.5. RT-PCR and RACE PCR primers
Gene
NOD1

Primers
Sequence (5’ to 3’)
F*
ACACTCAGTTCATCACGTCCTAC
R
TGGAGAGTCTCGTGGAGGAACTC
R
CAGCGGCGTCTCCTCGCTCTTC
F
ATTACGGCGTGAAGCAACTGAGACC
NOD2
F
TGATAAAGGAGAAGATGCATGCAG
R
GTTGTAGCTTAGGCCTTCTGCCAG
R
AGAGCTTCGCAGCTTCTTCTGGTA
F
CTGCGCTGGCGTATGTGCTAAA
NLRX1
F
CAAAATGTGGCGATTTGGAAGG
R
ACATCAGTACGAAACACTGCCAG
R
GGATGATGCTCCAGGATAAGTGGC
F
CTGGCATCCCATTCTGAGCGTTAT
RIP2
F
ACCAGCACATTACCGGTGATCCC
R
TGAGACACGCCTCGGTCATCTGG
R
ACACGGTCCCGAAGCCGCCTTTACT
F
ACGGCGCAGCATGTGTCCGACCTCA
HMGB1 F
CCTCTTACGCATACTTTGTCCAG
R
GGTTAAATGCTTTATAGACAACA
R
CGTCGTCATCCTCGTCCTCATCT
F
AGGACATTGCTGCCTATCGTTC
*F = forward; R = reverse

Application
RT-PCR
RT-PCR
5’- RACE
3’ -RACE
RT-PCR
RT-PCR
5’-RACE
3’-RACE
RT-PCR
RT-PCR
5’-RACE
3’-RACE
RT-PCR
RT-PCR
5’-RACE
3’-RACE
RT-PCR
RT-PCR
5’-RACE
3’-RACE
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Table 3.6. Quantitative PCR primers for goldfish genes
Gene
NOD1

Primers Sequence (5’ to 3’)
F*
CCAGAAGGCAGCTGAAAACC
R
TCTCCTTAAAGGCGCTGAACA
NOD2
F
GTTAGAGGATGTGGTGGGTCCAT
R
CCTGCCTCCCCAGAGACAA
NLRX1
F
TGGTTCAGTCACCTTCCTCAAGA
R
TGGCTGCACATGCATAGTTTC
RIP2
F
GCCACCAATCCCATGCA
R
CTGTGTCGGGTCGAGATCCT
NLRP3rel F
CAGAAGACGCTCTCGTAAGGTACA
R
TCAGCTCCCAGTATGCCAATT
ASC
F
GAGCCGCGCATTCGAA
R
CCGGCGAGATCTATAGAATCTTCA
HMGB1
F
CAAAACATCAGCTGAGGATAAGCA
R
AATGTCCTTCTCATACTTCTCCTTAAGC
F
TCATTCCTTACGACGGCATTT
TNF-2
R
CAGTCACGTCAGCCTTGCAG
F
GCGCTGCTCAACTTCATCTTG
IL-11
R
GTGACACATTAAGCGGCTTCAC
F
CCGTTGAGATGCACCATGAGT
EF-1α
R
TTGACAGACACGTTCTTCACGTT
*F = Forward; R = Reverse

Application
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
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Table 3.7. Recombinant protein expression primers
Gene
NOD1

Primers
F*
R
F
R
F
R
F
R
F
R
F
R
F
R
F

Sequence (5’ to 3’)
ATGGGCTCTTACAAGAGTGAGGG
TCAGTGGAAGCGAAGCCG
NOD2
AACTCGAGATGACTGCTCACCAGTTGATCC
CGGGATCCCGTTGCTCTAGATACTGAAGTAACGTC
RIP2
ATAGAATTCATGGAGCACGCCGGC
ACACTCGAGTCAGAAGAGTCGTGTGTTGTTAAAGG
GCAATGGAGCACGCCGGCTG
GAAGAGTCGTGTGTTGTTAAAGGAGTTGG
NLRP3
GTAGAGCTCCTCACCTTTGACCCTCAGACG
rel
TAGCGGCCGCTTATAAACGGACTGAGCTGTCTGG
GCCATGGCACAGCAAGACGACATT
TAGTGATGCTTGCCTTAAACGGAC
ATGGCACAGCAAGACGACATT
TTATAGTGATGCTTGCCTTAAACGG
AAGGCCTCTGTCGACGCCGCCATGGCACAGCAAGACGA
CATT
R
AGAATTCGCAAGCTTTTATAGTGATGCTTGCCTTAAACGG
ASC
F
ATGGCGAAATCTATTAAGGATCACC
R
TCAGTGACTCTCCAGGTCTTCC
F
GCCATGGCGAAATCTATTAAGGATCACC
R
GTGACTCTCCAGGTCTTCCATC
F
ATGGCGAAATCTATTAAGGATCACC
R
TCAGTGACTCTCCAGGTCTTCC
F
AAGGCCTCTGTCGACGCCGCCATGGCGAAATCTATTAAG
GATCACC
R
AGAATTCGCAAGCTTTCAGTGACTCTCCAGGTCTTCC
*F = Forward; R = Reverse

Application
pcDNA3.1/NT-GFP
expression
pcDNA3.1/NT-GFP
expression
pET-32a expression
pcDNA3.1/V5-His
expression
pET-28a expression
pcDNA3.1/V5-His
expression
pcDNA3.1/NT-GFP
expression
pDsRed-MonomerC expression
pET-SUMO
expression
pcDNA3.1/V5-His
expression
pcDNA3.1/NT-GFP
expression
pDsRed-MonomerC expression
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Table 3.8. Primers used in transcriptome gene expression validation
Gene
TLR
NLRP3-iso1
NLRP3-iso2
NLRP3-iso3
NLRP3-isoX1
C type lectin
TNAF5
IL-1β1
IL-1R2
TGF-β
IL-6 M17
Fbox
GCSF
TCR
CD2
CD82
CXCF1
CC7-1
MycB
CREB
Fibrinogen

Primers
F*
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F

Sequence (5’ to 3’)
AAGCAGAGCGGTTCGACATT
AAGCAGAGCGGTTCGACATT
CGGCGGGTCGATTCG
GAGTGATGTCACCAGCACAGATC
TGAGGAAGATCTGCAGCATAGTG
CCAGAAGAATGCAGATGAACATTT
TGATGAAAACACACCGAAAACTGT
GCGTGAAGGATTTCCCTCTTC
GGAAGCCAAACTCTCTTCATCTCA
CCAGTACTTGCTCTGATGTCAACA
CGTCTATGGGTGGCCATCTG
CTTTCAAGTGCGTGGTATTGTTG
CGGCCAACATCTGATGCTAA
TCGCCGTGGGATATGAATCT
GCGCTGCTCAACTTCATCTTG
GTGACACATTAAGCGGCTTCAC
TTGGTGCTCGTTTGGTGATC
GTGGACTGAGCTTGCTGGTTT
GGCGATCGGGCTCGATAT
CGATCGGACAAGTCCTTGGA
ATCGCAGCGCATCTTGAGT
TCTTCATGTGCGGCAGAAAC
TCACGGACCGCACACTGA
GGCTGGGCGATGTCAAGT
GGGCTGGGCTCTGTCTCTAA
GATGCGCACTGACGTCTCA
CCCGATCATGGAGCAGCTAT
GTGGATGTTTGGGATGTAGTTGAC
AAGGCACCCGGAAGAATGA
TTTGTGGCTTGATGTTCTCGTT
CCGAGAATGTGGCGATAAACA
TGGATTCATTTGTGCAGGAACA
TGTATGCTTTGCTGGCTTTCA
TGGACACTCACAGGTCTTTGGA
TGGAAGCAGTGCCCAGTCA
GGCTGGTTTTTCCCATGGTT
CCAGGACGTCGGACTCTGA
GCCGCTCGAGAACGTTATG
AAGAACGTCCTCAACCACATGA
GAGCCACTTGGCAGGATTTG
GAACGTAATGTGAGGCCAACTG
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R
F
R
GCSFR
F
R
STAT1
F
R
CSF3
F
R
EF-1α
F
R
*F = Forward; R = Reverse
IFITM1

TGGTGGACTGGGTCAACTCTT
CCCAATGGCACGGTCTTATG
TGGCGGCAGCAATGTTT
GGGCTGGGCTCTGTCTCTAA
GATGCGCACTGACGTCTCA
CGTTGCCTTTGGTCGCTACT
TGGTCTTCATTTATCCCTCCTACAT
CAGGCAGGATTTGACACATCA
TGACCAGATCATGCGAATGC
CCGTTGAGATGCACCATGAGT
TTGACAGACACGTTCTTCACGTT

Table 3.9. Recombinant proteins
Protein
rgRIP2
rgCT-NLRP3rel
rgASC
rgHMGB1

Induction time
3.5 h
3.5 h
3.5 h
3h

Lysis conditions
denaturing
denaturing
denaturing
denaturing
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Figure 3.1. The nitrite standard curve of nitrite oxide assay.
Seventy five microliters of sodium nitrite diluted in PBS with different concentration (0,
1.56, 3.13, 6.25,12.5, 25, 50, 100, 150, 200 and 250 μM) was seeded into 96-well plates
in triplicates. 100 μl of 1% (w/v) sulphanilamide in 2.5% (v/v) phosphoric acid with
100 μl of 0.1% (w/v) N-naphthyl-ethylenediamine in 2.5% (v/v) phosphoric acid were
subsequently added. The absorbance was measured at 540 nm for the standard curve
generation.
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CHAPTER IV: CHARACTERIZATION OF THREE NOD-LIKE
RECEPTORS AND THEIR ROLE IN ANTIMICROBIAL RESPONSES OF
GOLDFISH (Carassius auratus L.) MACROPHAGES TO Aeromonas
salmonicida and Mycobacterium marinum 1 1

4.1. INTRODUCTION
As described in Chapter II, the conserved microbial structures known as PAMPs
are recognized by germ line-encoded PRRs, which exist as four major classes, including
the TLRs, NLRs, RLRs and CLRs. The TLRs are the best known group of the innate immune
receptors whose function has been reasonably well characterized in different infectious
diseases. TLRs play a fundamental role in innate immune responses by sensing the
molecular signatures of microbial pathogens that recognize structural components
shared by many bacteria, viruses and fungi (4). Structurally, TLRs are type I membrane
proteins characterized by an extracellular domain composed of leucine rich repeats (LRR)
that are responsible for recognition of PAMPs, and a cytoplasmic domain known as the
TIR domain homologous to the cytoplasmic region of the IL-1 receptor, which is required
for the activation of defense responses against an invading organism (465). To date, 10
members of TLRs have been identified in humans, and 13 in mice. A number of studies

1

A version of this chapter has been published: Xie, J., Hodgkinson, J. W., Katzenback, B. A., Kovacevic,
N., Belosevic, M. 2013. Characterization of three NOD-like receptors and their role in antimicrobial
responses of goldfish (Carassius auratus L.) macrophages to Aeromonas salmonicida and
Mycobacterium marinum. Developmental and Comparative Immunology 39: 180-187.
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have identified their respective ligands that include LPS (TLR4), lipoproteins (TLR2),
flagellin (TLR5), non-methylated CpG motifs of DNA (TLR9), double-stranded RNA (TLR3),
and single-stranded RNA (TLR7 and TLR8) (4, 466). After recognition of microbial
pathogens, TLRs trigger intracellular signaling pathways that result in the induction of
Type I interferons (IFN) and chemokines, as well as other signaling pathways that play a
role in the generation of antimicrobial responses against different pathogens (467). In
contrast, NLRs and RLRs are intracellular cytosolic sensors (4, 465), which are not very
well characterized, especially in lower vertebrates.
The NLRs, appear to be primarily involved in bacterial recognition. To date,
several NOD-like receptors have been identified in different bony fishes including olive
flounder (55), trout (48), rohu (50, 51), grass carp (47) and catfish (28). The NOD1 and
NOD2 in these fish were differentially expressed in all the tissues with notable
differences in the expression of these receptors in different fish. For example, NOD1
was highly expressed in the spleen of rohu (50) and kidney of olive flounder (55), while
the highest mRNA levels of NOD2 were detected in muscle (51) and liver (48) of trout.
The injection of rohu with LPS, Poly I:C, Aeromonas hydrophila, Edwardsiela tarda or
Shigelle flexneri resulted in the up-regulation of NOD1 expression (50). Similarly, the
expression of NOD2 was enhanced in response to PGN, LTA, Poly I:C, A. hydrophila and E.
tarda (51). The NLRs appear to play an important role in viral infections of fish (47)
which is perhaps not surprising since NOD1, NOD2 and NLRX1 of grass carp shared high
identity based on the phylogenetic analysis (28, 47, 48, 50, 51, 55, 115). To date,
relatively few studies have identified and characterized the ligands of NLRs in bony fish.
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In this chapter, I report on the cloning and characterization of goldfish NOD1,
NOD2 and NLRX1. Comprehensive Q-PCR analysis revealed that these three NLRs were
differentially expressed in tissues and different immune cell populations. Treatment of
macrophages with different chemical stimuli or exposure to A. salmonicida or M.
marinum increased the expression of these NLRs.

4.2. RESULTS
4.2.1. Sequence analysis of goldfish NOD1, NOD2 and NLRX1
The complete open reading frames (ORFs) and the untranslated regions of the
goldfish NOD1, NOD2 and NLRX1 cDNA transcripts were obtained. Cloned goldfish NOD1
(gfNOD1), gfNOD2 and gfNLRX1 transcripts were 3234 bp, 3129 bp and 4900 bp with
their ORFs encoding 937aa, 982aa and 1008aa, respectively (Figs. 4.1 to 4.3).
Conserved domains of NLRs predicted by Pfam showed that NOD1 has one CARD
domain (12-86aa), one NACHT domain (187-356aa) and six LRRs (739-766aa, 767-794aa,
795-822aa, 823-850aa, 851-878aa and 879-906aa) (Figs. 4.1 and 4.4). The NOD2 has two
CARD domains (6-82aa and 115-185aa), one NACHT domain (272-440aa) and LRR 6 (730758aa, 759-786aa, 840-867aa, 868-895aa, 896-923aa and 924-951aa) (Figs. 4.2 and 4.4).
NLRX1 has one NACHT domain (180-339aa) and four Leucine Rich repeats (LRR 4) (746773aa, 800-827aa, 828-855aa and 856-883aa) but no CARD domains (Figs. 4.3 and 4.4).
The nucleotide sequences of gfNOD1, gfNOD2 and gfNLRX1 have been submitted to the
Genbank nucleotide database under accession no. JX965184, JX965185 and JX965186,
respectively.
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4.2.2. Phylogenetic analysis and classification of gfNOD1, gfNOD2 and gfNLRX1 genes
To further confirm the identities of the three NOD-like receptors of the goldfish,
an unrooted phylogenetic tree was constructed using the gfNOD1, gfNOD2 and gfNLRX1
and all known NLR molecules from fish and select NLRs from higher vertebrates (Fig. 4.5).
The inferred phylogeny of the three goldfish NLRs showed two distinct clusters,
the gfNOD1 & gfNOD2 and the gfNLRX1. For all the NOD1, NOD2 and NLRX1, goldfish
branched closely to the fish groups, suggesting that NOD1, NOD2 and NLRX1 are highly
conserved in bony fish (Fig. 4.5).

4.2.3. Analysis of NOD1, NOD2 and NLRX1 expression in goldfish tissues
Quantitative expression analysis of the goldfish NOD1, NOD2 and NLRX1 in the
tissues of normal fish was performed using the liver as a reference tissue. The overall
expression patterns of all the three NLRs were relatively similar with highest mRNA
levels observed in the spleen, heart and kidney, and lower mRNA levels measured in
liver, brain and gill (Fig. 4.6).

4.2.4. Analysis of NOD1, NOD2 and NLRX1 expression in non-stimulated goldfish
immune cell populations
The expression of goldfish NLRs was assessed in different goldfish immune cell
populations. The cell populations examined included kidney-derived neutrophils,
splenocytes, monocytes and mature macrophages. The expression of NOD1 and NOD2
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mRNA levels were highest in neutrophils and lowest in splenocytes. In contrast, NLRX1
was highly expressed in splenocytes (Fig. 4.7).

4.2.5. Analysis of goldfish NLR expression in macrophages treated with LPS, Poly I:C,
MDP and PGN
To investigate the expression of the gfNOD1, gfNOD2 and gfNLRX1 to their
potential ligands, mRNA levels of gfNOD1, gfNOD2 and gfNLRX1 were quantified in
goldfish macrophages after treatment with either PBS, LPS, Poly I:C, MDP and PGN at
different time points: 3h, 6h, 12h and 24h. As shown in Fig. 4.8, the expressions of the
three receptors were up-regulated after LPS and PGN treatment. The mRNA levels of
both gfNOD1 and gfNOD2 were significantly up-regulated after treatment with Poly I:C
but not those of gfNLRX1. However, substantial increase at the mRNA levels were
observed for gfNOD2 and gfNLRX1 in response to MDP at 6h and 12h for gfNOD2, and at
24h for gfNLRX1 (Fig. 4.8).

4.2.6. Analysis of goldfish NOD-like receptors expression in macrophages treated with
heat-killed A. salmonicida and M. marinum
To examine whether gfNOD1, gfNOD2 and gfNLRX1 were modulated in response
to bacterial infection, expressions of the gfNOD1, gfNOD2 and gfNLRX1 were
determined in goldfish macrophages at 6h and 12h after exposure to 2 x 106 cfu/mL of
heat-killed A. salmonicida, or heat-killed or viable M. marinum. The mRNA levels of
gfNOD1, gfNOD2 and gfNLRX1 significantly increased after exposure of macrophages to
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heat-killed A. salmonicida (Fig. 4.9). The mRNA levels of gfNOD1 and gfNOD2 were upregulated at 6h and 12h and that of NLRX1 at 12h after exposure to A. salmonicida (Fig.
4.9). Notably, there was a significant difference observed at 6h and 12h treatment with
heat-killed A. salmonicida for all of these three receptors (Fig. 4.9).
After exposure of macrophages to either heat-killed or viable M. marinum,
significant up-regulation of gfNOD2 and gfNLRX1 mRNA levels were observed at 6h and
12h. However, there were no significant changes in the expression of gfNOD1 after
exposure of macrophages to either heat-killed or viable M. marinum treatment (Fig. 4.9).
There were no differences in the mRNA levels of gfNOD2 and gfNLRX1 when
macrophages were treated with heat-killed or viable M. marinum.

4.3. DISCUSSION
The germ line-encoded innate immune receptors (PRRs), recognize microbial
structures known as PAMPs. The four major classes of PRRs, including the TLRs, the NLRs,
the RLRs and the CLRs. The NLRs, appear to be primarily involved in bacterial recognition.
In this chapter, I reported on the characterization and expression analysis of the
NLRs in tissues and macrophages treated with various ligands and those exposed to
heat-killed bacteria A. salmonicida and M. marinum. Structurally, the goldfish NOD-like
receptors possess all of the characteristic domains of the NLR family (468). NOD1 and
NOD2 recognize their indirect and direct ligands by the LRRs and then recruit RICK
through CARD interactions (45, 469). In humans, both NOD1 and NOD2 utilize RICK as a
downstream mediator of NF-κB activation. Unlike NOD1, NOD 2 has two CARD domains
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in the N terminus, and both are required for association with RICK and NF-κB activation
in mammals (45). Unlike mammals, but similar to that reported for catfish (28), goldfish
NLRX1 has a NACHT domain and C-teriminal LRR domains but no CARD domains.
Moreover, all of these three NOD-like receptors shared high identity with their
counterparts in teleost fish (28).
NOD1 and NOD2 are widely distributed in various mammalian tissues (467, 470)
and in fish (28, 47–51, 55). Similar to other reports on teleost NLRs, goldfish NOD1 and
NOD2 mRNA levels were the highest in the spleen, suggesting that NOD1 and NOD2 are
the important intracellular cytosolic sensors for the initiation of innate immune
responses against infectious agents (47, 50, 51). Furthermore, goldfish NOD1 and NOD2
expression in different immune cell populations, and in particular neutrophils, was
similar to what has been observed for other teleosts (48–51, 55). My results confirm the
findings of Sha and co-workers (49), in that the NLRX1 was broadly expressed in teleost
tissues. However, gfNLRX1 mRNA levels were the highest in the spleen of goldfish,
whereas NLRX1 expression was reported to be the highest in the muscle of catfish (471).
NOD1 and NOD2 sense bacterial molecules produced during the synthesis or
degradation of PGN. NOD1 senses the dipeptide γ-D-glutamyl-meso-diaminopimelic acid
(iE-DAP), a naturally occurring PGN degradation product (68, 77), that is produced by
most Gram-negative and certain Gram-positive bacteria (472), while NOD2 recognizes
muramyl dipeptide (MDP) produced by all bacteria (69, 77). Bacterial lipopolysaccharide
(LPS) has been shown to induce the NOD1 and NOD2 gene expression in immune,
epithelial and endothelial cells (473–475). Enhanced NOD1 and NOD2 signaling by Poly
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I:C has also been reported in mice (476). I used different immuostimulants to assess
whether they induced the expression of NLRs of goldfish macrophages. My results
showed that the induction of NOD1, NOD2 and NLRX1 genes in goldfish was conserved
in that LPS and PGN induced an increased expression of NOD1 and NOD2; This is
consistent to what has been reported by others (48, 477). Interestingly, I observed that
gfNLRX1 (like NOD2) expression was up-regulated by MDP and also by PGN (like NOD1
and NOD2), suggesting that NLRX1 may also participate in fish defense against bacterial
infections. In contrast, NLRX1 expression was not induced by Poly I:C, which is different
from human NLRX1 (61).
When the HEK cells were transfected with either NOD1 or NOD2 and stimulated
with M. tuberculosis cell wall preparations, there was a dose-dependent increase in the
mRNA levels of both genes, especially NOD2 (77). Brooks and colleagues (478), found
that NOD2 plays a role in controlling the growth of M. tuberculosis in human
macrophages as well as in regulating the nature of inflammatory response. Moreover,
Coulombe and co-workers (83) reported that N-glycolyl MDP has a greater NOD2stimulating activity than N-acetyl MDP. My observations support these findings because
goldfish PKM treated with heat-killed M. marinum significantly increased the expression
of gfNOD2, suggesting that NOD2 may play a pivotal role in sensing of mycobacteria in
fish, as well as in mammals. In contrast, gfNOD1 was not significantly up-regulated after
exposure of macrophages to mycobacteria. The goldfish NLR expression after exposure
to A. salmonicida was similar to that reported for tissues of catfish exposed to E.
tarda, A. hydrophila, Streptococcus iniae and catfish hemorrhage reovirus (CCRV) (471).
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In summary, I cloned and characterized the gfNOD1, gfNOD2 and gfNLRX1 in
goldfish and analyzed their expression in response to different ligands and A.
salmonicida and M. marinum, and demonstrated that these three NOD-like receptors
are generally conserved in teleost fish.
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Figure 4.1. Goldfish NOD1 full-length cDNA showing ORF, untranslated regions (UTR)
and various domains.
UTR at 5’ and 3’ were shown in upper case and ORF in lower case, start and stop codon
were underlined. The CARDs were marked with green color. The NACHT domains were
shown with the dark red color. Alternative LRR domains were indicated with the
turquoise color and blue & bold words.
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Figure 4.2. Goldfish NOD2 full-length cDNA showing ORF, untranslated regions (UTR)
and various domains.
UTR at 5’ and 3’ were shown in upper case and ORF in lower case, start and stop codon
were underlined. The CARDs were marked with green color. The NACHT domains were
shown with the dark red color. Alternative LRR domains were indicated with the
turquoise and blue & bold words.
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Figure 4.3. Goldfish NLRX1 full-length cDNA showing ORF, untranslated regions (UTR)
and various domains.
UTR at 5’ and 3’ were shown in upper case and ORF in lower case, start and stop codon
were underlined. The NACHT domains were shown with the dark red color. Alternative
LRR domains were indicated with the turquoise color and blue & bold words.
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Figure 4.4. Schematic representation of domain organizations of gfNOD1 (A), gfNOD2
(B) and gfNLRX1 (C).
The CARDs are marked in green color, the NACHT domains are indicated in dark red and
LRR domains are marked in turquoise color.
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Figure 4.5. Phylogenetic analysis of goldfish NOD1, NOD2 and NLRX1.
NOD1, NOD2 and NLRX1 amino acid sequences were aligned by using CLUSTAL-W
program with DNA-STAR and unrooted phylogenetic tree was generated using the
neighbor-joining method of the MEGA 4 program. The tree was bootstrapped 10,000
times. The full length of NOD1, NOD2 and NLRX1 amino acids sequences used were:
NOD1: Rohu AFE61355.1, Grass carp ACX71752.1, Zebrafish XP_002665106.2, Catfish
NP_001186996.1, Japanese flounder AFD29894.1, Nile tilapia XP_003446247.1, Chick
XP_418777.2, Human AAD28350.1, Mouse NP_766317.1. NOD2: Human NP_071445.1,
Mouse AAN52477.1, Nile tilapia XP_003437591.1, Rainbow trout NP_001188484.1,
Catfish ACM45225.1, Grass carp ACX71753.1, Zebrafish XP_697924.3, Rohu AEG89706.1.
NLRX1: Human AAI10891.1, Mouse NP_848507.2, Chick XP_003642640.1, Nile tilapia
XP_003460219.1, Catfish NP_001186993.1, Zebrafish XP_685481.4.
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Figure 4.6. Expression analysis of NOD1, NOD2 and NLRX1 in tissues obtained from
normal goldfish.
Analysis of the relative tissue expression was done using tissues from five fish (n = 5).
The expression of NOD1, NOD2 and NLRX1 was relative to endogenous control gene, EF1α. All results were normalized to lowest expression measured (liver). Statistical analysis
was performed using one-way ANOVA and differences between groups using Dunnett’s
post hoc test. Different letters above each bar denote significantly different (P < 0.05),
and the same letter indicates no statistical differences between groups (H=Heart,
K=Kidney, L=Liver, M=Muscle, S=Spleen, B=Brain, G=Gill, I=Intestine).
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Figure 4.7. Expression analyses of goldfish NOD1, NOD2 and NLRX1 in different
immune cell populations obtained from normal goldfish.
Cell cultures were established from four fish (n = 4) and the expression normalized
against to the lowest expression in cells (macrophages). The expression of goldfish
NOD1, NOD2 and NLRX1 was relative to endogenous control gene, elongation factor-1
alpha (EF-1α). Statistical analysis was done using one-way ANOVA and differences
between groups using Dunnett’s post hoc test.
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Figure 4.8. Time-dependent expression analysis of goldfish NOD1 (A and B), NOD2 (C
and D) and NLRX1 (E and F) in macrophages treated with either PBS, Poly I:C or PGN (A,
C and E), or either PBS, LPS or MDP (B, D and F).
The expression of goldfish NOD1, NOD2 and NLRX1 was relative to the endogenous
control gene, elongation factor-1 alpha (EF-1α). The expression values were normalized
against those observed for NOD1, NOD2 and NLRX1 at the 3h time point of the PBStreated control. The results are mean ± SEM of primary macrophage cultures
established from four individual fish (n = 4). (*) denotes significantly different (P < 0.05)
from the PBS-treated control.
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Figure 4.9. Time-dependent modulation of gfNOD1 (A), gfNOD2 (B) and gfNLRX1 (C)
expression in macrophages treated with heat-killed A. salmonicida or heat-killed or
viable M. marinum.
The expression of goldfish NOD1, NOD2 and NLRX1 was examined relative to the
endogenous control gene, elongation factor 1 alpha (EF-1α). The expression values were
normalized against those observed for NOD1, NOD2 and NLRX1 at the 6h time point of
the PBS-treated control. The results are mean ± SEM of primary macrophage cultures
established from four individual fish (n = 4). (*) denotes significantly different (P < 0.05)
from the PBS-treated control and Tukey’s post-hoc analysis. The pound sign (#) denotes
the significant difference at P < 0.05 between 6 h and 12 h treated groups.
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CHAPTER V: CHARACTERIZATION OF RECEPTOR-INTERACTING
SERINE/THREONINE KINASE 2 (RIP2) OF THE GOLDFISH
(Carassius auratus L.) 12 2

5.1. INTRODUCTION
As described in Chapter II, RIP2 functions as a key signaling protein in host
defense responses induced by activation of the cytosolic pattern recognition receptors
(PRR) NOD1 and NOD2 via CARD-CARD interactions (92, 100, 101), and the deficiency of
RIP2 affects cellular signaling and cytokine responses triggered by NOD1 and NOD2
ligands (102). In addition to CARD-CARD binding with NOD1 and NOD2, RIP2 has been
shown to interact with apoptosis-associated speck-like protein (ASC), which is capable of
inducing apoptosis and caspase-1 activation (104). ASC has been demonstrated to direct
caspase-1 away from RIP2-meidated NF-κB activation, and toward caspase-1-mediated
processing of pro-IL-1β by interfering with the RIP2-caspase-1 interaction (104).
Alternatively, RIP2, as a CARD-containing protein, has the ability to activate caspase-1
under inflammatory conditions and can serve as a stress-inducible upstream modulator
of pro-caspase-1 apoptotic activation (105–107). Moreover, upon viral infection, RIP2
was shown to regulate the activation of inflammasomes by mediating mitophagy in a
kinase-dependent manner (108). These observations clearly suggest that RIP2 does not

1 A version of this chapter

has been published: Xie, J., Belosevic, M. 2015. Functional characterization
of receptor-interacting serine/threonine kinase 2 (RIP2) of the goldfish (Carassius auratus L.).
Developmental and comparative Immunology 48: 76-85
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only mediate the NOD1 and NOD2 signaling pathway, but also participates in the
inflammasome-associated pathways for the maintenance of homeostasis.
In addition to the CARD-CARD interactions, RIP2 can also associate with other
signaling proteins (independently of CARD), including members of the tumor necrosis
factor receptor (TNFR) family (109), TNFR-associated factor (TNAF) (479), CD40 (111),
toll-like receptor 2 (112), and the inhibitor of apoptosis protein (IAP) family (cIAP-1 and
cIAP-2) (99, 105). Recent report also suggests that TNAF3 is a RIP2 binding partner
because it inhibited RIP2-induced NF-κB activation (110). Currently, the precise function
of RIP2 in immune signaling remains to be fully elucidated, and the activation of NF-κB
and MAPK signaling pathways though RIP2 is primarily associated with its capacity to
activate the downstream molecules of the TNFR family, TLR family and NOD-like
receptor family (92, 99, 100, 105, 109, 113).
As a highly versatile immune regulator, RIP2 has been proved to be capable of
regulating both innate and acquired immunity in mammals (100, 102, 113). However,
there is no published information on the functional role of RIP2 in teleosts. In chapter IV,
I reported on the role of goldfish NOD1 and NOD2 in response to different immune
stimuli (53), and in this chapter, I report on the characterization and functional
assessment of the involvement of RIP2 in pro-inflammatory and antimicrobial responses
of goldfish macrophages.
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5.2. RESULTS
5.2.1. Sequence analysis and characterization of recombinant goldfish RIP2 (gfRIP2)
The gfRIP2 cDNA was cloned by PCR amplification and consisted of 2763 bp with
a 1752 bp ORF encoding a polypeptide of 583 aa (Acc. No. KJ636470), a 5’ un-translated
region (UTR) of 413 bp and a 3’ UTR of 598 bp (Fig. 5.1). The predicted molecular mass
and isoelectronic point are 65.7 kDa and 6.05, respectively. No signal peptide was
predicted. Sequence analysis of the UTR regions revealed the presence of RNA instability
regions (ATTTA) in both 5’ and 3’ UTR, with one in the 5’ and two in the 3’ regions (Fig.
5.1). The predicted amino acid sequences of the gfRIP2 contained a protein kinase
domain (27-292 aa) and a CARD domain (470-554 aa).
Phylogenetic analysis of the cloned gfRIP2 demonstrated closest relationship to
the zebrafish RIP2 (Fig. 5.2). The RIP2 proteins of the above two fish species branched
independently of the RIP2s of the other fish species including fugu, medaka and tilapia
(Fig. 5.2 and Table 5.1). All known fish RIP2 proteins branched independently from the
RIP2 protein sequences of higher vertebrates with the exception of the frog (Fig. 5.2).

5.2.2. Analysis of RIP2 expression in normal goldfish tissues
Quantitative expression analysis of gfRIP2 in tissues of normal fish indicated that
the highest mRNA levels of RIP2 were in the spleen, followed by brain, intestine, gill, and
kidney (Fig. 5.3A). Lower mRNA levels were observed in the heart and muscle, and the
lowest RIP2 mRNA levels were in the liver (Fig. 5.3A).
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5.2.3. Analysis of RIP2 expression in non-stimulated goldfish immune cell populations
The expression of RIP2 was determined in different goldfish cell populations. The
cell population assessed included peripheral blood leukocytes, kidney-derived
neutrophils, splenocytes, and kidney-derived monocytes and mature macrophages.
Monocytes had the highest RIP2 mRNA levels, followed by splenocytes, neutrophils and
PBL, while the RIP2 expression was lowest in mature macrophages (Fig. 5.3B).

5.2.4. Recombinant gfRIP2 expression, purification and antibody characterization
To examine the activity and function of gfRIP2, I expressed the rgRIP2 in E. coli
and purified it using the MagneHis protein purification system. A single faint band with
the molecular weight of 86.1 kDa (including the size of 20.4 kDa of a thioredoxin protein,
a six-histidine tag, a thrombin recognition site and a T7 tag at the N-terminus) was
indicated by SDS-PAGE analysis (Fig. 5.4A). The presence of the recombinant protein was
confirmed by Western blot analysis using an anti-His antibody (Fig. 5.4A).

5.2.5. Confirmation of the specificity of anti-RIP2 antibody and RIP2 inhibitors
To further explore the function of RIP2 of goldfish, I used a commercial anti-RIP2
antibody that recognizes highly conserved peptide of RIP2. This antibody recognizes
RIP2 from a number of different organisms including zebrafish. As shown in Fig. 5.4A
(lanes 3 and 4), both anti-His antibody and anti-RIP2 antibody recognized recombinant
RIP2 protein, indicating that the commercial anti-RIP2 antibody is also specific for gfRIP2
(Fig. 5.4A).
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To examine the signaling pathway of goldfish RIP2, I tested the specificity of
three RIP2 inhibitors. As shown in Fig. 5.4B, SB203580 at concentrations of 5 and 10 µM
significantly inhibited RIP2, whereas gefitinib and erlotinib did not (Fig. 5.4B).

5.2.6. Analysis of gfRIP2 expression in macrophages treated with LPS, PGN, MDP and
Poly I:C
I measured the expression of the RIP2 in macrophages treated with different
NOD1/NOD2 ligands. The mRNA levels of gfRIP2 were determined using Q-PCR after
treatment with either PBS, LPS, PGN, MDP and Poly I:C, for 6 h and 12 h. As shown in Fig.
5.5A, the expression of RIP2 was up-regulated after LPS and MDP treatment at 6 h. A
significant increase in the RIP2 mRNA levels in goldfish macrophages were observed
after treatment with all NOD1/NOD2 ligands at 12 h (Figs. 5.5A and 5.5B). In addition,
Western blot analysis indicated that treatment of macrophages with the NLR ligands,
increased RIP2 protein levels with exception of Poly I:C (Figs. 5.5C and 5.5D).

5.2.7. Analysis of gfRIP2 expression in macrophages treated with heat-killed A.
salmonicida and heated-killed or live M. marinum
To examine whether gfRIP2 was involved in response to bacterial challenge,
expression of RIP2 was determined in goldfish macrophages at 6 h and 12 h after
exposure to 2 × 106 cfu/mL of heat-killed A. salmonicida or heat-killed or live M.
marinum. The mRNA and protein levels of RIP2 were up-regulated at 12 h after
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exposure to A. salmonicida and M. marinum. Notably, the exposure of macrophages to
heat-killed A. salmonicida induced a robust increase in RIP2 mRNA levels (Fig. 5.5B).

5.2.8. GfRIP2 associates with NOD1 and NOD2
To examine the association between RIP2 and NOD1 and NOD2, we co-expressed
either pcDNA3.1/NT-GFP-empty (control), pcDNA3.1/NT-GFP-NOD1 or pcDNA3.1/NTGFP–NOD2 and pcDNA3.1/V5-His-RIP2 in HEK293 cells and performed coimmunoprecipitation (co-IP) assays. I firstly evaluated the transfection efficiency and
recombinant proteins expression in eukaryotic cells using a Western blot assay.
Following the transfection in HEK 293 cells, the expression of GFP, GFP-NOD1, GFPNOD2, His-RIP2 was determined by anti-GFP antibody or anti-His antibody. As shown in
Fig. 5.6A, all of the GFP-tagged proteins and His-tagged RIP2 were expressed in HEK293
cells, indicating appropriate transfection efficiency. I then performed the co-IP assays
from the cells co-transfected with different groups of plasmids. The results showed that
the pcDNA3.1/V5-His-RIP2 was co-precipitated with anti-GFP antibody when cotransfected with either pcDNA3.1/NT-GFP-NOD1 or -NOD2, and that pcDNA3.1/NT-GFPNOD1 and -NOD2 were also co-precipitated with anti-His antibody when co-transfected
with pcDNA3.1/V5-His-RIP2 (Fig. 5.6B). In contrast, the pcDNA3.1/NT-GFP-empty and
pcDNA3.1/V5-His-RIP2 co-transfected HEK293 cells did not show any precipitated
immune complex (Fig. 5.6B). These results show that the RIP2 associated with goldfish
NOD1 and NOD2.
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5.2.9. Goldfish rgRIP2 promotes NF-κB transcriptional activity
In mammals, RIP2 has been identified as a mediator that eventually activates NFB though the NLR pathway (92, 100, 101). To evaluate if the RIP2 protein was involved
in the NF-B pathway, HEK293 cells were transfected with the pcDNA3.1/V5-His-RIP2
and pNF-B-Luc expression plasmids. The results showed that compared to the
pcDNA3.1/V5-His empty vector, transfection with the RIP2 expression plasmid induced a
significant increase in pNF-B-Luc expression (P < 0.05) (Fig. 5.7).

5.2.10. GfRIP2 regulates the production of TNFα-2, IL-1β1 and HMGB1
We previously reported that exposure of goldfish macrophages to M. marinum
up-regulated the expression of pro-inflammatory cytokines TNFα-2, IL-1β1 and HMGB1
(194, 480). To examine the role of RIP2 in the regulation of macrophage proinflammatory responses, I measured the mRNA and protein levels of TNFα-2 and IL-1β1
in macrophages exposed to heat-killed M. marinum, those exposed to M. marinum and
treated with the RIP2 inhibitor SB203580, and non-treated macrophages. As shown in
Fig. 5.8, the mRNA levels of TNFα-2 and IL-1β1 were significantly reduced after
treatment of macrophages with the RIP2 inhibitor SB203580, suggesting a central role
for RIP2 in the regulation TNFα-2 and IL-1β1 production by activated macrophages (Figs.
5.8A, B D and E). Given that HMGB1 is a pro-inflammatory cytokine whose production is
dependent on inflammasome and caspase-1 activation (481), I also measured the mRNA
levels of HMGB1 in response to M. marinum in the presence or absence of the RIP2
inhibitor SB203580 (Fig. 5.8C). The results showed that the expression of HMGB1 was

132
significantly inhibited by SB203580, suggesting that goldfish RIP2 activation also
influences the inflammasome pathway, similar to what has been observed for mammals
(481).

5.3. DISCUSSION
In this chapter, I report on the cloning, molecular characterization and functional
analysis of gfRIP2. The gfRIP2 sequence shared the highest identity with the zebrafish
RIP2 (Table 5.1) and had the functional domains present in mammals, including the
protein kinase domain and the CARD domain. In mammals, the CARD domain plays
major roles in regulating (i) caspase activation in the context of apoptosis, (ii)
inflammation, and (iii) NF-κB activation (482). In general, the two main function of CARD
domain-containing molecules are NF-κB activation and caspase regulation in context of
the generation of innate and adaptive immune responses (483). In addition, the
activation of RIP2 kinase activity is also central to cellular responses regulated by
mitogen-activated protein kinases (MAPK) (387). The predicted presence of the protein
kinase domain and CARD domain in the goldfish RIP2 indicate that similar RIP2dependent signaling pathways are present in teleosts.
Phylogenetic analysis showed that gfRIP2 grouped closely with other teleost
RIP2s, especially with zebrafish RIP2, and to a lesser extent with fugu, medaka and
tilapia, suggesting that teleost RIP2 is evolutionally conserved.
My study is the first quantitative expression analysis of RIP2 gene in tissues and
different immune cell populations in bony fish. The expression analysis of gfRIP2
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indicated highest mRNA levels in the spleen, which is similar to what has been observed
in humans (99). The RIP2 mRNA levels in other tissues examined (brain, intestine, gill,
kidney, heart, muscle and liver) were significantly lower than that those in the spleen. I
also measured RIP2 mRNA levels in different cell populations isolated from normal
goldfish, including splenocytes, PBLs, neutrophils and primary monocytes and
macrophages of the goldfish. The highest RIP2 expression was observed in monocytes
and to a lesser extent in splenocytes, neutrophils and PBL. In mammals, the primary
producers of RIP2 are PBLs (99).
To functional characterize RIP2 in goldfish, I have used two approaches. The first
approach was to use an anti-human-RIP2 antibody raised against a highly conserved
peptide sequence. The synthetic peptide sequence (C-KLKDNKQMGLQPYPE) used to
immunize rabbits for the production of anti-human-RIP2 antibody had greater than 93%
identity with the goldfish C-terminal peptide (C-KLQDNKQMGLQPYPE). This antibody
was predicted to recognize zebrafish, mouse, rat, chicken, cow and human RIP2. The
anti-human RIP2 antibody specifically recognized recombinant goldfish RIP2, and was
used to examine RIP2 protein levels in activated goldfish macrophages.
The second approach was to employ specific RIP2 inhibitors. SB203580, which
was initially identified as a MAPK p38 kinase inhibitor, had been shown to efficiently
inhibit RIP2 activity (412, 413) (Hollenbach et al., 2004; Argast et al., 2005). In this
chapter, I have demonstrated that at the protein level, the inhibitor SB203580
significantly inhibited gfRIP2 in macrophages, akin to what has been observed for
Dengue virus (DENV)-infected HepG2 cells (388). The other two inhibitors tested,
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gefitinib and erlotinib, did not inhibit gfRIP2 protein expression, although they have
been shown by others to inhibit RIP2 tyrosine phosphorylation in mammals (389). Due
to the lack of specific anti-RIP2 phosphorylation antibody, I was not able to validate the
specificity of these two RIP2 inhibitors.
RIP2 was originally identified as a downstream adaptor molecule in the
NOD1/NOD2 signaling pathway (100). Based on the high identity of the predicted
function domains, protein kinase and CARD domains, I hypothesized that RIP2 plays a
central role in the signaling upon NOD1 and NOD2 activation. Previously in Chapter IV, I
have shown that various ligands and Gram-negative and Gram-positive bacteria activate
NOD1 and NOD2 of the goldfish (53). Here, I report that RIP2 expression and protein
levels increased after activation of NOD1 and NOD2 with different ligands and two fish
pathogens, A. salmonicida and M. marinum. Treatment of goldfish macrophages with
different ligands or exposure to pathogens increased the expression and protein levels
of RIP2 at 12 h post-exposure. The mRNA and protein levels of RIP2 were shown to
increase after exposure of mammalian cells to LPS (100, 414, 415), PGN (100) and MDP
(416). The up-regulation of RIP2 expression at mRNA level suggests that RIP2 is a key
modulator of bacterial-induced response after NOD1/NOD2 activation. The observed
increase in mRNA levels of RIP2 in macrophages treated with Poly I:C was consistent
with the reports that exposure of pigs to porcine reproductive and respiratory virus, as
well as Denge virus-infected HepG2 cells, induced a 10-fold and 1.5-fold increase in the
expression of RIP2, respectively (388, 417).
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In contrast to Aeromonas spp.-induced infection in goldfish, RIP2 has been well
studied in mycobacterial infections in mammals (416, 418), which is primarily mediated
by NOD2-RIP2 pathway. Given that goldfish RIP2 mRNA and protein levels significantly
increased after exposure of macrophages to A. salmonicida and M. marinum, and that
both NOD1 and NOD2 are activated after exposure of cells to bacterial pathogens (53),
the NOD1/NOD2-RIP2 pathway appears to play a critical role in the regulation of
antimicrobial responses in teleosts.
It is well established that in mammals, RIP2 mediates the innate and adaptive
immune response by binding to activated NOD1 and NOD2 via CARD-CARD interactions
(92, 100–102). Accordingly, I have examined the associations of NOD1/NOD2 with RIP2
using co-IP assays in this thesis. The gfRIP2 was shown to interact with NOD1 and NOD2,
supporting the role of RIP2 as an adaptor molecule critical for NOD-like receptor
signaling pathway in teleosts. Furthermore, the activation of RIP2 after binding to NOD1
and NOD2 causes the down-stream activation of transcriptional factor NF-κB and MAPK,
that eventually results in the production of pro-inflammatory cytokines (100, 101). Using
the dual-luciferase reporter assay, I proved that gfRIP2 enhanced the expression of
luciferase reporter gene NF-κB binding site, suggesting that gfRIP2 activated NF-κB
pathway.
The activation of NOD1/NOD2 results in the production and release of the proinflammatory cytokines, including TNFα, IL-1β, IL-18 and others (419, 420). Previously
our lab showed that M. marinum activated the NOD2 pathway (53, 380, 381). To
examine the pro-inflammatory mediators involved in the “NOD2-RIP2” signaling, I
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challenged the goldfish macrophage with M. marinum and evaluated the protein levels
of RIP2, TNFα-2 and IL-1β1. My results are consistent with previous observations that
TNF and IL-1β are the key effector cytokines that control immune responses against
mycobacterial infections (421, 422). Interestingly, macrophages exposed to heat-killed
M. marinum, and then treated with the specific RIP2 inhibitor SB203580, displayed
significantly reduced TNFα-2 and IL-1β1 protein levels, suggesting a critical role for RIP2
in the generation of pro-inflammatory responses of goldfish macrophages. The
inhibition of RIP2 in heat-killed M. marinum-activated macrophages by SB203580
caused significant decreases in HMGB1 mRNA levels, suggesting a possible role for RIP2
in the regulation of the inflammasome pathway. The possible interactions between RIP2,
inflammasome activation, caspase-1 function and pyroptosis are currently under
investigation in our laboratory.
My findings in this chapter indicate that RIP2 may be a critical protein involved in
the modulation of macrophage pro-inflammatory responses in bony fish. Further studies
are needed to elucidate RIP2 roles in the regulation of caspase-1 function and the
inflammasome machinery of bony fish macrophages.
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Table 5.1. Percent identity of goldfish RIP2 and other organisms (aa)
Species

Identity (%)

Zebrafish
Tilapia
Medaka
Fugu
Frog
Mouse
Human
Chicken

89
81
68
66
60
52
51
50
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Figure 5.1. Nucleotide and predicted aa sequence of goldfish RIP2 cDNA.
The start and stop codons are boxed, the protein kinase domain is highlighted in light
grey, the Caspase recruitment domain is highlighted in dark grey. The peptide region
(KLQDNKQMGLQPYPE) for antibody validation is in bold. The RNA instability motifs are
underlined (ATTTA).
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Figure 5.2. Phylogenetic analysis of goldfish RIP2.
RIP2 amino acid sequences were aligned by using CLUSTAL-W program and unrooted
phylogenetic tree was constructed using the neighbor-joining method of the MEGA 5.1
program. The tree was bootstrapped 10,000 times. The full length of RIP2 amino acids
sequences used were: Zebrafish NP_919392.2, Medaka XP_004078988.1, Tilapia
XP_004078988.1, Fugu XP_003975835.1, Chicken NP_001026114.1, Mouse
NP_620402.1, Human NP_003812.1, Frog XP_002939201.1.
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Figure 5.3. Quantitative analysis of goldfish RIP2 expression in different tissues and
immune cell populations obtained from normal goldfish.
(A) Goldfish RIP2 tissue distribution analysis. The expression of goldfish RIP2 was
measured relative to endogenous control gene, elongation factor 1 alpha (EF-1α).
Relative tissue expression from four individual fish are shown (n = 4). qPCR was done in
triplicate for each tissue. All results were normalized against the liver RIP2 mRNA levels.
(B) Goldfish RIP2 expression in different immune cell populations. Cell cultures were
established from four fish (n = 4). qPCR was done in triplicate for each immune cell
population. All results were normalized against the macrophage RIP2 mRNA levels.
Statistical analysis was performed using one-way ANOVA followed by Dunnett’s posthoc test. Different letters above each bar denote statistically different (P < 0.05), and
the same letter indicates no statistical differences between groups (L = liver, M = muscle,
H = heart, G = gill, K = kidney, I = intestine, S = spleen, B = brain).
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Figure 5.4. Validation of anti-human RIP2 antibody and RIP2 inhibitors in goldfish.
(A) SDS-PAGE and Western blot analysis of recombinant RIP2. Lane 1: protein ladder;
Lane 2: SDS-PAGE analysis of Coomassie brilliant blue stained of purified recombinant
RIP2; Lane 3: Western blot analysis of purified recombinant RIP2 using anti-His antibody;
Lane 4: Western blot analysis of purified recombinant RIP2 using anti-human RIP2
antibody (IB = immunoblotting). (B) The expression of RIP2 in goldfish macrophages in
presence of SB203580 (5 µM or 10 µM), gefitinib and erlotinib (0.1 µM or 0.5 µM) was
determined by Western blot analysis (Ctr = control). β-actin was loading control.
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Figure 5.5. Quantitative expression and Western blot analysis of goldfish RIP2 in
macrophages treated with different stimuli.
(A and B). Quantitative expression of goldfish RIP2 in macrophages treated with either
PBS, or lipopolysaccharide (LPS), peptidoglycan (PGN), muramyl dipeptide (MDP), Poly
I:C, heat-killed A. salmonicida, heat-killed or live M. marinum. The expression of RIP2
was examined relative to the endogenous control gene, elongation factor 1 alpha (EF1α). The expression values were normalized against those at the 6 h. The results are
mean ± S.E.M. of primary macrophage cultures established from four individual fish (n =
4). (*) Denotes significantly different (P < 0.05) compared to the 6 h or 12 h time point.
(C and D) Western blot analysis of goldfish RIP2 in macrophages treated with either PBS,
or LPS, PGN, MDP, Poly I:C, heat-killed A. salmonicida, heat-killed or live M. marinum.
The treated macrophages were washed three times with PBS and lysed with 100 µL of
ice cold IP buffer and then subjected to Western blot analysis using anti-human RIP2
antibody or anti-β-actin antibody. β-actin was loading control. (E) Quantified ratios of
RIP2 protein to β-actin in treated macrophages, compared to PBS at 6 h. The results are
shown as the mean of pooled macrophages from cultures established from three
individual fish (n = 3) (HkAs, heat-killed A. salmonicida; HkMm, heat-killed M. marinum;
LMm, live M. marinum).
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Figure 5.6. Goldfish RIP2 associates with NOD1 and NOD2 in HEK293 cells.
(A) Western blot analysis of pcDNA3.1/NT-GFP-empty, pcDNA3.1/NT-GFP–NOD1,
pcDNA3.1/NT-GFP–NOD2 and pcDNA3.1/V5-His-RIP2 in HEK293 cells. Lane 1: Western
blot analysis of pcDNA3.1/NT-GFP-empty using anti-GFP antibody; Lane 2: Western blot
analysis of pcDNA3.1/NT-GFP–NOD1 using anti-GFP antibody; Lane 3: Western blot
analysis of pcDNA3.1/NT-GFP–NOD2 using anti-GFP antibody; Lane 4: Western blot
analysis of the lysate of untransfected HEK293 cells using anti-His antibody; Lane 5:
Western blot analysis of pcDNA3.1/V5-His-RIP2 using anti-His antibody. NLR = NOD-like
receptors. GFP = green fluorescence protein. (B) The total cell lysate was prepared from
co-transfected cells and incubated with anti-His antibody or anti-GFP antibody. The
precipitated immune complexes were subjected to Western blot analysis using either
anti-GFP antibody or anti-His antibody (IP = immunoprecipitation; IB = immunoblotting).
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Figure 5.7. Goldfish recombinant RIP2 protein promotes NF-κB transcriptional
activation.
HEK293 cells were transfected with 200 ng of pNF-B-Luc, 20 ng of pRL-TK reporter
vectors and either 200 ng of pcDNA3.1/V5-His empty vector or the same amount of
pcDNA3.1/V5-His-RIP2 or pcDNA3.1/V5-His-LBP (negative control). At 24 h after
transfection, cells were harvested and analyzed using the Dual Luciferase kit according
to manufacturer’s instructions. All values represent three independent experiments (n =
3). All results were normalized against the pcDNA3.1/V5-His empty luciferase value. The
asterisk (*) indicates the significant difference at P < 0.05 compared to pcDNA3.1/V5-His
empty for each group.
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Figure 5.8. Evaluation of the expression of TNFα-2, IL-1β1 and HMGB1 in macrophages
treated with either PBS, SB203580, or heat-killed M. marinum for 12 h and then
treated SB203580 for 2 h or untreated cells.
(A, B and C) Quantitative expression of goldfish TNFα-2 and IL-1β1 in macrophages
treated with either PBS, SB203580, or with heat-killed M. marinum for 12 h before
treatment with SB203580 for 2 h. The expression of TNFα-2 (A), IL-1β1 (B) and HMGB1
(C) was examined relative to the endogenous control gene, elongation factor 1 alpha
(EF-1α). The expression values were normalized against PBS at the 12 h time point. The
results are mean ± S.E.M. of primary macrophage cultures established from four
individual fish (n = 4). Different letters above each bar denote statistically different (P <
0.05), and the same letter indicates no statistical differences between groups. (D)
Western blot analysis of RIP2, TNFα-2 and IL-1β1 in goldfish macrophages incubated
with PBS, SB203580, or heat-killed M. marinum for 12 h before and then treated with
SB203580 for 2 h or untreated. The cells were washed three times with PBS and lysed
with 100 µL of ice cold IP buffer and subjected to Western blot analysis using antihuman RIP2 antibody, anti-TNFα-2 antibody or anti-IL-1β1 antibody. β-actin was loading
control. (E) Quantified ratios of RIP2 or TNFα-2 or IL-1β1 protein to β-actin in treated
macrophages, compared to control group. The results are shown as the mean of pooled
macrophages from cultures established from three individual fish (n = 3) (Ctr, control;
HkMm, heat-killed M. marinum).
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CHAPTER VI: CHARACTERIZATION OF NLRP3-RELATED MOLECULE
OF THE GOLDFISH (Carassius auratus L.)

6.1. INTRODUCTION
The cytosolic receptors called NLRs recognize intracellular bacteria, fungi and
protozoan parasites. The NLRs are evolutionarily highly conserved and are present in
animals from sea urchins to mammals (8, 15, 53, 117). Certain NLRs such as NLRP1,
NLRP3 & NLRC4 (in combination with NAIPs) after PAMPs recognition form large
multiprotein complexes called inflammasomes, that in turn activate the downstream
signaling molecule caspase-1 (12, 134). The recognition of a diverse range of microbial,
stress and DAMPs by inflammasomes results in direct activation of caspase-1 through an
adaptor molecule, ASC. Activated caspase-1 processes the cytosolic precursors of the
related cytokines IL-1β and IL-18, thus allowing secretion of the biologically active
proteins (207, 219). The inflammasome signaling pathway also induces inflammatory
cell death, known as pyroptosis (17, 134, 313). The results of recent studies indicate that
during pyroptosis, there is a translocation of HMGB1 protein from the nucleus into the
cell cytoplasm and eventual secretion of the HMGB1 by immune cells in response to a
variety of exogenous and endogenous danger signals (251, 423). Genetic deletion of
inflammasome components in mammals impairs HMGB1 release during endotoxemia or
bacteriemia (251, 423).
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To date, there are limited reports on the inflammasomes in teleost fish, although
NACHT, LRR and PYD domains-containing protein (NLRP) isoforms of zebrafish are
present in the National Center for Biotechnology Information (NCBI) database, such as
NLRP3 (Accession number: XP_017212365.1), NLRP3X1 (XP_017206752.1), and NLRP12like (XP_009299711.1). In addition, there are several other NLRs (22, 27, 28, 46, 53, 56,
57, 126), as well as the inflammasome signaling downstream proteins such as ASC and
caspase-1 (126, 197, 215, 227, 229) and HMGB1 protein (191–194), suggesting that
inflammasome signaling pathway probably exists in lower vertebrates and that it may
play a critical role in host defense of teleosts.
In this chapter, I report on the functional characterization of an NLRP3-related
molecule (NLRP3rel) of a bony fish. Goldfish NLRP3rel was highly expressed in spleen,
intestine, PBLs and macrophages. NLRP3rel molecule was up-regulated in nigericinactivated primary kidney macrophages, and after treatment of cells with ATP. Results
from confocal microscopy and co-immunoprecipitation assays suggested that goldfish
NLRP3rel associated with ASC. Nigericin-activated macrophages exhibited significant
LDH release and caspase-1-dependent IL-1β and HMGB1 secretion, indicating that
NLRP3 signaling pathway is highly conserved and functional in bony fish.

6.2. RESULTS
6.2.1. Sequence analysis and characterization of NLRP3rel molecule
I successfully assembled a complete NLRP3rel cDNA sequence from the goldfish
transcriptomic database. The total goldfish NLRP3rel cDNA consisted of 3,851 bp with a
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3,093 bp ORF encoding a polypeptide of 1,030 amino acids (aa). The predicted molecular
weight and isoelectronic point (pI) were 117.7 kDa and 7.96, respectively. No signal
peptide was predicted. As shown in Fig. 6.1, the complete ORF and UTRs of goldfish
NLRP3rel cDNA transcript were obtained. Sequence analysis of the ORF region revealed
the presence of the fish-specific NACHT-associated domain (79-149 aa), NACHT domain
(160-329 aa), PRY domain (851-897 aa), SPRY domain (900-1025 aa) and LRRs (683-704
aa and 743-762 aa) (Fig. 6.1). Phylogenetic analysis revealed goldfish NLRP3rel shared
closest relationship with NLRP3-like of barbel. All the teleost NLRP3-like, NLRP12-like
and most of the NLRC3-like molecules branched independently relative to the NLRC3s
and NLRP3s of the other higher vertebrates, including mouse and human (Fig. 6.2). The
aa identity between goldfish NLRP3rel and other teleosts and mammalian species is
shown in Table 6.1.

6.2.2. Analysis of NLRP3rel expression in normal goldfish tissues and non-stimulated
goldfish immune cell populations
Assessment of NLRP3rel expression in the tissues of normal goldfish indicated
that the highest NLRP3rel mRNA transcript levels were found in goldfish spleen,
followed by intestine, gill, brain and kidney. Relatively lower expression levels were
observed in heart, liver and muscle (Fig. 6.3A).
I also examined the expression of NLRP3rel in different goldfish immune cell
populations including PBLs, kidney-derived neutrophils, splenocytes, monoctyes and
mature macrophages. The PBLs had the highest NLRP3rel mRNA transcript levels,
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followed by macrophages, splenocytes and neutrophils, while the NLRP3rel mRNA levels
were lowest in monocytes (Fig. 6.3B).

6.2.3. Analysis of gfNLRP3rel expression in macrophages treated with bacteria and
chemical stimuli
Mammalian NLRP3 inflammasome has been reported as the major
inflammasome generated after exposure to a wide range of PAMPs, including poreforming toxins (nigericin), extracellular ATP, LPS and others (424, 425). I examined
whether goldfish NLRP3rel can be activated by nigericin, ATP and LPS. As shown in Fig.
6.4, the gfNLRP3rel mRNA levels were significantly up-regulated following treatment of
macrophages with nigericin and ATP, but not LPS. However, LPS treatment up-regulated
the protein levels of NLRP3rel in goldish macrophages. There were no changes in the
mRNA levels of gfNLRP3rel in macrophages exposed to heat-killed pathogens. In
contrast, small but significant decreases in both mRNA and protein levels of gfNLRP3rel
were observed when macrophages were exposed to live M. marinum (Fig. 6.4).

6.2.4. Recombinant CT-NLRP3rel expression, purification and antibody
characterization
To explore the functional activities of gfNLRP3rel, I expressed the rgfCT-NLRP3rel
(851-1025 aa, having PRY and SPRY functional domains, as well as most of the Cterminus) in E. coli and purified it using the magneHis protein purification system. A
single band with the molecular weight of 24.6 kDa including a six-histidine tag, a
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thrombine recognition site and a T7 tag at the N-terminus was indicated by SDS-PAGE
analysis (Fig. 6.5). The presence of recombinant protein was further confirmed by mass
spectrometry (Fig. 6.6) and Western blot using anti-His antibody and rabbit anti-CTNLRP3rel IgG antibody (Fig. 6.5).

6.2.5. GfNLRP3rel associates with gfASC
To examine the possible association between gfNLRP3rel and its downstream
signaling molecule ASC, I co-transfected either GFP-empty or GFP-ASC and DsRedNLRP3rel into HEK293 cells. The DsRed-NLRP3rel signal was distributed throughout the
cytosol of the HEK293 cells. Approximately 20 to 28% of co-transfected cells with DsRedNLRP3rel and GFP-ASC (three independent experiments) showed “ring” structures,
indicating that there was an association between these recombinant molecules (Fig. 6.7).
To further examine the association of gfNLRP3rel and gfASC, I co-expressed
either His-empty (control) or His-ASC and GFP-NLRP3rel in HEK293 cells and performed
co-IP assays. I first checked the transfection efficiency and recombinant proteins
expression in eukaryotic cells using Western blot assay with either anti-His or anti-GFP
antibody (Fig. 6.8). As illustrated in Fig. 6.8, the GFP-NLRP3rel was co-precipitated with
anti-His antibody when cells were co-transfected with His-ASC, and that His-ASC was
also co-precipitated with anti-GFP antibody when cells were co-transfected with GFPNLRP3rel. In contrast, co-expression of His-empty and GFP-NLRP3rel protein in HEK293
cells did not produce any immune complexes. These results indicate NLRP3rel
associated with goldfish ASC.
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6.2.6. LDH release in goldfish macrophages in response to nigericin
LDH release is the hallmark of pyroptosis, which results from the inflammasomeinduced caspase-1 activation (17, 320). I postulated that nigericin may induce caspase-1
activation, pyroptosis, and pro-inflammatory cytokine processing in goldfish
macrophages. To test this, I treated goldfish macrophages with nigericin for 12 h and
evaluated the LDH release and caspase-1 activation. Nigericin-induced significant LDH
release, that was abrogated when cells were treated with the caspase-1 inhibitor Q-VDOPH (Fig. 6.9). Treatment of macrophages with nigericin for 12 h induced caspase-1
activation and IL-1β1 production that was inhibited by the addition of Q-VD-OPH (Fig.
6.10). These results support the findings of several studies that showed that mammalian
caspase-1 blockers inhibited zebrafish (229), sea bass (228), sea bream (197) and carp
(426) caspase-1.

6.2.7. gfNLRP3rel and caspase-1 control the IL-1β1 and HMGB1 production in nigericinactivated macrophages
I examined the role of gfNLRP3rel and caspase-1 in cytokine processing and
production. As shown in Fig. 6.9, nigericin induced the production of both IL-1β1 and
HMGB1 in macrophages that was blocked by Q-VD-OPH (Fig. 6.10).
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6.3. DISCUSSION
Due to the evolutionary differences between the immune system of plants,
invertebrates, lower and higher vertebrates, it is not surprising that organisms that rely
primarily on innate immunity for host defense, have highly polymorphic NLRs in order to
recognize the plethora of different pathogens (427). For example, sea urchins have more
than 200 NLR genes (428) and some plants have between 150 and 460 NLRs
(Arabidopsis and rice, respectively) (429, 430) in contrast to only 22 NLRs in mammals,
indicating that NLRs are significantly more polymorphic in invertebrates and lower
vertebrates. The decrease in NLR polymorphism in higher vertebrates may have
conferred an evolutionary advantage to higher vertebrates. For example, the association
between the NLR polymorphism and autoimmune or inflammatory diseases has been
well studied and includes Blau syndrome, Crohn’s disease and early-onset sarcoidosis
(11, 431, 432). The NLRP3 polymorphism has been linked to several disease conditions
including the Muckle-Wells syndrome, chronic infantile neurologic cutaneous articular
syndrome and familial cold inflammatory syndrome (433), as well as the susceptibility to
food-induced anaphylaxis and aspirin-induced asthma (431).
Mammalian NLRs have been well documented as versatile cytosolic sentinels in
pathogen recognition, pro-inflammatory cytokine processing, antigen presentation and
pyroptosis. NLRs including NLRP1, NLRP3 and NLRC4, form multiprotein inflammasome
complexes after recognition of PAMPs and DAMPs. For example, NLRP1 primarily
detects toxins of Gram-negative bacteria (Bacillus anthracis), the protozoan parasite
(Toxoplasma gondii), and muramyl dipeptide (MDP) (137, 434–436). The NAIP/NLRC4
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detect cytosolic flagellin of Gram-negative bacteria, such as Salmonella typhimurium,
Shigella flexneri, Pseudomonas aeruginosa and Legionella pneumophilia (256–262). The
NLRP3 is more of a “generalist” NLR, that recognizes a wide range PAMPs, including
bacterial, viral, fungal and protozoan pathogens (425, 437, 438).
The information regarding the regulatory role of NLRP3 in lower vertebrates such
as bony fish is limited. The first reported teleost NLRs were identified in zebrafish
genome (46). In a comprehensive study, Laing and colleagues (27) identified multiple
NLR gene orthologues in zebrafish, including five NLRAs, six NLRBs and several hundred
NLRCs. The NLRs are very large molecules and typically have full nucleotide sequences of
more than 3, 000 bp, and are highly polymorphic in bony fish, and are relatively difficult
to clone. In preliminary experiments, several attempts to obtain a full length sequence
of goldfish NLRP3rel using conventional rapid amplification of cDNA ends (RACE-PCR)
methods were not successful. Using the goldfish transcriptome database generated in
our laboratory, I obtained, for the first time a full sequence of teleost NLRP3rel. The
gfNLRP3rel did not share very high aa sequence identity with all the predicted NLRP3s
and NLRC3s except NLRP3-like of barbel (84%). Notably, most of the teleost NLRP3s and
NLRC3s were computational predicted based on high throughout sequencing database;
The only two confirmed NLRC3s were identified in olive flounder (ADX66441.1) and
pufferfish (CAG12481.1). Phylogenetic analysis of goldfish NLRP3rel in comparison to
NLRC3, NLRP3 and NLRP12 of other organisms revealed that this molecule is most likely
an ortholog of NLRP3-like molecule in teleost as the gfNLRP3rel did not cluster with
most of the teleost NLRC3s. Based on the polymorphic feature of NLRP and NLRC family
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molecules in teleost, there is also a possibility that gfNLRP3rel could be an ortholog of
NLRC3 or NLRC3-like molecule.
The goldfish NLRP3rel consists of 3,851 bp with a 1,030 aa ORF including a fish
specific NACHT-associated domain, NACHT domain, PRY domain, SPRY domain and LRRs.
Surprisingly, the goldfish NLRP3rel did not possess a PYD domain at the N-terminus. The
mammalian NLRP subfamily is separated from other NLR subfamilies because it has a
PYD domain. The PYD domain of mammalian NLRPs is important for the interaction with
the downstream signaling adaptor molecule ASC. Since goldfish NLRP lacks the PYD
domain, I postulated that the PYR and SPRY domains are the effector domains in
goldfish. Supporting this postulate are the reports of Chae and co-workers (439) and
Papin and co-workers (440), which indicated that PYD and SPRY and PYR are functionally
similar in mammals. In non-activated cells, the NACHT and LRR domain are bound
together rendering the NLRP3 inactive, and upon detection of PAMPs, the LRR domain
changes its conformation causing the oligomerization of NACHT domain to form an
active platform (425, 441). Subsequently the oligomerized NACHT recruits ASC via PYDPYD interaction and further activates pro-caspase-1 through direct CARD-CARD bindings
(425, 441). The activated caspase-1, cleaves pro-IL-1β and pro-IL-18 to generate
biological active IL-1β and IL-18 (144, 164, 425).
To examine the regulation of NLRP3rel in goldfish macrophages, I examined the
association of gfNLRP3rel and gfASC using a co-transfection approach and visualizing the
association by confocal microscopy. I observed that gfNLRP3rel formed a “ring”
structure around the co-expressed ASC, suggesting the gfNLRP3rel associated with
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gfASC. Surprisingly, the gfNLRP3rel- and ASC-formed “ring” structure was phenotypically
different from the inflammasome macromolecular complex “ring” structure in LPSprimed THP-1 cells, where the NLRP3 formed a smaller ring-like structure within the ASC
ring, rather than surrounding ASC specks as observed in goldfish (442). These
differences imply that the teleost NLRP3rel molecule and ASC inflammasome assembly
may be different from the mammalian NLRP3 inflammasome assembly. The NLRP3rel
and ASC association was further confirmed using co-IP. Given that the gfASC can also
associate with gfcaspase-1, these results suggest that the NLRP3rel molecule
participates in inflammasome formation in teleosts.
Nigericin is commonly used as an activator of mammalian NLRP3 inflammasome,
caspase-1, and pro-inflammatory cytokine processing and production (149, 150).
Nigericin causes the efflux of intracellular K+ that results in the induction of NLRP3
inflammasome assembly (361, 443, 444), and was shown to induce enhanced
inflammatory responses in Japanese pufferfish (116). To examine the activators of
NLRP3rel in goldfish, I treated goldfish primary kidney macrophages with nigericin, ATP,
LPS, and two fish pathogens, heat-killed A. salmonicida and heat-killed or live M.
marinum. I observed that gfNLRP3rel expression, like its mammalian counterpart, was
induced by nigericin, ATP and LPS, but not by heat-killed Gram negative or Gram positive
bacteria. Interestingly, gfNLRP3rel mRNA levels were down-regulated when
macrophages were treated with live M. marinum. That live M. marinum did not activate
the expression of goldfish macrophage NLRP3rel may be an evasion strategy by the
mycobacteria to avoid being killed by activated macrophages. It has been shown that M.
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tuberculosis has evolved mechanisms to interfere with NLRP3 inflammasome function in
mammals (445), using the ESX-1 and ESX-5 secretion system to avoid host cell death and
NLRP3 inflammasome activation (446–448).
The end result of the NLRP3 pathway is the release of pro-inflammatory
cytokines, including IL-1β and IL-18 (207), as well as pyroptosis that promotes the
translocation of HMGB1 from nucleus into cytoplasm and its release into the
extracellular milieu (251, 423). Consistent with what is known about the inflammasome
activation in mammals, my results showed that IL-1β1 and HMGB1 were produced after
treatment of goldfish macrophages with nigericin, and that the caspase inhibitor
blocked the nigericin-induced IL-1β1 and HMGB1 production.
In this chapter, I identified and functionally characterized for the first time the
gfNLRP3rel molecule in a lower vertebrate. I provided evidence that nigericin induced
the expression of gfNLRP3rel in goldfish macrophages, and that gfNLRP3rel associated
with downstream molecules of the inflammasome signaling pathway. Thus, my results
suggest that the gfNLRP3rel molecule is functionally similar to the NLRP3 inflammasome
of mammals. Further studies are required to fully elucidate the NLRP3rel inflammasome
machinery in bony fish macrophages.
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Table 6.1. Percent identity between goldfish NLRP3rel and NLRC3, NLRP3 and NLRP12
homologous of other organisms (aa)
Species
Barbel NLRP3-like isoform X1
Barbel NLRP3-like isoform X2
Barbel NLRP3-like isoform X3
Barbel NLRP3-like isoform X4
Barbel NLRP3-like
Barbel NLRP12-like
Zebrafish NLRP12-like
Barbel NLRC3-like
Northern pike NLRC3-like
Zebrafish NLRC3-like
Atlantic salmon NLRP3-like
Atlantic herring NLRP12-like
Zebrafish NLRP3-like
Salmon NLRP12-like isoform X2
Mexican tetra NLRP12-like
Herring NLRP3-like
Olive flounder NLRC3
Pufferfish NLRC3
Atlantic salmon NLRP3 isoform X1
Chick NLRC3 isoform X2
Chick NLRC3 isoform X3
Chick NLRC3 isoform X1
Nile tilapia NLRC3
Mouse NLRC3
Human NLRP12
Human NLRC3
Mouse NLRP12
Zebrafish NLRC3
Mouse NLRP3
Human NLRP3
Chick NLRP3

Identity (%)
86%
86%
86%
86%
84%
64%
62%
41%
40%
40%
39.1%
38%
37.7%
37%
37%
36.7%
35%
31.3%
30.6%
26.7%
26.4%
26.3%
25.9%
25.8%
25.8%
25.7%
25.1%
24.7%
23.8%
23.5%
17.8%
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(Continued)

Figure 6.1. Nucleotide and predicted aa sequence of goldfish NLRP3rel cDNA.
The start and stop codons are boxed, fish-specific NACHT associated domain is
highlighted in light grey, the NACHT domain is highlighted in dark grey, the leucine rich
repeats are underlined, SPRY-associated domain is double underlined and the SPRY
domain is wave underlined. The RNA instability motif is highlighted in bold (ATTTA).
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Figure 6.2. Phylogenetic analysis of goldfish NLRP3rel and other mammalian and
teleost NLRC3, NLRP3, NLRP12 and their homologues.
NLRP3rel amino acid sequences were aligned by using CLUSTAL-W program and
unrooted phylogenetic tree was constructed using the neighbor-joining method of the
MEGA 6.06 program. The tree was bootstrapped 10,000 times. The full length of NLRP3
or its homologous amino acid sequences used were: Zebrafish NLRP3-like
XP_003200356.3, Atlantic salmon NLRP3-like XP_014057972.1, Herring NLRP3-like
XP_012693427.1, Herring NLRP3-like isoform X1 XP_016326144.1, Herring NLRP3-like
isoform X2 XP_016326146.1, Herring NLRP3-like isoform X3 XP_016326147.1, Herring
NLRP3-like isoform X4 XP_016326148.1, Atlantic salmon NLRP3 isoform X1
XP_014013679.1, Chick NLRP3 AHY19021.1, Mouse NLRP3 NP_665826.1, Human NLRP3
AAI43360.1, Zebrafish NLRC3-like XP_017211127.1, Zebrafish NLRC3 XP_009295904.1,
Barbel XP_016386998.1, Northern pike XP_012986783.1, Nile tilapia NLRC3
XP_003438651.1, Olive flounder NLRC3 ADX66441.1, Pufferfish NLRC3 CAG12481.1,
Chick NLRC3 isoform X1 XP_015150161.1, Chick NLRC3 isoform X2 XP_015150162.1,
Chick NLRC3 isoform X3 XP_015150163.1, Mouse NLRC3 Q5DU56.2, Human NLRC3
ACP40993.1, Salmon NLRP12-like isoform X2 XP_014000883.1, Atlantic herring NLRP12like XP_012682165.1, Mexican tetra NLRP12-like XP_007235406.1, Barbel NLRP12-like
XP_016420278.1, Zebrafish NLRP12-like XP_017213894.1, Mouse NLRP12 AAI16254.1,
Human NLRP12 AAH28069.1.
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Figure 6.3. Quantitative analysis of goldfish NLRP3rel expression in different tissues
and immune cell populations obtained from normal goldfish.
(A) Goldfish NLRP3rel tissue distribution analysis. The expression of goldfish NLRP3rel
was measured relative to endogenous control gene, elongation factor 1 alpha (EF-1α).
Relative tissue expression was determined using tissues from four fish (n = 4), and QPCR was done in triplicate for each tissue. All results were normalized against the
muscle NLRP3rel mRNA levels (L = liver, M = muscle, H = heart, G = gill, K = kidney, I =
intestine, S = spleen, B = brain). (B) Goldfish NLRP3rel expression in different immune
cell populations. Relative immune cell population expression was determined using cells
from four fish (n = 4), and Q-PCR was done in triplicate for each immune cell population.
All results were normalized against the monocyte NLRP3rel mRNA levels. Statistical
analysis was performed using one-way ANOVA followed by Dunnett’s post-hoc test.
Different letters above each bar denote statistically different (P < 0.05), and the same
letter indicates no statistical differences between groups.
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Figure 6.4. Quantitative expression and Western blot analysis of goldfish NLRP3rel in
macrophages treated with different stimuli.
(A and B) Quantitative expression of goldfish NLRP3rel in macrophages treated with
either PBS or DMSO (controls), nigericin, ATP, lipopolysaccharide (LPS), heat-killed A.
salmonicida, heat-killed or live M. marinum. The expression of NLRP3rel was examined
relative to the endogenous control gene, elongation factor 1 alpha (EF-1α). The
expression values were normalized against those of PBS at 6 h. The results are shown as
the mean ± SEM of macrophage from cultures established from four individual fish (n =
4). The asterisk (*) indicates the significant difference at P < 0.05 compared to the 6 h or
12 h time point. (C and D) Western blot analysis of goldfish NLRP3rel in macrophages
treated with either PBS or DMSO (controls), nigericin, ATP, LPS, heat-killed A.
salmonicida, heat-killed or live M. marinum. The treated macrophages were washed
three times with PBS and lysed with 100 µL of NP-40 buffer and then subjected to
Western blot analysis using anti-CT-NLRP3rel antibody or anti-β-actin antibody. β-actin
was used as a loading control. Results are from a representative experiment that was
repeated three times showing similar results. (E) Quantified ratios of NLRP3rel protein
to β-actin in treated macrophages, compared to PBS at 6 h. The results are shown as the
mean ± SEM of macrophage from cultures established from three individual fish (n = 3).
The asterisk (*) indicates the significant difference at P < 0.05 compared to the PBS at 6
h or 12 h time point (HkAs, heat-killed A. salmonicida; HkMm, heat-killed M. marinum;
LMm, live M. marinum). The pound sign (#) denotes the significant difference at P < 0.05
between 6 h and 12 h treated groups.
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Figure 6.5. SDS-PAGE and Western blot analysis of recombinant CT-NLRP3rel.
Lane 1: protein ladder; Lane 2: SDS-PAGE analysis of Coomassie blue stained of purified
recombinant CT-NLRP3rel; Lane 3 and 4: Western blot of purified recombinant CTNLRP3rel using anti-His antibody and anti-CT-NLRP3rel IgG antibody, respectively.
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Figure 6.6. Mass spectrometry analysis of SUMO-CT-NLRP3rel protein.
86/175 amino acids (49% coverage) were achieved out of total 161 spectra. The purified
SUMO-CT-NLRP3rel was fractionated with SDS-PAGE gel and then the excised gel digests
were analyzed by nano LC/MS/MS with a Waters NanoAcquity HPLC system interfaced
to a ThermoFisher Q Exactive. Peptides were loaded on a trapping column and eluted
over a 75μm analytical column at 350nL/min; both columns were packed with Jupiter
Proteo resin (Phenomenex). The mass spectrometer was operated in data-dependent
mode, with MS and MS/MS performed in the Orbitrap at 70,000FWHM and 17,500
FWHM resolution, respectively. The fifteen most abundant ions were selected for
MS/MS. Data were searched using a local copy of Mascot and the Mascot DAT files were
parsed into the Scaffold software for validation, filtering and to create a non-redundant
list per sample. Data were filtered using a minimum protein value of 90%, a minimum
peptide value of 50% and requiring at least two unique peptides per protein. The
highlighted area shows the sequences confirmed by MS/MS.
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Figure 6.7. Confocal microscopy analysis of goldfish NLRP3rel and ASC in HEK293 cells.
HEK293 cells (1 x 105/well) were co-transfected with 1 μg of either GFP-empty or GFPASC and DsRed-NLRP3rel. After 48h, cells were washed twice with PBS before being
fixed in 4% PFA for 15 min at room temperature. Cells were mounted on slides using
Fluoroshield mounting media containing DAPI. Slides were viewed using a laser scanning
confocal microscope. Green fluorescence, red fluorescence, and blue fluorescence were
visualized in the same field (Merge). Cells were co-transfected with GFP-empty and
DsRed-NLRP3rel as control (A and B). Non co-localized green and red signals were
detected. The boxed area of Figure 6.7A was enlarged and shown as Figure 6.7B. Cells
were co-transfected with GFP-ASC and DsRed-NLRP3rel and “ring” structures were
detected (C and D). The boxed area of Figure 6.7C was enlarged and shown as Figure
6.7D. Quantification of “ring” structure per 100 co-transfected cells (E). Image and
quantification results are depicted from a representative field taken after three
independent experiments were performed. Scale bars equal 10 μm.
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Figure 6.8. Goldfish NLRP3rel associates with ASC in HEK293 cells.
(A) Western blot analysis of His-empty, His-ASC, GFP-empty and GFP-NLRP3rel in
HEK293 cells. Lane 1 and 2: Western blot analysis of His-empty and His-ASC using antiHis antibody, respectively. Lane 3 and 4, Western blot analysis of GFP-empty and GFPNLRP3rel using anti-GFP antibody, respectively. (B) The total cell lysate was prepared
from co-transfected cells and incubated with anti-His antibody or anti-GFP antibody. The
precipitated immune complexes were subjected to western blot analysis using either
anti-GFP antibody or anti-His antibody, respectively. Control samples are represented by
cells co-transfected with His-empty and GFP-NLRP3rel. (IP = immunoprecipitation; IB =
immunoblotting)
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Figure 6.9. Evaluation of LDH release in goldfish macrophages treated with nigericin
for 12 h with or without a pre-treatment of pan-caspase inhibitor (Q-VD-OPH) for 3 h.
The induced LDH release was determined by LDH cytotoxicity assay kit. The results are
mean ± SEM of primary macrophage cultures established from four individual fish (n = 4).
(*) denotes significantly different (P < 0.05) from the control group (untreated) and
Tukey’s post-hoc analysis. The pound sign (#) denotes the significant difference at P <
0.05 between with and without Q-VD-OPH treated groups.
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Figure 6.10. Western blot and quantitative densitometry analysis of Caspase-1,
HMGB1 and IL-1β1 in goldfish macrophages treated with either PBS, DMSO or
nigericin for 12 h with or without pre-treatment of 100 µM Q-VD-OPH for 3 h.
(A) Western blot analysis of goldfish Caspase-1, HMGB1 and IL-1β1 in macrophages
treated with either PBS or DMSO (controls), nigericin. Each treatment group consisted of
1 x 106 cells in the final volume of 500 µL of complete medium. After treatment, cells
were washed three times with PBS and lysed with 100 µL of NP-40 buffer and then
subjected to western blot analysis using anti-caspase-1 antibody or anti-HMGB1
antibody or anti-IL-1β1 antibody. β-actin was used as a loading control. Results are from
a representative experiment that was repeated three times showing similar results. (B, C
and D) Quantified ratios of caspase-1 (B), Pro-IL-1β1 (C) and HMGB1 (D) protein to βactin in treated macrophages, compared to the PBS without Q-VD-OPH treated group.
The results are shown as the mean ± SEM of macrophage from cultures established from
three individual fish (n = 3). The asterisk (*) indicates the significant difference at P <
0.05 compared to the PBS without Q-VD-OPH treated group. The pound sign (#) denotes
the significant difference at P < 0.05 between with and without Q-VD-OPH treated
groups.
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CHAPTER VII: CHARACTERIZATION OF APOPTOSIS-ASSOCIATED
SPECK-LIKE (ASC) MOLECULE OF THE GOLDFISH (Carassius
auratus L.) 1 3

7.1. INTRODUCTION
ASC was first identified as TMS-1, that confers a survival advantage by allowing
cells to escape from apoptosis (205). The ability of ASC to regulate apoptosis has been
shown to be primarily associated with the caspase recruitment domain (CARD), via
homologous CARD-CARD domains interaction (206). As a CARD-and PYD-containing
molecule, ASC was shown to function as an adaptor molecule that transduces the
signaling after inflammasome activation in mammals (210, 449–451). The ASC has been
cloned in zebrafish (Danio rerio) (452), mandarin fish (Siniperca chuatsi) (215) and
Japanese flounder (Paralichthys olivaceus) (216). However, the functional roles of ASC in
the NLR signaling pathways in bony fish remain to be elucidated.
Inflammasomes have been identified as a family of multi-protein complexes that
are formed upon recognition of PAMPs and DAMPs. The recognition of a diverse range
of microbial, stress and damage signals by inflammasomes results in direct activation of
caspase-1 through ASC. Activated caspase-1 processes the cytosolic precursors of IL-1β
and IL-18, thus allowing for maturation and eventual secretion of the biologically active

1 A version of this chapter

has been published: Xie, J., Belosevic, M., 2016. Function characterization
of apoptosis-associated spec-like protein (ASC) of the goldfish (Carassius auratus L.). Developmental
and Comparative Immunology 65:201-210.
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proteins. The inflammasome signaling pathway also induces inflammatory cell death,
known as pyroptosis (17, 313, 453). The results of recent studies indicated that during
pyroptosis, there was translocation of HMGB1 protein from the nucleus into the cell
cytoplasm, and eventual secretion of the HMGB1 by immune cells in response to a
variety of exogenous and endogenous danger signals (251, 423). Importantly, genetic
deletion of inflammasome components in mammalian cells severely impaired HMGB1
release during endotoxemia or bacteriemia (251, 423). Although there are no specific
reports on the functional characterization of inflammasomes in bony fish and the
existence of teleost inflammasome remains controversial, a lot of automated
computational predictions of NACHT, LRR and PYD domains-containing protein (NLRP)
isoforms are present in the Genbank database, such as NLRP3 (XP_017212365.1),
NLRP3X1 (XP_017206752.1), NLRP12 (XP_009299711.1), NLRP12-like (XP_009289652.1)
and their homologues in zebrafish. In addition, the inflammasome downstream proteins
have been identified in bony fish, including caspase-1 in zebrafish and seabream (197,
227, 229) and functional HMGB1 protein in the goldfish (see Chapter VIII) (194).
In addition to the inflammasome pathway, ASC is involved in NOD-like receptor
signaling pathway, by interacting with another CARD domain molecule, RIP2 (104, 214).
In mammals, it has been demonstrated that ASC up-regulated NF-κB activation upon cotransfection with other PYD family proteins, such as cytopyrin and PYRAIN-containing
Apaf-1-like proteins (PYPAF1-7) (177, 182, 213). ASC was shown to also down-regulate
NF-κB by modifying RIP2 interaction with pro-caspase-1 after LPS stimulation (104).
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Moreover, an ASC-RIP2 axis has been proposed for the generation of PGE2 in patients
diagnosed with chronic adult periodontitis (214).
In Chapter V, I reported on the functional characterization of goldfish RIP2 and
showed that it played a central role in the regulation of NOD1 and NOD2 pathways, by
mediating the downstream molecules following the exposure of macrophages to Grampositive and Gram-negative bacteria. Given that ASC appears to be a central molecule in
the regulation of both the inflammasome and NOD1/NOD2 pathways in mammals, I
examined its role in teleost fish by first elucidation the gfASC cDNA sequence followed
by the quantification of its expression in tissues and immune cell populations obtained
from normal goldfish, and after exposure of macrophages to bacterial pathogens.
Subsequently the associations of the recombinant proteins, rgfASC and rgfRIP2 and
rgfASC and caspase-1 of the goldfish, were also examined using cross-linking and coimmunoprecipitation assays and/or confocal microscopy.

7.2. RESULTS
7.2.1. Sequence analysis and characterization of gfASC
The gfASC cDNA was identified by transcriptomic analysis of goldfish spleen
obtained from fish infected with M. marinum. It consisted of 869 bp with a 603 bp ORF
encoding a polypeptide of 200 aa, a 5’ untranslated region (UTR) of 57 bp and 3’ UTR of
209 bp (Fig. 7.1). No signal peptide was predicted. Sequence analysis of the UTR regions
revealed the presence of a RNA instability region (ATTTA) in the 3’ UTR (Fig. 7.1). Pfam
analysis indicated that the predicted protein contained a PYRIN domain (6-84 aa) and
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CARD domain (116-199 aa) (Fig. 7.1). Theoretical isoelectronic point (pI) and molecular
mass of goldfish ASC was 5.61 and 22 kDa, respectively. Phylogenetic analysis revealed
goldfish ASC shared the closest relationship to that of zebrafish among all the fish
species analyzed. The ASC proteins of the fish species branched independently to the
ASCs of the other higher vertebrates, including African clawed flog, mouse and human
(Fig. 7.2). Surprisingly, goldfish ASC did not share very high amino acids identity with
other teleost and mammalian species (Table 7.1).

7.2.2. Analysis of ASC expression in normal goldfish tissues
The expression levels of ASC in various tissues including brain, gill, heart,
intestine, kidney, liver, muscle and spleen were investigated using Q-PCR. The results
showed gfASC transcripts were ubiquitously expressed in all examined tissues and the
highest and lowest expressions were detected in spleen and muscle, respectively (Fig.
7.3).

7.2.3. Analysis of ASC expression in non-stimulated goldfish immune cell populations
The expression level of ASC was determined in different goldfish immune cell
populations (Fig. 7.4). The cell population examined included PBLs, kidney-derived
neutrophils, splenocytes, and kidney-derived monocytes and mature macrophages. As
shown in Fig. 7.4, the highest expression levels of ASC were in mature macrophages,
lower mRNA levels were observed in PBLs, monocytes and splenocytes, while the lowest
ASC mRNA levels were detected in the neutrophils.
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7.2.4. Analysis of gfASC expression in macrophages treated with bacteria and chemical
stimuli
ASC has been well documented as an adaptor molecule involved in
inflammasome assembly, caspase activation and pro-inflammatory cytokine processing
(207, 210, 211). Given that inflammasomes can be activated by a wide range of PAMPs
and DAMPs (450), I examined whether gfASC was activated by the inflammasome
activators, LPS, nigericin and ATP. As shown in Fig. 7.5A, the ASC mRNA levels were
significantly up-regulated only when macrophages were treated with nigericin, and not
by the other two reagents (Fig. 7.5A). Interestingly, there were no changes in the mRNA
levels of gfASC in macrophages exposed to either heat-killed or live pathogens (Fig 7.5B).
The gfASC protein level was also up-regulated when macrophages were treated with
nigericin (Fig. 7.5C and E) and heat-killed A. salmonicida and M. marinum (Fig. 7.5D and
E).

7.2.5. Recombinant gfASC expression, purification and antibody characterization
To examine the function of gfASC, I expressed the rgfASC in E. coli and purified it
using the magneHis protein purification system. A single band with the molecular weight
of approximately 40 kDa including a six-histidine tag and SUMO fusion protein at the Nterminus was indicated by SDS-PAGE analysis (Fig. 7.6). The recombinant protein
identity was further confirmed by Western blot analysis using anti-His antibody, rabbit
anti-rgfASC IgG and mass spectrometry (Figs. 7.6 and 7.7).
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7.2.6. Co-localization analysis of rgfASC
In mammals, ASC was originally described as a speck-like molecule as it was
observed as ASC foci under fluorescent microscope (454). To determine whether
goldfish ASC formed specks, I transfected GFP-empty and GFP-gfASC into HEK293 cells;
The aggregated ASC as foci structures similar to those reported in mammals were
observed (Figs. 7.8A and 7.8B). In addition, expression of GFP-ASC and DsRed-ASC in
HEK293 cells resulted in the oligomerization and co-localization of GFP-ASC and DsRedASC, indicating rgfASC can oligomerize and co-localize as a speck (Fig. 7.8B). No colocalized GFP-empty and DsRed-ASC specks were observed when the cells were cotransfected with the GFP-empty and DsRed-ASC (Fig. 7.8A). Trials to detect the
oligomerized speck structure using anti-ASC-IgG and goat anti-Rabbit-IgG Cy5
conjugated antibodies in non-stimulated and stimulated goldfish macrophages were
unsuccessful, as a strong non-specific signal was detected in goldfish macrophages.

7.2.7. Oligomerization of goldfish rgASC
I performed in vitro cross-linking studies to determine whether the rgfASC was
capable of multimerization, which has been reported for mammalian ASC (210, 211,
451). The cells transfected with either His-empty or His-ASC were incubated in the
absence or in the presence of the cross linker DSS, resolved by SDS-PAGE and visualized
by Western blot analysis using anti-His or anti-rgfASC IgG antibodies. The results showed
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that non cross-linked rgASC resolved as a monomer and the cross-linked rgASC
appeared to be a multimer (Fig. 7.9).

7.2.8. RgfASC associates with RIP2 and caspase-1
The CARD domain-containing molecules RIP2 and caspase-1 have been reported
to associate with ASC in mammals (104, 214). To investigate the associations between
ASC and RIP2 and caspase-1, I performed co-IP assays after transfection of either Hisempty (control) or His-ASC with GFP-RIP2 or GFP-caspase-1 in HEK293 cells. Following
the transfection, the expression of His-ASC, GFP-empty, GFP-RIP2 and GFP-caspase-1
was determined by Western blot using anti-His or anti-GFP antibody. As shown in Fig.
7.10B, His-ASC was co-precipitated with anti-GFP antibody when co-transfected with
either GFP-RIP2 or GFP-caspase-1 plasmid, while the His-empty and GFP-RIP2/caspase-1
co-transfected groups did not show precipitated complexes (Fig. 7.10B). These results
indicate that rgfASC associated with RIP2 and caspase-1 in vitro. However, there was a
non-specific band in the of Fig. 7.10B, tnat may be due to the non-specific bindings of
anti-His antibody with degraded protein from HEK293 cells. A mass spectrometry
analysis should be performed to identify this protein in future.

7.2.9. RgfASC cooperates with RIP2, but not caspase-1, to regulate NF-κB activity
Goldfish RIP2 has been implicated in NF-κB activation (117) (Chapter V). To
further examine whether ASC protein was involved in the activation of NF-κB and its
relationship with RIP2/caspase-1, I transfected HEK293 cells with various plasmids as
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indicated in section 3.10.2. Unlike the transfection with His-RIP2, transfection with
either His-ASC or His-caspase-1 did not activate NF-B; However, the co-transfection
with His-ASC and His-RIP2 downregulated RIP2-induced NF-B activity (Fig. 7.11). In
contrast, co-transfection with caspase-1 has no effects on RIP2-induced NF-B activity
(Fig. 7.11).

7.3. DISCUSSION
ASC is a pivotal molecule of the inflammasome signaling pathway in mammals
(450). The PYD has been identified as a member of the death domain-fold family
implicated in apoptosis and inflammation (453). Through the homotypic PYD-PYD
domain interactions, PYD-containing molecules can regulate inflammatory signaling in
myeloid cells (455, 456). In recent years, PYD-containing molecules have gained
particular attention because of its role in controlling the delicate balance between
survival and death through regulation of the NF-κB and caspase activation, and
especially in regulating the inflammasome signaling pathways (104). Taken together,
and considering the functions of PYD and CARD, ASC proved to be a critical molecule in
regulating NF-κB, pro-inflammatory cytokine release and pyroptosis in mammals (210,
449–451). To date, a comprehensive functional characterization of the ASC has not been
done in teleosts. The gfASC shared the highest identity with the zebrafish ASC and
contained two typical functional domains, PYD and CARD. Relatively little is known
regarding the function of PYD containing molecules in primitive vertebrates such as
bony fish.
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The expression pattern of ASC has been well examined in mammals, with the
higher mRNA levels in the spleen and small intestine, and relatively lower mRNA levels
in the brain and heart (452, 457). The pattern of ASC expression in goldfish tissues was
similar to what has been reported for mammals, but is in contrast to the expression
pattern of ASC reported for mandarin fish, where higher ASC mRNA levels were
observed in the head kidney, spleen and hind kidney (215). The gfASC mRNA levels were
also quantified in different immune cell populations of the goldfish. Among the immune
cell populations examined, macrophages, PBLs and monocytes exhibited higher ASC
mRNA levels than splenocytes and neutrophils. Higher ASC expression has also been
observed in CD14-positive monocytes, PBLs and mucosal epithelial cells of mammals
(452).
ASC was originally identified as a speck-like molecule that forms insoluble
aggregates and enhances drug (etoposide)-induced apoptosis (452, 457). The ASC speck
is indicative of initiation of pyroptosis, a pro-inflammatory cell death driven by caspase1, and the ASC specks formation and pyroptosis are normally induced by variety of
intracellular pathogens or by exposure to PAMPs or DAMPs (210, 424, 458, 459).
The caspase-1 activation is controlled by ASC via two distinct mechanisms: (i) the
formation the multiprotein complexes called inflammasomes; and (ii) the
oligomerization of ASC monomers into a cytosolic speck, called “pyroptosome” (210,
450). I report that goldfish ASC can form such oligomerized structures in appropriately
stimulated kidney-derived macrophages. By co-transfecting GFP- and DsRed-ASC, I
observed co-localized ASC complexes in HEK293 cells, indicating gfASC aggregate to
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form the oligomerized structures in the goldfish. My findings are similar to those of Sun
and colleagues (215) who reported the speck-like structures of mandarin fish ASC, using
an overexpression system in eukaryotic cells. These observations are supported by
cross-linking assay findings that indicated that goldfish recombinant ASC (rgfASC)
aggregated to form multimer complexes in vitro. Surprisingly, we did not detect any
dimeric ASC, instead most of the oligomerized ASC formed a multimeric structures. As
there were no reports regarding the oligomerized ASC structures in teleost, we propose
this might be an evolutional difference between teleosts and mammals. Taken together,
these findings suggest that the ASC-dependent formation of pyroptosome may be
conserved in bony fish and presumably is responsible for the initiation of pyroptosis.
Further studies are required to elucidate pyroptosis in immune cells, as well as the
relationship of pyroptosome and pyroptosis in bony fish. However, since I performed
the cross-linking studies in HEK293 cells in the presence of DSS, there is a possibility that
the detected oligomerized ASC complex may involve other as yet non-indetified proteins.
In future, a mass spectrometry analysis should be used to confirm the oligomereized
ASC.
Goldfish ASC expression was assessed in goldfish macrophages in response to
different stimuli, including LPS, ATP, nigericin, and two fish pathogens, A. salmonicida
and M. marinum. These stimuli are known inducers of mammalian inflammasomes and
have been shown to be able to activate the canonical inflammasome pathway, which
leads to ASC recruitment, caspase-1 activation, pyroptosis and pro-inflammatory
cytokine processing (210, 450). Of the stimuli tested, nigericin was the best activator of
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ASC in goldfish macrophages, inducing high ASC mRNA and protein levels. Nigericin, is
an antibiotic derived from Streptomycles hygroscopicus, and has been shown to activate
NLRP3 inflammasome in LPS-primed macrophages with features of caspase-1 activation,
caspase-1 mediated pyroptosis and IL-1β secretion (424).
After exposure of macrophages to different pathogens, only heat-killed M.
marinum induced a strong up-regulation of ASC protein but not ASC mRNA. Interestingly,
live M. marinum did not induce elevated ASC mRNA and protein levels. Our lab
previously reported that the survival of M. marinum in goldfish macrophages was
dependent on its ability to down-regulate the antimicrobial armamentarium of goldfish
macrophages (380, 381). It is possible that live M. marinum suppresses the
inflammasome signaling pathway by down-regulating ASC expression. This potential
immune evasion mechanism would ensure the abolition of pyroptosis, allowing the
relatively slow-growing mycobacteria to survive in their host cells. Based on my
preliminary observations, the elevated ASC protein level may be related to the upstream
inflammasome activation in goldfish macrophages, and suggest that teleosts may have a
functional inflammasome pathway.
Upon inflammasome activation, ASC as an adaptor molecule regulates the
conversion of pro-caspase-1 to generate active caspase-1, that then cleaves pro-IL-1β
and pro-IL-18 to generate the bioactive forms of the cytokines (142, 144, 164, 210, 450).
To assess the possible associations between ASC can caspase-1, I performed co-IP assays
and found that goldfish ASC and caspase-1 associated with each other, suggesting that
ASC may function as an adaptor molecule in teleost inflammasome pathway. In addition
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to playing a central role in the inflammasome pathway, ASC has been shown to interact
with the NOD1/NOD2 signaling pathway through another CARD domain-containing
molecule, RIP2 (460). This interaction is partially associated with caspase-1 through
direct protein-protein bindings, which has been reported to affect both NOD1/NOD2
and inflammasome pathways (105, 460). Two mechanisms have been postulated for the
physiological consequences of these interactions: (a) down-regulation of the NF-κB
activation by modifying RIP2; and (b) induction of caspase-1 activation for the
processing of IL-1β (104). Previously, I reported that recombinant goldfish RIP2 activated
NF-κB signaling pathway and associated with both NOD1 and NOD2 receptors, resulting
in the production of pro-inflammatory mediators (117). It appears that that RIP2
mediated NF-κB activation and the cross-talk with caspase-1 may also exist in teleosts. I
demonstrated that ASC plays a central role in the communications between RIP2 and
caspase-1, by binding to both RIP2 and caspase-1. Future studies are required to
examine the physiological context of the demonstrated dual functionality of ASC in bony
fish.
ASC has also been shown to induce NF-κB activation in conjunction with
cytopyrin and PYPAF7 (182, 213). This is similar to what has been reported in mandarin
fish (215). Surprisingly, I found overexpressed gfASC did not activate NF-κB in HEK293
cells. However, gfASC affected the gfRIP2 ability to activate NF-κB, suggesting a possible
inhibitory role of ASC in NF-κB activation. That ASC down-regulated NF-κB activity is
consistent with the observations that overexpression of ASC in the presence of RIP2 and
caspase-1 in HEK293 cells inhibited NF-κB in mammals (104). These authors suggested
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that the mechanism of ASC inhibition of RIP2-induced NF-κB activation is through the
competition of ASC and RIP2 for binding caspase-1 (104). I did not observe a caspase-1mediated effect with regards to NF-κB activation, suggesting that the mechanism of ASC
inhibition of RIP2-induced NF-κB activation may differ between mammals and fish.
My findings suggest that ASC may act as a regulator controlling NOD1/NOD2
signaling pathways (via associations with RIP2), inflammasome pathway (via associations
with caspase-1), and pyroptosis (via ASC spec formation and pyroptosome formation).
Further studies are required to elucidate the precise role of teleost ASC in
inflammasome machinery and caspase-1 regulation of pro-inflammatory cytokine
production in teleosts.
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Table 7.1. Percent identity between goldfish ASC and that of other organisms (aa)
Species
Zebrafish
Salmon
Rainbow trout
Northern pike
Spotted gar isoform X1
Spotted gar isoform X2
Mouse
African clawed frog
Human isoform A
Human isoform B

Identity (%)
53
45
44
41
40
38
35
33
34
32
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Figure 7.1. Nucleotide and predicted aa sequence of goldfish ASC cDNA.
The start and stop codons are boxed, the pyrin domain (PYD) is highlighted in light grey,
the caspase recruitment domain (CARD) is highlighted in dark grey. The RNA instability
motifs are underlined (ATTTA).
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Figure 7.2. Phylogenetic analysis of goldfish ASC.
ASC amino acid sequences were aligned by using CLUSTAL-W program and unrooted
phylogenetic tree was constructed using the neighbor-joining method of the MEGA 6.06
program. The tree was bootstrapped 10,000 times. The full length of ASC amino acids
sequences used were: Zebrafish NP_571570.2, Salmon ACH70765.1, Rainbow trout
ACO07786.1, Northern pike ACO13817.1, Spotted gar X1 XP_003451301.1, Spotted gar
X2 XP_005456118.1, Mouse NP_075747.3, Human isoform a NP_037390.2, Human
isoform b NP_660183.1, African clawed frog NP_001086388.1.
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Figure 7.3. Quantitative analysis of goldfish ASC expression in different tissues
obtained from normal goldfish.
The expression of goldfish ASC was measured relative to endogenous control gene,
elongation factor 1 alpha (EF-1α). Relative tissue expression from four individual fish (n
= 4), Q-PCR was done in triplicate for each tissue. All results were normalized against the
muscle ASC mRNA levels (L = liver, M = muscle, H = heart, G = gill, K = kidney, I =
intestine, S = spleen, B = brain). Statistical analysis was performed using one-way
ANOVA followed by Dunnett’s post-hoc test. Different letters above each bar denote
statistically different (P < 0.05), and the same letter indicates no statistical differences
between groups.
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Figure 7.4. Quantitative analysis of goldfish ASC expression in different immune cell
populations obtained from normal goldfish.
Cell cultures were established from four fish (n = 4), Q-PCR was done in triplicate for
each immune cell population. All results were normalized against the neutrophils ASC
mRNA levels. Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s post-hoc test. Different letters above each bar denote statistically different (P
< 0.05), and the same letter indicates no statistical differences between groups.
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Figure 7.5. Quantitative expression and Western blot analysis of goldfish ASC in
macrophages treated with different stimuli.
(A and B) Quantitative expression of goldfish ASC in macrophages treated with either
PBS, or DMSO, Nigericin, ATP, lipopolysaccharide (LPS), heat-killed A. salmonicida, heatkilled or live M. marinum. The expression of ASC was examined relative to the
endogenous control gene, elongation factor 1 alpha (EF-1α). The expression values were
normalized against those at the 6 h. The results are the mean ± SEM of primary
macrophage cultures established from four individual fish (n = 4). The asterisk (*)
indicates the significant difference at P < 0.05 compared to the 6 h time point. (C and D)
Western blot analysis of goldfish ASC in macrophages treated with either PBS, or DMSO,
Nigericin, ATP, LPS, heat-killed A. salmonicida, heat-killed or live M. marinum. The
treated macrophages were washed three times with PBS and lysed with 100 µL of NP-40
buffer and then subjected to western blot analysis using anti-ASC antibody or anti-βactin antibody. β-actin was used as a loading control. Results are from a representative
experiment that was repeated three times showing similar results. (E) Quantified ratios
of ASC protein to β-actin in treated macrophages, compared to PBS at 6 h. The results
are shown as the mean ± SEM of macrophage from cultures established from three
individual fish (n = 3). The asterisk (*) indicates the significant difference at P < 0.05
compared to the PBS at 6 h or 12 h time point (HkAs, heat-killed A. salmonicida; HkMm,
heat-killed M. marinum; LMm, live M. marinum).
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Figure 7.6. SDS-PAGE and Western blot analysis of recombinant ASC.
Lane 1: protein ladder; Lane 2: SDS-PAGE analysis of commassie blue stained of purified
recombinant SUMO-ASC; Lane 3: Western blot of purified recombinant SUMO-ASC using
anti-His antibody.
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Figure 7.7. Mass spectrometry analysis of SUMO-ASC protein.
258/319 amino acids (81% coverage) were achieved out of total 230 spectra. The
purified SUMO-ASC was fractionated with SDS-PAGE gel and then the excised gel digests
were analyzed by nano LC/MS/MS with a Waters NanoAcquity HPLC system interfaced
to a ThermoFisher Q Exactive. Peptides were loaded on a trapping column and eluted
over a 75μm analytical column at 350nL/min; both columns were packed with Jupiter
Proteo resin (Phenomenex). The mass spectrometer was operated in data-dependent
mode, with MS and MS/MS performed in the Orbitrap at 70,000FWHM and 17,500
FWHM resolution, respectively. The fifteen most abundant ions were selected for
MS/MS. Data were searched using a local copy of Mascot and the Mascot DAT files were
parsed into the Scaffold software for validation, filtering and to create a non-redundant
list per sample. Data were filtered using a minimum protein value of 90%, a minimum
peptide value of 50% and requiring at least two unique peptides per protein. The
highlighted area shows the sequences confirmed by MS/MS.
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Figure 7.8. Co-localization analysis of goldfish ASC in HEK293 cells.
HEK293 cells (1 x 105/well) were co-transfected with 1 μg of either GFP-empty or GFPASC and DsRed-ASC. After 48h, cells were washed twice with PBS before being fixed in 4%
PFA for 15 min at room temperature. Subsequently cells were mounted on slides using
Fluoroshield mounting media containing DAPI. Slides were then viewed with a Laser
Scanning Confocal Microscope. Green fluorescence, red fluorescence, and blue
fluorescence were visualized in the same field (Merge). (A) Cells were co-transfected
with GFP-empty and DsRed-ASC as control. No co-localized green and red signals were
detected (arrowheads). (B) Cells were co-transfected with GFP-ASC and DsRed-ASC and
co-localized green and red signals were detected (arrowheads). Scale bars equal 10 μm.
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Figure 7.9. Oligomerization analysis of goldfish ASC in HEK293 cells.
1 x 105 HEK293 cells were transfected with 1 μg of either His-empty or His-ASC. After
48h, cells were washed twice with PBS before being incubated in conjugation buffer (20
mM Hepes) and cross-linked for 30 min using 5 mM DSS. The cross-linking reactions
were terminated for 15 min by the addition of 50 mM Tris (Final concentration). The
reactions were then resolved under reducing conditions by SDS-PAGE and visualized by
Western blot using anti-His (Lane 1-4) or anti-ASC (Lane 5-8) antibodies. Lane 1 and 5:
Protein lysate of cells transfected with His-empty; Lane 2 and 6: Protein lysate of cells
transfected with His-ASC; Lane 3 and 7: Protein lysate of the cells transfected with Hisempty cross-linked with DSS; Lane 4 and 8: Protein lysate of the cells transfected with
His-ASC cross-linked with DSS;
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Figure 7.10. Goldfish ASC associates with RIP2 (A) and caspase-1 (B) in HEK293 cells.
The total cell lysate was prepared from co-transfected cells and incubated with anti-His
antibody or anti-GFP antibody. The precipitated immune complexes were subjected to
western blot analysis using either anti-GFP antibody or anti-His antibody, respectively.
Control samples are represented by cells co-transfected with pcDNA3.1/V5-His TOPO TA
expression vector (His-empty) and either GFP-RIP2 or GFP-caspase-1. (IP =
immunoprecipitation; IB = immunoblotting)
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Figure 7.11. Goldfish recombinant ASC protein incorporates with RIP2, but not
caspase-1, to regulate NF-κB transcriptional activation.
HEK293 cells were transfected with 200 ng of pNF-B-Luc, 20 ng of pRL-TK reporter
vectors and either 200 ng His-empty, His-ASC, His-caspase-1, His-RIP2, His-ASC and HisRIP2, His-empty and His-RIP2, His-ASC and His-caspase-1, His-ASC and His-RIP2 and Hiscaspase-1, His-empty and His-RIP2 and His-caspase-1, or His-RIP2 and His-caspase-1. At
24 h after transfection, cells were harvested and analyzed using the Dual Luciferase kit
according to manufacturer’s instructions. All values represent three independent
experiments (n = 3). All results were normalized against the His-empty luciferase value.
The asterisk (*) indicates the significant difference at P < 0.05 compared to His empty
for each group. The pound sign (#) denotes the significant difference at P < 0.05
between His-RIP2 and His-ASC & RIP2 co-transfected groups.
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CHAPTER VIII: CHARACTERIZATION OF THE GOLDFISH (Carassius
auratus L.) HIGH MOBILITY GROUP BOX 1 (HMGB1)
CHROMATIN-BINDING PROTEIN 1 6 4

8.1. INTRODUCTION
Unlike most other classical pro-inflammatory cytokines, HMGB1 was identified as
a late mediator of systemic inflammation (249) and was shown to be secreted by
immunocompetent cells, including monocytes, macrophages, neutrophils, and dendritic
cells following infection (256, 257). In mammals, HMGB1 is highly conserved through
evolution (461, 462). Structurally, HMGB1 has two DNA-binding domains, termed A and
B box, and a highly acidic C-terminal region. Primarily, HMGB1 localizes to the nucleus
and functions as a non-histone chromatin-binding protein (247). HMGB1 is also present
in the cytoplasm and can be secreted to extracellular space upon inflammasome and
caspase activation, indicating that HMGB1 also functions outside the nucleus (148, 250,
251). Extracellular HMGB1 triggers inflammatory responses though TLR2 and TLR4
signaling pathways (252). It has been demonstrated that blockade of TLR4 causes the
reduction of cytokine and nitric oxide production, and results in decreased inflammatory
responses in mammals (254, 255). In addition, HMGB1 can also be secreted to

1
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Belosevic, M., 2014. Identification and functional characterization of the goldfish (Carassius auratus
L.) high mobility group box 1 (HMGB1) chromatin-binding protein. Developmental and Comparative
Immunology 44: 245-253
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extracellular environment by passive release from necrotic cells and has been shown to
induce inflammation (463).
In teleost fish, two HMGB1 genes have been characterized in grass carp and their
expression was up-regulated after GCRV infection or viral PAMP (192). HMGB1 has been
demonstrated to function as a secreted cytokine in the case of bacterial infection and
promotes the innate defense through the activation of macrophages in the red drum
(261). Studies in zebrafish showed that HMGB1 was required for brain development
(259) and that it contributed to the regeneration processes after spinal cord injury (260).
In this chapter, I report on the cloning and comprehensive expression and
functional analysis of the goldfish HMGB1. The tissue and immune cell population
expression of goldfish HMGB1 was found to be highest in the brain and splenocytes,
respectively. RgHMGB1 was generated and shown to prime goldfish
monocytes/macrophages for enhanced respiratory burst and nitric oxide responses.
Western blot and quantitative qPCR analysis indicated that goldfish HMGB1 participated
in the antimicrobial responses against Mycobacterium marinum and Aeromonas
salmonicida. Treatment of goldfish macrophages with rgHMGB1 induced elevated
expression of TNFα-2 and IL-1β1 at both mRNA and protein levels. Goldfish HMGB1 also
enhanced NF-κB transcriptional activity.

8.2. RESULTS
8.2.1. Sequence analysis of goldfish HMGB1
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Goldfish HMGB1 cDNA was cloned by PCR amplification and consisted of 1321 bp
with a 615 bp ORF encoding a polypeptide of 204 aa (Accession No. KF638272), a 5’ UTR
of 88 bp and a 3’ UTR of 618 bp (Fig. 8.1). No signal peptide was predicted. Sequence
analysis of the UTR regions revealed the presence of RNA instability regions (ATTTA) in
the 5’ UTR and 3’ UTR (Fig. 8.1). Pfam analysis indicated that the predicted protein
contained a HMG box A domain (5-77 aa) and B domain (94-162 aa) (Fig. 8.1).
Theoretical pI and molecular weight of goldfish HMGB1 was 6.79 and 23.5 kDa,
respectively. In addition, three conserved redox-sensitive cysteines and NLSs were also
detected in the goldfish HMGB1 sequence. Phylogenetic analysis of goldfish HMGB1
demonstrated closest relationship to the Blunt snout bream HMGB1 (Fig. 8.2). HMGB1
proteins of the above fish species branched independently to the HMGB1s of the other
fish species (Fig. 8.2). Fish HMGB1 proteins also share the high aa sequence identity
except red drum (Table 8.1). All known fish HMGB1 proteins, other than for red drum,
branched independently from the HMGB1 protein sequences of higher vertebrates (Fig.
8.2).

8.2.2. Analysis of HMGB1 expression in normal goldfish tissues
Quantitative expression analysis of goldfish HMGB1 in tissues of normal fish
indicated that the highest mRNA levels of HMGB1 were in the brain, followed by spleen,
intestine, kidney, and gill (Fig. 8.3). Lower expression levels were observed in heart and
muscle, and the lowest HMGB1 mRNA levels were in the liver (Fig. 8.3).
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8.2.3. Analysis of HMGB1 expression in goldfish immune cell populations
The expression of HMGB1 was determined in different goldfish cell populations.
The cell populations assessed included peripheral blood leukocytes, kidney-derived
neutrophils, splenocytes, monocytes and mature macrophages. Splenocytes had the
highest HMGB1 mRNA levels, followed by PBL and neutrophils, while HMGB1 expression
was lowest in monocytes and mature macrophages (Fig. 8.4).

8.2.4. Analysis of HMGB1 expression in M. marinum infected goldfish tissues
In order to understand the inflammatory role of HMGB1 in goldfish, I
investigated the expression of HMGB1 in day-7 M. marinum-infected goldfish kidney
and spleen. I observed a significantly elevated mRNA level of HMGB1 in kidney and
spleen of M. marinum-infected compared to non-infected fish (Fig. 8.5).

8.2.5. Recombinant goldfish HMGB1 expression, purification and antibody
characterization
With the aim to further examine the activity and function of goldfish HMGB1, I
expressed the rgHMGB1 in E. coli and purified it using the MagneHis protein purification
system. One single band with the molecular weight of 28.5 kDa including the size of 5
kDa of a six-histidine tag, a thrombine recognition site and a T7 tag at the N-terminus,
was indicated by SDS-PAGE analysis (Fig. 8.6). The presence of the recombinant protein
was confirmed by Western blot analysis using anti-His-tag antibody and rabbit antiHMGB1 IgG. These results indicated that a consensus protein of 28.5 kDa was detected
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(Fig. 8.6). In addition, the anti-HMGB1 IgG also detected a non-specific band in the
purified preparation of recombinant HMGB1. This could be due to the non-specific
binding between the generated anti-HMGB1 IgG and degraded bacterial products.

8.2.6. Recombinant HMGB1 induces respiratory burst response of goldfish
macrophages
To assess the ability of rgHMGB1 to activate primary goldfish macrophages
(PKM), I measured the respiratory burst response of goldfish monocytes. Cells triggered
with PMA, exhibited a significant concentration-dependent increase in the production of
reactive oxygen intermediates when first primed with increasing amounts of rgHMGB1
(20, 100 or 250 ng/mL) when compared to PMA only stimulated cells (Fig. 8.7). At lower
concentration (5 ng/mL) HMGB1 did not prime monocytes for respiratory burst
response.

8.2.7. Recombinant HMGB1 induces nitric oxide responses of goldfish macrophages
The ability of rgHMGB1 to induce a nitric oxide response in goldfish macrophages
was determined. Cells cultures from individual fish were either exposed to medium
alone (negative control) or treated with rgTNFα-2 (positive control), or different
amounts of rgHMGB1 (5, 20, 100 and 250 ng/mL). RgHMGB1 induced a significant nitric
oxide response from macrophages in a dose-dependent manner (Fig. 8.8).
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8.2.8. Expression of goldfish HMGB1 gene and protein in macrophages treated with
heat-killed M. marinum and A. salmonicida
Since rgHMGB1 induced the respiratory burst and nitric oxide responses in
macrophages, I examined whether the expression of HMGB1 gene and protein levels
were modulated in response to bacterial challenge (Fig. 8.9). To examine this, the
expression of HMGB1 was determined in goldfish macrophages at 0, 6, 12 and 24 h after
exposure to 2 × 106 cfu/mL of heat-killed M. marinum or A. salmonicida. The mRNA and
protein levels of goldfish HMGB1 increased after exposure of macrophages to heatkilled M. marinum at 6, 12 and 24 h (Fig. 8.9A and B) and A. salmonicida at 12 and 24 h
(Figs. 8.9C and D).

8.2.9. Analysis of goldfish macrophage TNFα-2 and IL-1β1 production after treatment
of macrophages with rgHMGB1
I examined the induction of TNFα-2 and IL-1β1 gene expression and protein
levels in goldfish macrophage cultures treated with rgHMGB1 (Fig. 8.10). Macrophage
treated with 20 and 100 ng/mL of rgHMGB1 exhibited an increased mRNA and protein
levels of TNFα-2 (Figs. 8.10A, C and E) and IL-1β1 (Figs. 8.10B, D and F) at 12 h post
treatment. The amount of IL-1β1 produced was approximately 3 times higher than that
of TNFα-2 (Fig. 8.9). At both lowest (5 ng/mL) and highest (250 ng/mL) concentrations,
rgHMGB1 did not affect the production of TNFα-2 and IL-1β1 (Fig. 8.10).

205
8.2.10. Goldfish rgHMGB1 promotes NF-κB transcriptional activity
In mammals, HMGB1 has been identified as a mediator that activates NF-κB
(253). To determine whether the goldfish HMGB1 protein was involved in the NF-κB
pathway, HEK293 cells were transfected with goldfish HMGB1 expression plasmid and
NF-κB plasmid. The results showed that compared to the pcDNA3.1/V5-His empty vector,
HMGB1 expression plasmid induced a significant increase in pNF-κB-Luc expression (P <
0.05) (Fig. 8.11). These results indicated that goldfish HMGB1, like in mammals, is
involved in the NF-κB signaling pathway.

8.3. DISCUSSION
The innate immune system utilizes a limited number of PRRs to recognize
evolutionary conserved structures on pathogens, such as PAMPs and DAMPs (464). PRRs
located on the surface (TLRs) scout extracellular environment for the presence of
microbes, and cytosolic PRRs such as NOD-like receptors and RIG-I-like receptors, among
others (16, 465, 466), recognize intracellular bacteria (466) and protozoa (85, 467), or
components of internalized microbes (16, 466). Certain cytosolic PRRs, such as NALP1 &
NALP3, after pathogen recognition form oligomerized protein complexes termed
“inflammasomes” (465, 466) that activate inflammatory caspases (i.e. caspase-1), and
regulate cytokine maturation (IL-1β and IL-18) and induce cell death known as
pyroptosis (16, 134, 468), which has recently been reported to be an important pathway
for active HMGB1 release. In addition, genetic deletion of inflammasome components
severely impairs HMGB1 release during endotoxemia or bacteriemia (251, 423). These
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studies clearly indicate that the major impetus for HMGB1 release is subsequent to
inflammsome activation. Although the role of HMGB1 is relatively well characterized in
mammals, little information is available on HMGB1 of lower vertebrates.
As an evolutionarily conserved nuclear protein, HMGB1 shares high identity with
its mammalian counterpart and contains two folded helical DNA-binding motifs, called
HMG A and B boxes, and an acidic tail. In teleost, all the identified HMGB1 sequences
contained HMG A and B boxes as well as the acidic tail. In bony fish, these domains are
believed to convey the bioactivity of extracellular HMGB1 while key lysine residues
within the NLSs enable HMGB1 to promote inflammation (192).
HMGB1 is an abundant protein that is widely expressed in all mammalian tissues
with high levels found in the thymus, lymphoid tissue, testis and neonatal liver (245).
Among teleosts, grass carp HMGB1a was found to be higher expressed then HMGB1b,
particularly in the gut and blood, and HMGB1b was more highly expressed in the skin
and gill (192). In the present study, goldfish HMGB1 was ubiquitously distributed in all
tissues with highest expression levels observed in the brain and spleen, followed by
intestine, kidney and gill. These data are consistent with previously published studies
suggesting that HMGB1 is a critical factor for zebrafish brain development (259) and
neuroregeneration after spinal cord injury (260), which suggests that HMGB1 plays a
critical role in brain development throughout evolution. I observed an elevated
expression of HMGB1 in goldfish kidney and spleen one week post-infection with M.
marinum. Our lab previously reported that the mRNA levels of pro-inflammatory
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cytokines increased at day-7 post infection (381), which suggest that HMGB1 may play a
pro-inflammatory during M. marinum infection.
There is relatively little information on the expression of HMGB1 in the immune
cell populations of bony fish. In mammals, HMGB1 is released from necrotic cells and
secreted by activated macrophages, natural killer cells, and mature dendritic cells, in
response to infection and during inflammation (249). HMGB1 has also been reported to
modulate mammalian neutrophil-associated NADPH oxidase activity and bacterial killing
response (469), and the formation of neutrophil extracellular traps through interactions
with TLR4 (470). In this study, high expression of HMGB1 was observed in goldfish
splenocytes, PBL and neutrophils, and to a lesser extent in macrophages and monocytes.
Zhao and co-workers (261) showed that red drum HMGB1 promoted innate defense
through the activation of macrophages. The findings of this chapter, suggested
multifunctional roles for HMGB1 in different teleost immune cell populations.
Although HMGB1 has been shown to be secreted during bacterial infections of
fish, there is no information regarding the types of antimicrobial responses induced by
HMGB1, with exception of the report that red drum HMGB1 can enhance the
respiratory bust activities in head kidney macrophages (261). In order to gain a better
understanding of the antimicrobial roles of HMGB1 in the goldfish, I measured the
production of ROI in monocytes, and RNI in macrophages following treatment with
rgHMGB1. Goldfish monocytes, macrophages and neutrophils are capable of the
producing ROI, but on a per cell basis, neutrophils and monocytes are the most efficient
producers of ROI. There is also evidence that as monocytes differentiate into mature
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macrophages, they gradually lose the capacity to initiate this response (408, 471). Here I
report that rgHMGB1 can induce the production of ROI by monocytes and RNI response
of macrophage of the goldfish. These observations are in accord with previous reports
that purified HMGB1 stimulates ROI and RNI production of rodent macrophages (472–
474). Based on these findings, I next examined the expression profiles of HMGB1 after
treatment of M. marinum or A. salmonicida in goldfish macrophages. Increased
expressions at both gene and protein levels were observed 6, 12 and 24 h after
treatment of M. marinum, and 12 and 24 h after treatment with A. salmonicida. Similar
responses have also been reported in red rum head kidney macrophages treated with
Edwardsiella tarda at 12 and 24 h (261), suggesting HMGB1 plays a critical role in the
host defense against bacterial infection through the activation of macrophages.
The secreted HMGB1 also appears to have an important pro-inflammatory role,
acting as a cytokine that can orchestrate a cascade of inflammatory responses (475). To
investigate the role of HMGB1 in activation of pro-inflammatory cytokines production, I
treated goldfish macrophages with rgHMGB1, and evaluated the mRNA and protein
levels of TNFα-2 and IL-1β1. I observed an elevated expression of TNFα-2 and IL-1β1 at
12 h post treatment with rgHMGB1. In cultured human primary
monocytes/macrophages, HMGB1 has been shown to stimulate the secretion of
multiple pro-inflammatory cytokines, including TNFα, IL-1α, IL-1β, IL-6 and IL-8 (476).
The extracellular HMGB1 has been reported to engage a variety of receptors,
including RAGE, TLR2, TLR4 and TLR9 (252, 253, 477). Amongst these receptors, RAGE
has been reported to activate MAPKs, and both RAGE and Toll-like receptors activate
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NF-κB to promote the synthesis of pro-IL-1β and pro-IL-18 (478–480). Using the dualluciferase reporter assays, I demonstrated that goldfish HMGB1 significantly enhanced
the expression of luciferase reporter genes for the NF-κB binding site, suggesting that
goldfish HMGB1 is involved in NF-κB signaling pathway. My results indicate a conserved
role for goldfish HMGB1 in the regulation of pro-inflammatory cytokine gene expression
and production.
My findings indicate that HMGB1 may play a central role in mediation the
inflammatory response of lower vertebrates such as bony fish. They also suggest that
teleosts may possess inflammasome machinery, which remains to be fully elucidated.
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Table 8.1. Percent identity of HMGB1 in different organisms (aa)
Species

Identity (%)

Blunt snout bream
Grass carp HMGB1a
Zebrafish HMGB1a
Catfish HMGB1
Atlantic salmon HMGB1
Ayu HMGB1
Rainbow smelt HMGB1
Zebrafish HMGB1b
Grass carp HMGB1b
Sablefish HMGB1
Chick HMGB1
Tropical clawed frog HMGB1
African clawed frog HMGB1
Rainbow trout HMGB1
Human HMGB1
Mouse HMGB1
Red drum HMGB1

94
94
94
88
86
86
86
86
84
84
83
83
83
81
81
81
77
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Figure 8.1. Nucleotide and predicted aa sequence of goldfish HMGB1 cDNA.
The start and stop codons are boxed, the HMG box A and B is highlighted in light grey
and dark grey, respectively. The acidic tail is dashed underlined. Three conserved redoxsensitive cysteines (C) were double underlined and italicized. Two nuclear localization
signals were wave underlined. The polyadenylation signal (AATAAA) is bolded and the
RNA instability motifs are underlined (ATTTA).
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Figure 8.2. Phylogenetic analysis of goldfish HMGB1.
HMGB1 amino acid sequences were aligned by using CLUSTAL-W program and unrooted
phylogenetic tree was constructed using the neighbor-joining method of the MEGA 5
program. The tree was bootstrapped 10,000 times. The full length of HMGB1 amino
acids sequences used were: Blunt snout bream ACN82089.1, Ayu CBX36444.1, Human
AAV38961.1, Mouse AAH91741.1, Rainbow smelt ACO08869.1, Rainbow trout
ACO07779.1, Atlantic salmon NP_001133101.1, Chick CAA76978.1, Red drum
ADX06860.1, Sablefish ACQ57964.1, Catfish ABD85497.1, Zebrafish (HMGB1a)
NP_955849.2, Zebrafish (HMGB1b) NP_001092721.2, African clawed frog
NP_001080836.1, Tropical clawed frog NP_989226.1, Grass carp (HMGB1a) AFR33803.1,
Grass carp (HMGB1b) AFR33804.1.
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Figure 8.3. Quantitative analysis of goldfish HMGB1 expression in tissues obtained
from normal fish.
The goldfish HMGB1 expression was measured relative to endogenous control gene,
elongation factor 1 alpha (EF-1α). Relative tissue expression from 5 individual fish (n = 5),
qPCR was done in triplicate for each tissue. All results were normalized against the liver
HMGB1 mRNA levels. Statistical analysis was performed using one-way ANOVA and
Tukey’s post hoc test. Different letters above each bar denote statistically different (P <
0.05), and the same letter indicates no statistical differences between groups (L = Liver,
M = Muscle, H = Heart, G = Gill, K = Kidney, I = Intestine, S = Spleen, B = brain).
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Figure 8.4. Quantitative analysis of goldfish HMGB1 in different immune cell
populations of normal fish.
The goldfish HMGB1 expression was measured relative to endogenous control gene,
elongation factor 1 alpha (EF-1α). Analysis of the Relative tissue expression data for
immune cell populations isolated from five individual fish (n = 5), qPCR was done in
triplicate for each immune cell population. All results were normalized against the
macrophage HMGB1 mRNA levels. Statistical analysis was performed using one-way
ANOVA and Tukey’s pst hoc test. Different letters above each bar denote statistically
different (P < 0.05), and the same letter indicates no statistical differences between
groups.
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Figure 8.5. Quantitative analysis of goldfish HMGB1 expression kidney and spleen
from day-7 M. marinum infected goldfish.
The goldfish HMGB1 expression was measured relative to endogenous control gene,
elongation factor 1 alpha (EF-1α). Relative tissue expression from five individual fish (n =
5), qPCR was done in triplicate for each tissue. All results were normalized against the
normal kidney HMGB1 mRNA levels. Statistical analysis was performed using one-way
ANOVA and Tukey’s post hoc test. Different letters above each bar denote statistically
different (P < 0.05), and the same letter indicates no statistical differences between
groups (K = Kidney, S = Spleen).
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Figure 8.6. SDS-PAGE and Western blot analysis of recombinant HMGB1.
Lane 1: protein ladder; Lane 2: SDS-PAGE analysis of Coomassie blue stained of purified
recombinant HMGB1; Lane 3: Western blot of purified recombinant HMGB1 using antiHis antibody; Lane 4: Western blot of purified recombinant HMGB1 using rabbit antiHMGB1 IgG antibody.
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Figure 8.7. Recombinant goldfish HMGB1 (rgHMGB1) primes goldfish monocytes for
enhanced respiratory burst response (production of reactive oxygen intermediates;
ROI).
The absorbance values of medium-treated controls (no PMA) were subtracted from
treatment values to factor in background NBT reduction. Mean ± S.E.M. of relative
reactive oxygen intermediate production by PMA-primed monocytes from three
individual fish (n = 3). (*) denotes statistically different (P < 0.05) compared to 100
ng/mL PMA treated cells.
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Figure 8.8. Recombinant goldfish HMGB1 enhances nitric oxide response (production
of reactive nitrogen intermediates; RNI) of goldfish macrophages.
Nitric oxide production was determined using the Griess reaction and nitrite
concentration determined using a nitrite standard curve. The results are mean ± S.E.M.
µM nitrite in macrophage cultures established from three individual fish (n = 3).
Statistical analysis was performed using one-way ANOVA. (*) denotes statistically
different (P < 0.05) from medium control.
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Figure 8.9. Western blot and quantitative expression analysis of goldfish HMGB1 in
macrophages treated with heat-killed M. marinum (A, C & E) or A. salmonicida (B, D &
F) for 12 h.
(A and B) The expression of goldfish HMGB1 was examined relative to the endogenous
control gene, elongation factor 1 alpha (EF-1α). The expression values were normalized
against those at the 0 h time point. The results are mean ± S.E.M. of primary
macrophage cultures established from three individual fish (n = 3). (C and D) Western
blot analysis of goldfish HMGB1 was examined relative to β-actin. (E and F) Quantified
ratios of HMGB1 protein to β-actin in treated macrophages. The results are shown as
the mean ± SEM of macrophage from cultures established from three individual fish (n =
3). (*) denotes significantly different (P < 0.05) from the 0 h treated cells. The pound
sign (#) indicates the significant difference at P < 0.05 between different rgHMGB1
treated groups.
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Figure 8.10. Dose-dependent Western blot and quantitative expression analysis of
goldfish TNFα-2 (A & C) and IL-1β1 (B & D) in macrophages treated with rgHMGB1.
The expression of goldfish HMGB1 was examined relative to the endogenous control
gene, elongation factor 1 alpha (EF-1α). The expression values were normalized against
those observed in medium treated cells. The results are mean ± S.E.M. of primary
macrophage cultures established from three individual fish (n = 3). (E & F) Quantified
ratios of TNFα-2 (E) or Pro-IL-1β1 (F) protein to β-actin in treated macrophages,
compared to medium treated cells. The results are shown as the mean ± SEM of
macrophage from cultures established from three individual fish (n = 3). The asterisk (*)
indicates the significant difference at P < 0.05 compared to the medium treated cells.
The pound sign (#) denotes the significant difference at P < 0.05 between different
rgHMGB1 treated groups.
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Figure 8.11. Goldfish HMGB1 protein promotes NF-B transcriptional activation.
HEK293 cells were transfected with 200 ng of pNF-B-Luc, 20 ng of pRL-TK reporter
vectors and either 200 ng of pcDNA3.1/V5-His empty vector or the same amount of
pcDNA3.1/V5-His-HMGB1 or pcDNA3.1/V5-His-LBP (negative control). At 24 h after
transfection, cells were harvested and analyzed using the Dual Luciferase kit. All values
represent three independent experiments in triplicates. The asterisk (*) indicates the
significant difference at P < 0.05 compared to pcDNA3.1/V5-His empty in each group.
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CHAPTER IX: GENERAL DISCUSSION

The interest in teleost immune responses is due to at least two reasons: (i) the
teleosts are the lower vertebrate class that have functional innate and adaptive
immunity, allowing for the assessment of the evolution of immune systems in
metazoans; and (ii) crowding and associated stress of fish in aquaculture setting have
led to an increase in the prevalence of infectious diseases in farmed fish species.
Therefore, knowledge regarding the mechanisms of host defense in fish may allow for
optimization of their immune responses against infectious diseases.
Innate immune responses are essential for host defense against infections and
are particularly important in lower vertebrates in which the innate immune mechanisms
feature prominently in host defense. Lower vertebrates, such as bony fish, have evolved
superb innate host defense responses and the central effector cells of the innate
immunity are cells called macrophages. The understanding of the regulatory
mechanisms of macrophage inflammatory responses, particularly those that play a role
in host defense against pathogens is of pivotal importance to augment the ability of
bony fish to control infectious diseases.

9.1. OVERVIEW OF FINDINGS
The main goal of my doctoral thesis was to examine the roles of cytosolic PRRs
that are involved in the recognition of Gram-negative and Gram-positive bacteria.
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Specifically, I focused on the NOD-like receptor (NLRs) expression and functions of NLRs
in goldfish macrophages.
To study the role of NLRs in host defense of goldfish, I used the high-throughput
sequencing and transcriptome assembly analysis and identified that the NLRs were
differentially expressed in goldfish spleen after exposure to M. marinum (Appendix A).
To my knowledge, this is the first annotated transcriptome database for the goldfish (C.
auratus L.). The de novo assembly of goldfish spleen transcriptome yielded 183,343
unigenes, which was about a 12-fold increase in identified nucleotide sequences
compared to what had been deposited to GenBank (as of November 2016). Furthermore,
the identified DEGs and signaling pathways between non-infected and M. marinuminfected fish will provide a valuable resource for investigation and elucidation of the
anti-mycobacterial responses in teleosts (Appendix A).
In the initial group of experiments on the role of NLRs in the antimicrobial
responses of goldfish macrophages, I first focused on identifying and characterizing
NOD1, NOD2 and NLRX1 following exposure of the cells to various stimuli (Chapter IV,
Fig. 9.1). In silico analysis of goldfish NOD1, NOD2 and NLRX1 indicated that they shared
structural similarity to mammalian NOD1, NOD2 and NLRX1 proteins. Based on the
NOD1 and NOD2 expression analyses in normal goldfish tissues and immune cell
populations, I concluded that these proteins might be involved in the early detection of
fish bacterial pathogens. To understand how these receptors were induced, I examined
their expression profiles in response to different PAMPs and Gram-negative and Grampositive bacteria. The results showed that the mRNA levels of goldfish NOD1 were
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primarily upregulated by the Gram-negative bacterial components, such as LPS and PGN,
as well as virus mimic structures (Poly I:C) and Gram-negative bacterium A. salmonicida.
The mRNA levels of goldfish NOD2 and NLRX1 were significantly upregulated after
treatment with different bacteria components (LPS, MDP and PGN), and following
exposure to, A. salmonicida and M. marinum. These findings suggested that goldfish
NOD-like receptor function is highly conserved and that they play a pivotal role in the
recognition of fish pathogens such as A. salmonicida and M. marinum.
After I characterized goldfish NOD-like receptors and identified their activators in
goldfish macrophages, my efforts were directed towards determining whether RIP2 was
a critical molecule in NOD1 and NOD2 signaling pathways (Chapter VI, Fig. 9.1). Using
co-immunoprecipitation assays, RIP2 was found to associate with NOD1 and NOD2 in
eukaryotic cells. Examination of NF-κB activation using the dual luciferase reporter assay
revealed that RIP2 over-expression resulted in the activation of NF-κB signal pathway.
The activation of RIP2 after binding to NOD1 and NOD2 causes the down-stream
activation of transcriptional factor NF-κB, and eventual production of pro-inflammatory
cytokines in mammals (100, 101). By employing a specific RIP2 inhibitor (SB203580), I
found that RIP2 regulated the production of TNFα-2 and IL-1β1 in goldfish macrophages
exposed to M. marinum. My results indicated that the conserved NOD1/NOD2-RIP2-NFκB signaling pathway was present in bony fish, and that it played an important role in
antimicrobial responses in goldfish macrophages in response to M. marinum (Chapter V).
The in silico analysis of the NLRP3rel molecule of the goldfish (Chapter VI, Fig.
9.1), indicated that that it contained most of the important functional domains that

225
have been identified in mammalian NLRP3. However, the goldfish NLRP3rel molecule
structurally differed from its mammalian counterparts because instead of a PYD, it
featured a PRY. It has been shown that the PRY domain was functionally similar to the
PYD domain in mammals (439, 440). Despite being structurally different to their
mammalian counterparts, I postulated that the goldfish NLRP3rel molecule shared
similar functions to that reported for the NLRP3 inflammasome of mammals.
To explore the recognition of NLRP3rel molecule in goldfish macrophages, I
examined its mRNA and protein levels using Q-PCR and Western blot, respectively,
following treatment of macrophages with different PAMPs and two fish pathogens,
heat-killed A. salmonicida and heat-killed or live M. marinum (Chapter VI). The results
revealed that gfNLRP3 was activated by nigericin and ATP, indicating that the induction
of NLRP3rel molecule was similar between fish and mammals. For example, nigericin
was widely used as an activator of NLRP3 inflammasome, and NLRP3-dependent
caspase-1 and pro-inflammatory cytokine processing (149, 150). It has been reported
that nigericin caused the efflux on intracellular K+ to activate NLRP3rel molecule
inflammasome assembly in mammals (361, 443, 481). In order to investigate signaling
pathway of the NLRP3rel molecule in teleost, I also characterized a CARD- and PYDcontaining molecule, the ASC, that functions as an adaptor molecule that transduces the
intracellular signaling after inflammasome formation in mammals (Chapter VI, Fig. 9.2)
(53, 210, 449, 450). I observed that nigericin upregulated the mRNA and protein levels
of ASC, and that it also induced LDH release in goldfish macrophages. Given that
nigericin-induced LDH release, a critical feature of pyroptosis, was significantly blocked

226
by the caspase-1 inhibitor, these observations suggested that the nigericin-induced cell
death was caspase-1-dependent and was most likely the result of the NLRP3rel
inflammasome activation in teleosts.
The confocal microscopy studies indicated that goldfish rgfNLRP3rel molecule
associated with ASC forming a unique “ring”-like structures in eukaryotic cells (Chapter
VI). The goldfish inflammasome “ring” structure I observed appeared to be distinct from
the inflammasome macromolecular complex “ring” structure featured in in LPS-primed
mammalian THP-1 cells, where NLRP3 formed smaller ring-like structure within the ASC
ring, rather than surrounding ASC specks as observed in goldfish macrophages (442).
This suggests that the mechanisms of the teleost inflammasome assembly may be
different from those of mammals.
The co-IP assays also indicated that goldfish ASC and caspase-1 associated,
suggesting that in teleosts, there was the formation of a characteristic NLRP3-ASCcaspase-1 multiprotein complex (Chapter VII). That NLRP3rel molecule signaling
pathway was functional in teleosts was confirmed by measuring the protein levels of IL1β and HMGB1, produced following treatment of goldfish macrophages with nigericin
(Chapter VI).
Unlike teleost IL-1β, known as a central pro-inflammatory cytokine in teleosts
(276, 482–484), there is limited information regarding the effects of HMGB1 on
antimicrobial response and cytokine production, as well as its molecular mechanism in
fish. It has been shown that HMGB1 acts like a pro-inflammatory cytokine whose
production is dependent on inflammasome formation and caspase-1 activation (481).
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Recent studies also indicated that during pyroptosis (“inflammatory apoptosis”), there is
a translocation of HMGB1 protein from the nucleus into the cell cytoplasm and eventual
secretion of HMGB1 by immune cells in response to a variety of exogenous and
endogenous danger signals (251, 423). For example, deletion of inflammasome
components in mammalian cells severely impaired HMGB1 release during endotoxemia
or bacteriemia (251, 423).
In a series of experiments, I demonstrated, for the first time, that goldfish
recombinant HMGB1 acted as a critical regulatory cytokine of inflammation and
antimicrobial response of the goldfish (Chapter VIII, Fig. 9.1). For example, the
recombinant HMGB1 primed respiratory burst in monocytes, as well as induced nitric
oxide response and the production of TNFα-2 and IL-1β1 in primary goldfish
macrophages.

9.2. THE ROLE OF CYTOSOLIC NOD-LIKE RECEPTORS IN THE REGULATION OF THE
INNATE IMMUNITY IN TELEOSTS
The antimicrobial innate immune responses are initiated by the recognition of
PAMPs through PRRs. Unlike adaptive immune responses, the innate immunity relies
primarily on phagocytic cells to “sense” the presence of microbes and initiate
mechanisms to eliminate the pathogens. The detection of the highly conserved PAMPs
is achieved through PRRs that can be found in the extracellular space, integrated in
cellular membranes or in the cytosol. Pattern recognition of non-self molecules or
modified endogenous DAMPs is essential for competent innate immune responses. An
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expansive repertoire of germ-line encoded PRRs exist in all metazoans, underlining their
importance in immune function.
The NLRs are a large family of proteins with diverse functions in the immune
system. In addition to NOD-like receptors (NOD1, NOD2 and NLRX1), this family of
proteins also contains the subfamily members (NLRP1, NLRP3 and NLRC4), that after
PAMPs recognition, form large multiprotein complexes called inflammasomes. In
mammals, engagement and oligomerization of inflammasome molecules leads to
activation of caspase-1 (148, 450). Caspase-1 activation is achieved through an adaptor
molecule, ASC (445, 485), that in turn processes the cytosolic precursors of the proinflammatory cytokines IL-1β and IL-18, allowing for the secretion of biologically active
proteins (445, 486).
The NLRP subfamily molecules are large, highly polymorphic molecules in various
organisms including Arabidopsis spp. (198), zebrafish (27), mouse (199, 200) and
humans (201–203). To date there are limited reports on the inflammasomes in teleost
fish, although NLRP-like isoforms are present in the National Center for Biotechnology
Information (NCBI) database.
In mammals, the ligands of most of the NLRs have been characterized (63, 84).
NOD1 and NOD2 recognize different structural core motifs derived from PGN: (i) NOD1
senses the iE-DAP of Gram-negative bacteria and certain Gram-positive bacteria; (ii)
NOD2 detects the MDP present in all Gram-negative and Gram-positive bacteria,
confirmed by 3D structure analysis between the iE-DAP, MDP and LRR structures of
NOD1 and NOD2 (487, 488). Similar to the mammalian NLRs, fish iE-DAP and MDP
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activate both NOD1 and NOD2 (50, 51, 53). In addition, the mRNA levels of NOD1 and
NOD2 are up-regulated in fish after exposure to various of immune stimuli and
pathogens (49–51, 53, 55, 56). Thus, the recognition of bacteria by teleost NOD1 and
NOD2 appears to be highly conserved throughout evolution (Figs. 9.1 and 9.2).
The ability of NOD1 and NOD2 to detect viruses, differs between mammals and
teleosts. Whereas mammalian NOD1 and NOD2 primarily sense bacterial toxins (97,
476). In contrast, teleost NOD1/NOD2 recognize and respond to the virus mimic Poly I:C
and other fish viruses, implying that fish NOD1/NOD2 can efficiently detect viral
infections.
In contrast to PAMPs that are recognized by fish NOD1 and NOD2, much less is
known about the signaling pathways of NOD1 and NOD2 in teleosts. It has been shown
in mammals that once activated, NOD1 and NOD2 receptors oligomerize and recruit
RIP2 through CARD-CARD interactions involving their amino-terminal CARD motifs (93,
101). In my doctoral research, I demonstrated, for the first time, that teleost RIP2 plays
an essential role in both NOD1 and NOD2 signaling pathways (Fig. 9.1). However, the
recruitment mechanisms of NOD1/NOD2-RIP2 association require further investigation.
For example, a few members of the inhibitor of apoptosis proteins (IAPs), such as XIAP,
cIAP1 and cIAP2 bind and polyubiquinate RIP2, and promote NOD1/NOD2-RIP2
interaction in mammals (94–96). There are no reported IAPs in teleosts and their
function remains largely unknown, let alone their involvement in NOD1/NOD2-RIP2
pathway.
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RIP2 interacts with the regulatory NF-κB subunit NEMO/IKK, triggering IκB
phosphorylation and NF-κB activation, which leads to production and secretion of proinflammatory cytokines and chemokines (93, 100). Previous observations in mammals
also suggested that the MAPK kinase family member TAK1 provided the link between
RIP2 and NF-κB activation after NOD1 and NOD2 recognition of specific PAMPs (93, 99–
101, 103). Indeed, my results revealed that RIP2 activated NF-κB and was also involved
in the processing of two pro-inflammatory cytokines, TNFα-2 and IL-1β1. However, the
mechanisms of how NOD1/NOD2-RIP2 complexes trigger the activation of NF-κB
including the degradation of IκBα, and translocation of NF-κB subunits, and activation of
MAPK such as the phosphorylation of MAKP subunits (JNK, ERK and p38), remain to be
fully elucidated in teleosts.
The mammalian NOD1-RIP2 complex has been shown to bind to the TRAF3TBK1/IKK-ε-IRF7 cascade which signals the production of Type I IFN (98). In contrast,
NOD2 can also induce Type I IFN production. However, this is achieved through the
RIP2-independent MAVS-IRF3 pathway (97). Since TRAF3 and MAVS are the TLR and RLR
signaling molecules, respectively, the involvement of these molecules in the
NOD1/NOD2 signaling pathway, suggests the existence of a cross-talk between TLR-NLR
and RLR-NLR pattern recognition receptors in mammals. The mechanism of the
NOD1/NOD2-mediated Type I IFN production, and their relationship to TLR and/or RLR
pathways and regulatory machinery remain to be elucidated in teleosts.
As indicated above, a subfamily of the NLRs (NLRP1, NLRP3, NLRC4) are known to
form inflammasomes after recognition of PAMPs and/or DAMPs. For example, NLRP1
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primarily detects toxins from Gram-negative bacteria (e.g. Bacillus anthracis), protozoan
parasites (e.g. Toxoplasma gondii), as well as muramyl dipeptide (MDP) (137, 434–436).
NLRC4, recognizes cytosolic flagellin of Gram-negative bacteria, such as Salmonella
typhimurium, Shigella flexneri, Pseudomonas aeruginosa and Legionella pneumophilia
(164–168, 223, 329). In contrast, NLRP3 is more of a “generalist” NLR that recognizes a
wide range PAMPs, including bacterial, viral, fungal and protozoan pathogens (164–168,
223, 329). At present, there are no reported NLRPs in teleosts, but several
computational predicted NACHT, LRR and PYD domains-containing protein (NLRP)
isoforms are featured in the NCBI database, such as NLRP3 (XP_017212365.1), NLRP3X1
(XP_017206752.1), NLRP12 (XP_009299711.1), NLRP12-like (XP_009289652.1) and
others. I found that there are many NLRP3 homologues in the assembled goldfish
transcriptome (Appendix A). However, the generation of the full NLRP3 sequence would
be required for confirmation of its existence in teleosts. In this thesis, I report, for the
first time, the full sequence of an “NLRP3rel” molecule in teleosts, because the
comparison between mammalian and goldfish NLRP3 sequences revealed that teleost
orthologues do not have the PYD domain, which is the central signaling transduction
domain of the mammalian NLRP3 inflammasome. Given that goldfish NLRP3rel molecule
directly associated with ASC, I postulated that the PYR and SPRY domains may
functionally replace the PYD domain in teleosts to initiate the inflammasome pathway,
based on the observations that the PYD and SPRY/PYR domains are functionally similar
in mammals. The SPRY/PYR domain has been shown to interact with not only NLRP3,
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but also caspase-1 to modulate IL-1β production, suggesting that the SPRY/PYR domain
is functionally similar to the PYD domain (439, 440).
To date, there are no reports regarding the characterization of NLRPs and the
association of NLRPs and ASC in teleost. In this thesis, I demonstrated that the NLRP3rel
molecule of the goldfish associated with ASC, and that this association resulted in IL-1β
and HMGB1 production via the NLRP3/ASC/caspase-1 mediated pathway (Fig. 9.1).
Indeed, in contrast to the body of knowledge on the mammalian NLRP3, we know very
little about the biology of teleost NLRP3. Future research should focus on whether the
SPRY/PYR domain of NLRP3rel directly binds to the PYD domain of ASC in goldfish. In
addition, the functional aspects of the activation of ASC and caspase-1-mediated
pyroptosis, as well as other inflammasome molecules, their ligands and signaling
pathways remain to be characterized in teleosts.
In the chapter VIII, I reported that ASC associated with NLRP3rel and caspase-1,
and also associated with RIP2, a CARD-containing molecule of the NOD1/NOD2 signaling
pathway. The teleost RIP2-ASC association suggests that there may be a cross-talk
between NOD1/NOD2 and inflammasome pathways in bony fish. It has been suggested
that RIP2/caspase-1 can associate to mediate NF-κB activation and generate IL-1β in
mammals (104, 107). Therefore, it is not surprising that teleost CARD-domain-containing
molecules may exhibit this homophilic or heterophilic protein interaction that was
reported for the mammalian CARD-domain-containing molecules.
In teleost, NLRs and their expression profiles following exposure to immune
stimuli and fish pathogens have been examined. However, few studies investigated the
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regulation of NLRs and inflammasomes, especially the signaling pathways after exposure
to a specific pathogen. I believe that this may be due to several reasons: (i) NLRs are
normally very large molecules with a full sequence more than 3000 bp, and are difficult
to clone and express; (ii) NLRs are highly polymorphic; (iii) a lack of specific goldfish
reagents (primarily antibodies) making it difficult to specifically examine posttranscriptional and phosphorylational regulation of NLR signaling pathways; and (iv)
commonly used genetic modification techniques have not been developed and/or
validated for most teleost species, except for zebrafish. Further studies on the biology of
NLRs must await the development of teleost-specific reagents.

9.3. FUTURE DIRECTIONS
The work presented in this thesis focused on the biology of cytosolic PRRs that
recognize bacterial pathogens. I believe that the results of my doctoral thesis research
provide a solid basis for future study of innate immune receptors in teleosts. There are,
of course, a number of different research areas that I believe should be pursued in the
future, some of which are described below.

9.3.1. Understanding the cross-talk between NOD-like receptors and inflammasome
pathways
In the proposed NOD1/NOD2 and NLRP3rel inflammasome signaling pathways,
there is evidence to indicate that there are cross-talks between these pathways since
ASC, RIP2 and caspase-1 were demonstrated to association in goldfish macrophages. In
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addition to the direct association between the ASC and both RIP2 and caspase-1, it is
also possible that RIP2 and caspase-1 can also associate, with or without the presence of
ASC, via the homologous CARD-CARD domains that both molecules possess (206). To
investigate the possible association between RIP2 and caspase-1 one could employ
confocal microscopy and co-IP analyses. The specific conditions that induce these crosstalks in goldfish macrophages should be examined, especially in response to pathogens,
such as A. salmonicida and M. marinum. This would be of interest since I have
demonstrated that M. marinum induced NOD2 activation and pro-IL-1β production, and
at the same time down-regulated the NLRP3rel transcriptional activation. I postulated
that down-regulation of the NLRP3 inflammasome pathway may be a novel immune
evasion strategy evolved by M. marinum, in order to protect macrophage integrity, and
ensure continued propagation of the bacterium in its host cell.

9.3.2. Pyroptosis
The term pyroptosis was originally introduced to describe inflammatory
programed cell death in macrophages, which is characterized by cell lysis induced by
bacterial infection that requires caspase-1 activation and the release of pyrogenic
interleukins such as IL-1β and IL-18 (17, 320). Pyroptosis is also considered as a hallmark
of inflammasome-induced caspase-1-dependent processes (312, 313). In teleost,
Angosto and colleagues were the first to propose a caspase-dependent pyroptotic cell
death in seabream macrophages upon infection of Salmonella spp. (197). More recently,
Varela and co-workers (319) observed the virus-induced pyroptosis of macrophages
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during a viral hemorrhagic infection of zebrafish larvae. However, the distinct cellular
morphological changes and biochemical events during pyroptosis have not been fully
elucidated in teleosts. I have confirmed that NLRP3, ASC, caspase-1 and IL-1β, exist in
goldfish, and therefore it is probable that bacterially-induced inflammasome-dependent
pyroptosis occurs in goldfish macrophages.
The acridine orange/ethidium bromide (AO/EB) staining technique has been
used as a simple, rapid and reliable method for the detection of pyroptosis, both
qualitatively and quantitatively (489). AO is a cell-permeable, acidophilic green dye that
stains lysosomes and nuclei of live cells. EB is a DNA intercalating agent that emits a red
fluorescence upon binding to DNA. AO and EB have been used widely in combination to
study cell death (489, 490). Therefore, AO/EB staining can be used to examine the
pyroptotic cell death using sorted goldfish macrophages in response to M. marinum and
nigericin.
In addition, ImageStream flow cytometry based Annexin V-FITC/PI staining assay
can be used to differentiate between apoptosis and pyroptosis (491, 492). The cells
undergoing apoptotic cell death will be FITC positive and PI negative whereas cells
undergoing pyroptosis will be positive for both FITC and PI.
To complement the above studies, confocal microscopy can be used to examine
the bacterially-induced morphological changes of apoptosis and pyroptosis, especially
the chromosomal condensation and cell swelling, to understand the differences
between apoptotic and pyroptotic cell death in teleost macrophages. In addition, the
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anti-caspase-1 and anti-HMGB1 antibodies that I generated in this thesis could be used
for elucidation of biochemical events during pyroptosis.

9.3.3. Using siRNA or CRISPR to mutate target genes to study NLR signaling pathways
The field of fish immunology during the past decade has witnessed tremendous
advances to foster the understanding of the fish immune system. However, the
examination of teleost immunity still lacks effective research tools. This has hampered
the progress in characterization of specific immune mechanisms, such as the ability to
produce knockout/knockdown fish (as in zebrafish). Recently, small interfering RNAs
(siRNAs), and sequence-specific nuclease tools-based technologies, such as the clustered
regularly interspaced short palindromic repeats (CRISPR), have made genome editing
possible in lower vertebrates (493–496). It would be worthwhile to apply these
technologies to knock down the NLRs, RIP2, ASC or caspase-1 in goldfish macrophages,
as well as in whole animals, and then assess the function of NLRs after exposure of fish
to different pathogens. Results from such studies would further elucidate the NLR
signaling pathways in teleosts.

9.3.4. Functional assessment of PRY/SPRY domain, and other NLR family members and
associated signaling molecules, in teleosts
Goldfish NLRP3rel lacks of a PYD domain, while the PRY/SPRY domain has been
postulated to function as PYD domain in teleost. To test this hypothesis, one could
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generate a truncated NLRP3rel plasmid without the PRY/SPRY domain, and ASC without
PYD domain, and then perform the co-IP analyses, as described in Chapter VII.
In addition to NLRP3rel, there may be other candidate molecules in fish that can
form inflammasomes, including NLRP1 and NLRC4. For example, in the goldfish spleen
transcriptome, there are several NLRP1 transcripts. To evaluate if these can participate
in the formation of inflammasomes, one can conduct similar experiments as I described
in Chapter VI, to functionally characterize the NLRP1 and to identify the specific inducers
of goldfish NLRP1. Similar experiments can be performed to assess the potential
functions of other NLRs in goldfish macrophages.

9.3.5. Using the goldfish spleen transcriptome database as a valuable resource to
study anti-mycobacterial responses in teleosts
Goldfish serve as useful model organisms in several fields of biology, including
neurophysiology (497), immunotoxicity (498–500), endocrinology (501, 502),
pharmacology (503) and comparative immunology (53, 117, 194, 504–510). In my thesis
research I assembled goldfish spleen transcriptome during the acute M. marinum
infection (Appendix A). The RNAseq generated 183,343 unigenes (which represents a
greater than 12 times increase in identified nucleotide sequences compared to what has
been deposited to GenBank, as of November, 2016) and that significantly expanded our
knowledge of goldfish transcriptome. In addition, 843 DEGs between non-infected and
M. marinum-infected fish were identified and 81 of which were immune-related genes.
KEGG pathway enrichment analysis of the DEGs identified 19 immune-related pathways
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from the enriched 218 pathways. Among these pathways, genes encoding molecules
important for both innate and adaptive immunity were identified in goldish exposed to
M. marinum, including those involved in the NOD-like receptor signaling pathways,
complement and coagulation cascades, FcγR-mediated phagocytosis, chemokine
signaling pathway, apoptosis, NF-κB pathway and MAPK signaling pathway. The gene
expression results of C-type lectins, complement activation and FcγR-mediated
phagocytosis indicated that these immune mechanisms play critical roles in the early
host response against M. marinum in the goldfish. Based on these observations, the
interaction between the NOD-like receptor pathway, complement activation and FcγRmediated phagocytosis should be investigated to gain a more comprehensive view of
the antimycobacterial responses of goldfish macrophages.

9.4. SUMMARY
Fish model systems are being used to study host defense against pathogens
because fish represent an essential link between innate and adaptive immunity during
early vertebrate evolution, and translocation of organisms from aquatic to terrestrial
environments. Although vertebrate immune system appears to be highly conserved, the
study of fish immunology could provide insights into the early events in the
development of the vertebrate immune system.
In this thesis, I reported on the molecular identification and functional
characterization of a number of goldfish NOD-like receptors and their signaling pathway
molecules. I believe that the research findings described in this dissertation have
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contributed to our knowledge on the function of innate immune receptors of lower
vertebrates.
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Figure 9.1. Schematic representation of the NOD-like receptors signaling cascades in
teleosts.
Upon activation, with effects of XIAP, cIAP1 or cIAP2, NOD1 and NOD2 can recruit with
RIP2 to activate NF-κB or MAPK pathway to secrete TNF-α and IL-1β. Similarly, upon
activation, the activated NLRP3 inflammasome can associate with ASC and caspase-1 to
process IL-1β and IL-18. The red boxes represent genes that were characterized in
goldfish in my thesis. The blue boxes represent other goldfish genes that have been
studied in our laboratory.

241

Figure 9.2. Schematic representation of the NOD-like receptors signaling cascades in
vertebrates.
Upon activation, NOD1 and NOD2 can recruit with RIP2 to activate NF-κB to secrete
TNF-α and IL-1β. The activated NLRP3 inflammasome can interact with ASC and caspase1 to process IL-1β. The red dotted arrows show the possible associations might be
existed in teleost. The red dotted boxes represent the postulated signaling molecules or
biochemical events in teleosts.
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Appendix A: DE NOVO ASSEMBLY, TRANSCRIPTOME
SEQUENCING AND DIFFERENTIAL EXPRESSION ANALYSIS OF THE
IMMUNE-RELATED GENES DURING THE ACUTE PHASE OF
INFECTION WITH Mycobacterium marinum IN THE GOLDFISH
(Carassius auratus L.)

Paired-end sequencing and de novo assembly
With the goal of generating the transcriptome of goldfish infected with M.
marinum, RNA was extracted from goldfish spleen and sequenced using paired-end
sequencing technology. A total of 103,993,458 raw sequencing reads with the length of
100 bp were generated from a 200 bp insert library. According to the overlapping
information of high-quality reads, a total of 342,790 contigs were generated with an
average length of 314 bp and a N50 of 506 bp, and 11.48% of contigs were greater than
500 bp (Table A1).
The de novo assembly of the transcriptome yielded 183,343 unigenes with an
average of 898 bp and a total length of 164.67 Mb. The length of assembled unigenes
ranged from 200 to 12,444 bp. Among the 183,343 non-redundant unigenes, 110,602
(60.32%) ranged from 200-500 bp in length, 24,990 (13.63%) ranged from 501 to 1,000
bp, and 47,751 (26.04%) were more than 1000 bp in length (Fig. A1). The sequence data
were submitted to NCBI Sequence Read Archive under the accession number of
SRP059469.
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The second round sequencing was performed to identify differentially expressed
genes between PBS-sham injected (SI) and M. marinum- infected (MI) groups. The raw
reads of the second round sequencing had more than 99% clean reads for all of the six
sequenced samples (Fig. A2). In addition, the alignment statistics result of the six fish
samples showed approximately 70 % mapped reads compared to genes assembled from
the first round transcriptome results, suggesting these samples are qualified for DEG
identification purpose (Table A2).

Functional annotation by searching public databases
For validation and annotation of the assembled unigenes, sequence similarity
search was conducted against the NR database, the COG database, the Swiss-Prot
protein databases and the KEGG database with an E-value threshold of 10-5. The results
indicated that out of a total of 183,343 unigenes, 75,281 (61.4%), 32,236 (17.6%),
50,597 (27.6%), 21,956 (12.0%) and 45,992 (25.1%) showed significant similarity to
known genes that encode proteins in NR, SwissProt, KEGG, COG and GO databases,
respectively (Fig. A3). Together, 122,614 (66.9%) unigenes showed similarity to genes
that encode known proteins in five databases indicated above. The E-value distribution
of the top hits in the NR database revealed that 53.2% of the mapped sequences
showed significant homology (less than 1.0E-45) (Fig. A4A), and 79.8% and 55.8% of the
sequences with similarities greater than 60% and 80%, respectively (Fig. A4B).
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Functional classification by GO and COG
GO is an international standardized gene functional classification system and
covers three domains: biological process, cellular component and molecular function. A
total of 45,992 unigenes with BLAST matches to known proteins were assigned to GO
classes with 367,469 functional arms. As shown in Fig. A5, the assignments to the
biological processes were the most common (214,412; 58.3%), followed by the cellular
components (98,019; 26.7%) and molecular function (55,038; 15.0%).
Under the category of biological processes, cellular processes (31,191; 15.0%)
were the most common. It was also noteworthy that 12,758 unigenes were involved in
response to stimulus and 8,344 unigenes were assigned to signaling (Fig. A5A). Under
the classification of cellular components, three categories, cell, cell part, and organelle
were approximately 33.85% of cellular components (Fig. A5B). Under the classification
of molecular functions, binding (26,205; 14.29%) and catalytic activity (17,136; 9.34%)
were the largest categories. Other categories, such as channel regulator activity,
chemoattractant activity, chemorepellent activity, metallochaperone activity, protein
tag, receptor regulator activity and translation regulator activity, were represented by
104 unigenes (0.0005%) (Fig. A5C).
COGs database was used to identify homologous genes and assign the possible
functions to the goldfish unigenes (Fig. A6). Out of 122,343 unigenes with the significant
similarity to NR proteins in this chapter, 21,956 sequences were assigned using COG
classifications (Fig. A6). Among the 25 COG categories, the cluster for general function
prediction only (10,289; 20.3%) was the largest group, followed by replication,
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recombination and repair (5,279; 10.4%), transcription (4,646; 9.2%), cell cycle control,
cell division, chromosome partitioning (3,243; 6.4%), Signal transduction mechanisms
(3,301; 6.5%), translation, ribosomal structure and biogenesis (3,194; 6.3%),
posttranslational modification, protein turnover and chaperones (3,123; 6.2%). Only a
few unigenes were assigned to extracellular and nuclear structures. In addition, 1,055
unigenes (about 2.1%) were assigned to secondary metabolite biosynthesis, transport
and catabolism (Fig. A6).

Functional classification by KEGG
KEGG is a database used for the analysis of gene products during metabolic
processes and related gene functions in the cellular processes. This pathway-based
analysis enables better understanding of the biological functions and gene interactions.
The analysis using KEGG database and BLASTx with an E-value threshold of 10-5, showed
that 50,597 (27.6%) unigenes had significant matches in the KEGG database and were
assigned to 114 KEGG pathways (Appendix B). Among 5 main categories, metabolism
was the largest category (38,702; 76.5%), followed by genetic information processing
(9,119; 18.0%), cellular processes (1,650; 3.3%), environmental information processing
(675; 1.3%) and organismal systems (455; 0.9%). For genes involved in the metabolic
pathways, 9,119 unigenes were related to processes such as transcription, translation,
folding, sorting and degrading, replication and repair, and 1,650 unigenes were
associated with processes such as transport and catabolism. In addition, the categories
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of environmental information processing and organismal systems were represented by
675 and 455 unigenes, respectively (Appendix B).

Analysis of DEGs and immune related DEGs
A total of 843 genes were differentially expressed between the sham and M.
marinum infected goldfish at 24 h post infection (Figs. A7A and B and Appendix C).
Among these DEGs, 81 were identified as immune related DEGs, and of these 46 and 35
genes were up- or down-regulated, respectively (Fig. A7C).

GO and KEGG pathway enrichment analysis of DEGs
GO enrichment analysis provides all GO terms that are significantly enriched in
DEGs, and filters the DEGs that correspond to biological functions. In this chapter, 843
DEGs could be categorized into 43 functional groups (Fig. A8). For the three main
domains (biological process, cellular component and molecular function) of GO
classification, 21, 12 and 10 functional groups were identified, respectively. Among
these groups, single-organism process (15.8%), cellular process (13.6%) and metabolic
process (13.4%) were dominant in the biological process domain. For the cellular
component domain, the major classifications were cell (22.1%), cell part (22.1%) and
organelle (15.2%). Most of the genes were classified into binding (47.6%) and catalytic
activity (25.6%) of the molecular function category (Fig. A8).
KEGG pathway enrichment analysis identifies significantly enriched metabolic
pathways or signal transduction pathways in DEGs. 218 signaling pathways were
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identified and further enriched in DEGs between sham-injected control fish and M.
marinum-exposed goldfish (Appendix D). Of those, 22 pathways were significantly
enriched (Q value < 0.05) and genes related to cancer were the most prevalent (Fig. A9).
The top 20 KEGG pathways of DEGs are shown in Table A3.
During the acute M. marinum infection, 19 pathways identified were related to
immune system from the enriched 218 DEG by KEGG analysis (Appendix E), including
PI3K-Akt signaling pathway (19 DEGs, ko04151), NF-κB signaling pathway (12 DEGs,
ko04065), chemokine signaling pathway (12 DEGs, ko04062), TNF-signaling pathway (11
DEGs, ko04668), cytokine-cytokine receptor interactions (10 DEGs, ko04060),
complement and coagulation cascades (10 DEGs, ko04610), NOD-like receptor signaling
pathway (9 DEGs, ko04621), Toll-like receptor signaling pathway (8 DEGs, ko04620),
TGF-β signaling pathway (8 DEGs, ko04350), MAPK pathway (8 DEGs, ko04010), natural
killer cell mediated cytotoxicity (8 DEGs, ko04650), Jak-STAT signaling pathway (8 DEGs,
ko04630), T cell receptor signaling pathway (6 DEGs, ko04660), antigen processing and
presentation (6 DEGs, ko04612), apoptosis (5 DEGs, ko04210), B cell receptor signaling
pathway (4 DEGs, ko04662), FcγR-mediated phagocytosis (4 DEGs, ko04666), p53
signaling pathway (3 DEGs, ko04115) and Fc epsilon RI signaling pathway (2 DEGs,
ko04664). The main DEGs involved in these signaling pathways are listed in Appendix E.
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Table A1. Statistics of goldfish spleen transcriptome assembly

Contig
Unigene

Sample

Total
Number

Total length
(nt)

N50

107,614,534

Mean
length
(nt)
314

Goldfish
spleen
Goldfish
spleen

342,790
183,343

Distinct
Clusters

Distinct
singletons

506

Total
consensus
sequences
-

-

-

164,679,694

898

2116

183,343

66,182

117,161
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Table A2. Alignment statistics result with reference gene for all the second round of
sequencing of goldfish spleen transcriptome obtained from PBS-sham injected (SI) and
M. marinum-infected (MI) fish
Sample
SI-1
SI-2
SI-3
MI-1
MI-2
MI-3

Total reads
65282512
65108240
61808940
65237628
65264400
66795332

Total Base pairs
6528251200
6510824000
6180894000
6523762800
6526440000
6679533200

Total Mapped reads
46814230 (71.71%)
44867124 (68.91%)
42739346 (69.15%)
46030400 (70.56%)
46060402 (70.58%)
48769520 (73.01%)

288
Table A3. Top 20 KEGG pathway enrichment analysis of all differentially expressed genes
#

Pathway

All genes
with pathway
annotation
(50917)
2935 (5.76%)

P value

Q value

Pathway ID

Pathway in cancer

DEGs with
pathway
annotation
(279)
29 (10.39%)

1
2

0.001656556

0.022570575

ko05200

Metabolic pathways

28 (10.04%)

0.7405751

0.891994564

ko01100

3

MicroRNAs in cancer

22 (7.89%)

5648
(11.09%)
1625 (3.19%)

0.000105075

0.004524739

ko05206

4

Herpes simplex infection

20 (7.17%)

1491 (2.93%)

0.000244072

0.004837063

ko05168

5

PI3K-Akt signaling pathway

19 (6.81%)

2095 (4.11%)

0.02286294

0.14539946

ko04151

6

Epstein-Barr virus infection

17 (6.09%)

1460 (2.87%)

0.003130174

0.034527123

ko05169

7

Platelet activation

16 (5.73%)

1250 (2.45%)

0.001627293

0.022570575

ko04611

8

Influenza A

16 (5.73%)

1598 (3.14%)

0.01581353

0.111204824

ko05164

9

Focal adhesion

16 (5.73%)

1859 (3.65%)

0.05165535

0.256730622

ko04510

10

Tuberculosis

15 (5.38%)

1319 (2.59%)

0.006612899

0.058495426

ko05152

11

Small cell lung cancer

14 (5.02%)

701 (1.38%)

3.91E-05

0.002131324

ko05222

12

HTLV-I infection

14 (5.02%)

1698 (3.33%)

0.08605569

0.312907099

ko05166

13

Leishmaniasis

12 (4.3%)

472 (0.93%)

1.38E-05

0.001587032

ko05140

14

Hematopoietic cell lineage

12 (4.3%)

631 (1.24%)

0.000217302

0.004837063

ko04640

15

NF-kappa B signaling
pathway
Hepatitis B

12 (4.3%)

951 (1.87%)

0.006708191

0.058495426

ko04064

12 (4.3%)

1137 (2.23%)

0.02401092

0.14539946

ko05161

12 (4.3%)

1220 (2.4%)

0.03800845

0.21245749

ko04062

18

Chemokine signaling
pathway
ECM-receptor interaction

11 (3.94%)

655 (1.29%)

0.001089521

0.018270429

ko04512

19

TNF-signaling pathway

11 (3.94%)

732 (1.44%)

0.002589224

0.031669272

ko04668

20

Transcriptional misregulation
in cancer
Proteoglycans in cancer

11 (3.94%)

1583 (3.11%)

0.2533025

0.57520776

ko05202

11 (3.94%)

1901 (3.73%)

0.470036

0.746561378

ko05205

Endocytosis

11 (3.94%)

2051 (4.03%)

0.5716205

0.803956574

ko04144

16
17
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Figure A1. Length distribution of the assembled unigenes in the goldfish transcriptome
database.
De novo assembly of transcriptome was carried out using Trinity program. Trinity assembles
reads that have overlapping nucleic acid sequences and this analysis results in generation of
contigs. To obtain the unigenes, the paired-end reads were realigned to known contigs, present
on the corresponding zebrafish transcripts. Subsequently, all contigs in a transcript were
assembled by the Trinity program and defined as unigenes. The TIGR Gene Indices clustering
tool (TGICL) program was then used to eliminate redundant unigenes and generate single set of
non-redundant unigenes. De novo transcriptome assembly was performed by the short
oligonucleotide alignment (SOAP) de novo program.
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Figure A2. Classification of the raw reads for second round sequencing.
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Figure A3. The number of unigenes from goldfish transcriptome database annotated using six
public databases.
Unigenes were firstly aligned to protein databases [NR, Swiss-Prot, KEGG and COG (e-value <
0.00001)] by BlastX, and nucleotide database NT (E-value < 0.00001) by BlastN, retrieving
proteins with the highest sequence similarity with the given unigenes along with their protein
functional annotations. Unigenes were then annotated with the databases of NR, NT, SwissProt, KEGG, COG and GO and the numbers of unigenes annotated with each database were
counted.
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Figure A4. Characteristics of similarity search of unigenes against NR database.
(A) E-value distribution of BLAST hits for each unigene with a cutoff E-value of 1.0E-5. (B)
Similarity distribution of the top BLAST hits for each unigenes in NR database.
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Figure A5. Gene ontology classifications of assembled goldfish transcriptome database
unigenes.
The results are summarized in three main categories: (A) Biological process, (B) Cellular
component and (C) Molecular function.
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Figure A6. Histogram presentation of clusters of orthologous groups (COG) classification.
A = RNA processing and modification; B = Chromatin structure and dynamics; C = Energy
production and conversion; D = Cell cycle control, cell division, chromosome partitioning; E =
Amino acid transport and metabolism; F = Nucleotide transport and metabolism; G =
Carbohydrate transport and metabolism; H = Coenzyme transport and metabolism; I = Lipid
transport and metabolism; J = Translation, ribosomal structure and biogenesis; K =
Transcription; L = Replication, recombination and repair; M = Cell wall/membrane/evelop
biogenesis; N = Cell motility; O = Posttranslational modification, protein turnover, chaperones;
P = Inorganic ion transport and metabolism; Q = Secondary metabolites biosynthesis, transport
and catabolism; R = General function prediction only; S = function unknown; T = Signal
transduction mechanisms; U = Intracellular trafficking, secretion, and vesicular transport; V =
Defense mechanisms; W = Extracellular structures; Y = Nuclear structure; Z = Cytoskeleton;
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Figure A7. Differentially expressed genes (DEGs) between sham-injected and M. marinuminjected goldfish.
(A) The numbers of DEGs. (B) Scattered plot of DEGs. Yellow and blue points represent genes
that are significantly up- and down-regulated, respectively (Probability ≥ 0.8 and absolute
log2[FPKM(MI)/FPKM(SI) ≥ 1]). (C) The numbers of immune related DEGs.

298

299

300

Figure A8. Gene ontology functional classification of differentially expressed genes (DEGs).
The results were summarized for three main domains: (A) biological process, (B) cellular
component and (C) molecular function. For the three main domains, 21, 12 and 10 functional
groups were identified respectively. The numbers in brackets indicate the percentage of probes
with each GO annotation.
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Figure A9. Scatter plot of KEGG pathway enrichment of top 20 statistics.
RichFactor is the ratio of DEG numbers annotated in this pathway term to all gene numbers
annotated in this pathway term. Greater RichFactor means great intensiveness. Q-value is
corrected P-value ranging from 0-1, and its less value means greater intensiveness. Top 20
enriched pathway terms were displayed.
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Appendix B. Goldfish spleen transcriptome KEGG analysis

#

Pathway

All genes
with pathway
annotation
(50597)

1

Metabolic pathways

3681 (7.28%)

ko01100

2

Spliceosome

1695 (3.35%)

ko03040

3

RNA transport
Biosynthesis of
secondary metabolites
Protein processing in
endoplasmic
reticulum
mRNA surveillance
pathway

1586 (3.13%)

Pathway
ID

Level 1

Level 2
Global map

ko03013

Metabolism
Genetic Information
Processing
Genetic Information
Processing

1145 (2.26%)

ko01110

Metabolism

Global map

969 (1.92%)

ko04141

Folding, sorting and
degradation

964 (1.91%)

ko03015

Genetic Information
Processing
Genetic Information
Processing

855 (1.69%)

ko04144

8

Endocytosis
Ubiquitin mediated
proteolysis

807 (1.59%)

ko04120

9

Purine metabolism

628 (1.24%)

ko00230

10

RNA degradation
Phosphatidylinositol
signaling system
Pyrimidine
metabolism

557 (1.1%)

ko03018

550 (1.09%)

4

5
6
7

Cellular Processes
Genetic Information
Processing

Transcription
Translation

Translation
Transport and
catabolism
Folding, sorting and
degradation
Nucleotide metabolism
Folding, sorting and
degradation

ko04070

Metabolism
Genetic Information
Processing
Environmental
Information Processing

475 (0.94%)

ko00240

Metabolism

Nucleotide metabolism

Lysine degradation
Inositol phosphate
metabolism

441 (0.87%)

ko00310

Metabolism

426 (0.84%)

ko00562

Metabolism

419 (0.83%)

ko04145

406 (0.8%)

ko03008

Cellular Processes
Genetic Information
Processing

399 (0.79%)

ko00564

Metabolism

343 (0.68%)

ko00051

308 (0.61%)

ko03022

288 (0.57%)

ko03420

Metabolism
Genetic Information
Processing
Genetic Information
Processing

277 (0.55%)

ko00520

Metabolism

263 (0.52%)

ko00190

Metabolism

258 (0.51%)

ko00010

Metabolism

24

Phagosome
Ribosome biogenesis
in eukaryotes
Glycerophospholipid
metabolism
Fructose and mannose
metabolism
Basal transcription
factors
Nucleotide excision
repair
Amino sugar and
nucleotide sugar
metabolism
Oxidative
phosphorylation
Glycolysis /
Gluconeogenesis
Glycerolipid
metabolism

Amino acid metabolism
Carbohydrate
metabolism
Transport and
catabolism

258 (0.51%)

ko00561

Metabolism

25

Peroxisome

254 (0.5%)

ko04146

26

Base excision repair

240 (0.47%)

ko03410

Cellular Processes
Genetic Information
Processing

11
12
13
14
15
16
17
18
19
20

21
22
23

Signal transduction

Translation
Lipid metabolism
Carbohydrate
metabolism
Transcription
Replication and repair
Carbohydrate
metabolism
Energy metabolism
Carbohydrate
metabolism
Lipid metabolism
Transport and
catabolism
Replication and repair
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27

Valine, leucine and
isoleucine degradation

225 (0.44%)

ko00280

Metabolism

28

Pyruvate metabolism

215 (0.42%)

ko00620

29

DNA replication

212 (0.42%)

ko03030

30

RNA polymerase
Propanoate
metabolism

208 (0.41%)

ko03020

Metabolism
Genetic Information
Processing
Genetic Information
Processing

200 (0.4%)

ko00640

Metabolism

Transcription
Carbohydrate
metabolism

196 (0.39%)

ko00565

Metabolism

Lipid metabolism

33

Ether lipid metabolism
Arginine and proline
metabolism

195 (0.39%)

ko00330

Metabolism

34

N-Glycan biosynthesis

175 (0.35%)

ko00510

Metabolism

Amino acid metabolism
Glycan biosynthesis and
metabolism

35

Fatty acid metabolism
Natural killer cell
mediated cytotoxicity
Circadian rhythm mammal
Glutathione
metabolism
Tryptophan
metabolism
Aminoacyl-tRNA
biosynthesis
Citrate cycle (TCA
cycle)
Cysteine and
methionine
metabolism
Pentose phosphate
pathway

165 (0.33%)

ko00071

Metabolism

Lipid metabolism

161 (0.32%)

ko04650

Organismal Systems

150 (0.3%)

ko04710

Organismal Systems

150 (0.3%)

ko00480

Metabolism

Immune system
Environmental
adaptation
Metabolism of other
amino acids

149 (0.29%)

ko00380

141 (0.28%)

ko00970

Metabolism
Genetic Information
Processing

140 (0.28%)

ko00020

Metabolism

139 (0.27%)

ko00270

Metabolism

137 (0.27%)

ko00030

Proteasome
beta-Alanine
metabolism

133 (0.26%)

ko03050

Metabolism
Genetic Information
Processing

131 (0.26%)

ko00410

Ribosome
Glycine, serine and
threonine metabolism
Butanoate
metabolism

130 (0.26%)

ko03010

Metabolism
Genetic Information
Processing

130 (0.26%)

ko00260

Metabolism

127 (0.25%)

ko00650

ABC transporters
Plant-pathogen
interaction
Regulation of
autophagy
Homologous
recombination

125 (0.25%)

ko02010

Metabolism
Environmental
Information Processing

123 (0.24%)

ko04626

Organismal Systems

122 (0.24%)

ko04140

119 (0.24%)

ko03440

118 (0.23%)

ko03430

54

Mismatch repair
Arachidonic acid
metabolism

Cellular Processes
Genetic Information
Processing
Genetic Information
Processing

110 (0.22%)

ko00590

Metabolism

55

Galactose metabolism

106 (0.21%)

ko00052

Metabolism

Lipid metabolism
Carbohydrate
metabolism

56

Tyrosine metabolism

99 (0.2%)

ko00350

Metabolism

Amino acid metabolism

57

Histidine metabolism
Alanine, aspartate and
glutamate metabolism

96 (0.19%)

ko00340

Metabolism

Amino acid metabolism

96 (0.19%)

ko00250

Metabolism

Amino acid metabolism

31
32

36
37
38
39
40
41

42
43
44
45
46
47
48
49
50
51
52
53

58

Amino acid metabolism
Carbohydrate
metabolism
Replication and repair

Amino acid metabolism
Translation
Carbohydrate
metabolism

Amino acid metabolism
Carbohydrate
metabolism
Folding, sorting and
degradation
Metabolism of other
amino acids
Translation
Amino acid metabolism
Carbohydrate
metabolism
Membrane transport
Environmental
adaptation
Transport and
catabolism
Replication and repair
Replication and repair
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71

Glycosylphosphatidyli
nositol(GPI)-anchor
biosynthesis
SNARE interactions in
vesicular transport
Sphingolipid
metabolism
Glyoxylate and
dicarboxylate
metabolism
Carbon fixation in
photosynthetic
organisms
Pentose and
glucuronate
interconversions
Starch and sucrose
metabolism
Porphyrin and
chlorophyll
metabolism
Other types of Oglycan biosynthesis
Phenylalanine
metabolism
Linoleic acid
metabolism
Biosynthesis of
unsaturated fatty
acids
alpha-Linolenic acid
metabolism

72

Protein export

63 (0.12%)

ko03060

Metabolism
Genetic Information
Processing

73

Fatty acid elongation

63 (0.12%)

ko00062

Metabolism

61 (0.12%)

ko00900

Metabolism

61 (0.12%)

ko00511

58 (0.11%)

ko03450

Metabolism
Genetic Information
Processing

55 (0.11%)

ko00061

Metabolism

54 (0.11%)

ko00450

Metabolism

53 (0.1%)

ko00950

Metabolism

52 (0.1%)

ko00053

Metabolism

50 (0.1%)

ko00960

Metabolism

47 (0.09%)

ko00903

Metabolism

47 (0.09%)

ko00770

Metabolism

Biosynthesis of other
secondary metabolites
Metabolism of
terpenoids and
polyketides
Metabolism of cofactors
and vitamins

44 (0.09%)

ko00072

Metabolism

Lipid metabolism

41 (0.08%)

ko00760

Metabolism

Metabolism of cofactors
and vitamins

59
60
61

62

63

64
65

66
67
68
69

70

74
75
76
77
78
79
80

81

82
83

84

85

Terpenoid backbone
biosynthesis
Other glycan
degradation
Non-homologous endjoining
Fatty acid biosynthesis
Selenocompound
metabolism
Isoquinoline alkaloid
biosynthesis
Ascorbate and
aldarate metabolism
Tropane, piperidine
and pyridine alkaloid
biosynthesis
Limonene and pinene
degradation
Pantothenate and CoA
biosynthesis
Synthesis and
degradation of ketone
bodies
Nicotinate and
nicotinamide
metabolism

ko04130

Metabolism
Genetic Information
Processing

Glycan biosynthesis and
metabolism
Folding, sorting and
degradation

88 (0.17%)

ko00600

Metabolism

Lipid metabolism

85 (0.17%)

ko00630

Metabolism

Carbohydrate
metabolism

85 (0.17%)

ko00710

Metabolism

Energy metabolism

78 (0.15%)

ko00040

Metabolism

77 (0.15%)

ko00500

Metabolism

77 (0.15%)

ko00860

Metabolism

76 (0.15%)

ko00514

Metabolism

Metabolism of cofactors
and vitamins
Glycan biosynthesis and
metabolism

70 (0.14%)

ko00360

Metabolism

Amino acid metabolism

68 (0.13%)

ko00591

Metabolism

Lipid metabolism

65 (0.13%)

ko01040

Metabolism

Lipid metabolism

64 (0.13%)

ko00592

Lipid metabolism
Folding, sorting and
degradation
Lipid metabolism
Metabolism of
terpenoids and
polyketides
Glycan biosynthesis and
metabolism

94 (0.19%)

ko00563

90 (0.18%)

Carbohydrate
metabolism
Carbohydrate
metabolism

Replication and repair
Lipid metabolism
Metabolism of other
amino acids
Biosynthesis of other
secondary metabolites
Carbohydrate
metabolism
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86

Ubiquinone and other
terpenoid-quinone
biosynthesis

Metabolism of cofactors
and vitamins

40 (0.08%)

ko00130

Metabolism

34 (0.07%)

ko00100

Metabolism

32 (0.06%)

ko00750

Metabolism

89

Steroid biosynthesis
Vitamin B6
metabolism
Glycosaminoglycan
degradation

30 (0.06%)

ko00531

Metabolism

Lipid metabolism
Metabolism of cofactors
and vitamins
Glycan biosynthesis and
metabolism

90

Nitrogen metabolism

30 (0.06%)

ko00910

91

27 (0.05%)

ko04122

Energy metabolism
Folding, sorting and
degradation

24 (0.05%)

ko00400

Metabolism

Amino acid metabolism

22 (0.04%)

ko00604

Metabolism

Glycan biosynthesis and
metabolism

22 (0.04%)

ko00430

Metabolism

95

Sulfur relay system
Phenylalanine,
tyrosine and
tryptophan
biosynthesis
Glycosphingolipid
biosynthesis - ganglio
series
Taurine and
hypotaurine
metabolism
One carbon pool by
folate

Metabolism
Genetic Information
Processing

22 (0.04%)

ko00670

Metabolism

96

Riboflavin metabolism

21 (0.04%)

ko00740

Metabolism

97

21 (0.04%)

ko00920

Metabolism

21 (0.04%)

ko04712

Organismal Systems

19 (0.04%)

ko00460

Metabolism

Energy metabolism
Environmental
adaptation
Metabolism of other
amino acids

17 (0.03%)

ko00290

Metabolism

Amino acid metabolism

15 (0.03%)

ko00073

Metabolism

Lipid metabolism

102

Sulfur metabolism
Circadian rhythm plant
Cyanoamino acid
metabolism
Valine, leucine and
isoleucine
biosynthesis
Cutin, suberine and
wax biosynthesis
Glycosphingolipid
biosynthesis - globo
series

15 (0.03%)

ko00603

Metabolism

103

Folate biosynthesis

14 (0.03%)

ko00790

Metabolism

104

Thiamine metabolism
Sesquiterpenoid and
triterpenoid
biosynthesis
Phenylpropanoid
biosynthesis

10 (0.02%)

ko00730

Metabolism

9 (0.02%)

ko00909

Metabolism

9 (0.02%)

ko00940

Metabolism

8 (0.02%)

ko00965

Metabolism

8 (0.02%)

ko00966

Metabolism

109

Betalain biosynthesis
Glucosinolate
biosynthesis
D-Arginine and Dornithine metabolism

6 (0.01%)

ko00472

Metabolism

110

Biotin metabolism

6 (0.01%)

ko00780

Metabolism

111

Zeatin biosynthesis

5 (0.01%)

ko00908

Metabolism

112

Lysine biosynthesis

3 (0.01%)

ko00300

Metabolism

113

Caffeine metabolism

3 (0.01%)

ko00232

Metabolism

87
88

92

93

94

98
99

100
101

105
106
107
108

Metabolism of other
amino acids
Metabolism of cofactors
and vitamins
Metabolism of cofactors
and vitamins

Glycan biosynthesis and
metabolism
Metabolism of cofactors
and vitamins
Metabolism of cofactors
and vitamins
Metabolism of
terpenoids and
polyketides
Biosynthesis of other
secondary metabolites
Biosynthesis of other
secondary metabolites
Biosynthesis of other
secondary metabolites
Metabolism of other
amino acids
Metabolism of cofactors
and vitamins
Metabolism of
terpenoids and
polyketides
Amino acid metabolism
Biosynthesis of other
secondary metabolites

306
114

Lipoic acid metabolism

2 (0%)

ko00785

Metabolism

Metabolism of vitamins
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Appendix C. The data of all the differentially expressed genes

log2Ratio(MI
/SI)

UpDownRegula
tion(M
I/SI)

#

Gene ID

1

CL8955.Contig3

9.205385996

Up

0.952055092

-

2

Unigene44105

-9.730187062

Down

0.971069056

3

CL2844.Contig1

Up

0.872425305

gi|126631572|gb|AAI34014.1|/2.48214e10/LOC553275 protein [Danio rerio]

4

Unigene70905

-7.624490865

Down

0.804937123

-

5

CL18097.Contig5

-7.589963182

Down

0.800433644

6

CL16673.Contig2

9.011227255

Up

0.942396258

gi|528515122|ref|XP_005161626.1|/4.603
61e-12/PREDICTED: uncharacterized protein
LOC100034454 isoform X2 [Danio rerio]

7

CL6592.Contig3

-9.21916852

Down

0.966659942

-

8

CL9466.Contig2

8.17990909

Up

0.877322513

9

Unigene31781

-9.397318104

Down

0.960145517

10

Unigene73628

-8.294620749

Down

0.88901507

gi|120537843|gb|AAI29405.1|/7.8236e10/LOC799852 protein [Danio rerio]
gi|347360900|ref|NP_001229967.1|/1.332
56e-25/cyclic AMP-responsive elementbinding protein 3-like protein 1 [Danio rerio]

11

Unigene12761

-8.262094845

Down

0.885774128

12

CL14099.Contig2

12.36048134

Up

0.997157125

gi|419636307|ref|NP_001258699.1|/1.167
75e-34/glucagon isoform 1 precursor [Danio
rerio]

13

Unigene61370

7.725650281

Up

0.820433557

-

14

Unigene60199

8.479780264

Up

0.905851051

15

Unigene73043

9.963859408

Up

0.976980413

16

Unigene10206

5.691485053

Up

0.813506965

gi|326673883|ref|XP_001922616.3|/3.976
86e-06/PREDICTED: saxitoxin and
tetrodotoxin-binding protein 2-like [Danio
rerio]
gi|528500654|ref|XP_005169681.1|/1.394
25e-23/PREDICTED: uncharacterized protein
LOC101883159 [Danio rerio]

17

Unigene14435

-8.29615146

Down

0.88901507

18

CL4425.Contig20

-9.257387843

Down

0.954417466

19

CL5562.Contig9

8.801977745

Up

0.929820794

20

CL4014.Contig11

9.494522283

Up

0.96377585

21

CL13597.Contig1

-7.589963182

Down

0.800433644

22

Unigene45221

8.855906667

Up

0.933256974

23

CL1851.Contig4

-9.844967241

Down

24

Unigene37470

7.098601193

Up

0.928672146

-

25

Unigene11791

-8.159871337

Down

0.875117414

26

Unigene30543

10.29462075

Up

0.983134733

gi|528520931|ref|XP_003201438.2|/4.229
34e-24/PREDICTED: von Willebrand factor A

8.13442632

Probability

0.97417984

Blast NR

gi|528520515|ref|XP_005162963.1|/7.654
22e-50/PREDICTED: myosin-7 isoform X7
[Danio rerio]
gi|528508455|ref|XP_005159286.1|/0/PRE
DICTED: E3 ubiquitin-protein ligase TRIP12
isoform X5 [Danio rerio]
gi|56693257|ref|NP_001008593.1|/4.1036
9e-11/protein NDRG2 [Danio rerio]
gi|41055500|ref|NP_957214.1|/1.85109e141/phosphatidylinositol transfer protein
beta isoform [Danio rerio]

308
domain-containing protein 5A-like [Danio
rerio]
27

Unigene9717

7.849631267

Up

0.974421717

-

28
29

Unigene31408

5.71800997

Up

0.814299846

-

Unigene42272

8.062495926

Up

0.864094087

30

CL2399.Contig1

-8.22881869

Down

gi|528496592|ref|XP_005156444.1|/1.748
71e-22/PREDICTED: serine/threonineprotein kinase LMTK1-like isoform X1 [Danio
rerio]

31

Unigene34494

8.871391914

Up

0.934236415

32

Unigene15025

10.93319886

Up

0.990610161

33

Unigene73962

8.173260714

Up

0.876810557

34

Unigene39124

-8.035257325

Down

0.86095944

35

Unigene3046

-7.660590206

Down

0.810294223

gi|300810921|gb|ADK35755.1|/0/collagen
type I alpha 1 [Ctenopharyngodon idella]
gi|528516429|ref|XP_005161827.1|/0/PRE
DICTED: CREB-binding protein isoform X2
[Danio rerio]

36

Unigene96970

-7.658211483

Down

0.810294223

-

37

CL19534.Contig2

8.266786541

Up

0.886225343

38

Unigene63785

7.725650281

Up

0.820433557

39

CL8181.Contig1

-9.179079717

Down

0.950897767

40

CL13932.Contig1

8.452584453

Up

0.903487593

gi|528471912|ref|XP_005171486.1|/1.399
02e-11/PREDICTED: uncharacterized protein
LOC101886873 [Danio rerio]
gi|160693219|gb|ABQ86049.2|/2.97723e155/muscleblind-like protein 1 isoform B
[Danio rerio]
gi|528476365|ref|XP_005164759.1|/0/PRE
DICTED: ATP-binding cassette sub-family C
member 9 isoform X2 [Danio rerio]

41

Unigene43604

7.607330314

Up

0.802739616

42

Unigene31601

8.211442198

Up

0.984007879

gi|187608210|ref|NP_001119928.1|/2.109
51e-71/immunoresponsive gene 1 [Danio
rerio]

43

Unigene41416

-8.118941073

Down

0.870759279

-

44

CL11546.Contig1

7.655828831

Up

0.810294223

-

45

CL12390.Contig1

9.170759653

Up

0.950447636

-

46

Unigene55334

7.334273285

Up

0.939358146

-

47

CL1033.Contig4

7.902877533

Up

0.844362083

-

48

Unigene90766

-7.857980995

Down

49

CL2763.Contig17

7.024216237

Up

0.812621888

gi|193248592|dbj|BAG50379.1|/2.87114e73/voltage-sensing phosphoinositide
phosphatase [Danio rerio]

50

CL459.Contig1

8.497186541

Up

0.907138534

-

51

CL16221.Contig1

-9.024216237

Down

0.943137076

-

52

CL1013.Contig3

9.844444241

Up

0.974142962

-

53

Unigene50009

-8.048032696

Down

0.862854329

54

CL2121.Contig5

-7.658211483

Down

0.810294223

gi|528510305|ref|XP_005159743.1|/0/PRE
DICTED: titin isoform X6 [Danio rerio]

55

CL10425.Contig2

-7.783543961

Down

0.828073852

-

56

Unigene44524

-7.718818247

Down

0.819407476

57

CL20380.Contig2

5.942626208

Up

0.838181731

gi|597787387|ref|XP_007257135.1|/0/PRE
DICTED: R3H domain-containing protein 1like isoform X7 [Astyanax mexicanus]

0.88237808

0.83873165

gi|70907771|emb|CAG14936.1|/4.01224e22/interleukin-11 [Cyprinus carpio]

309
gi|269315868|ref|NP_001092707.2|/6.291
64e-105/eukaryotic translation initiation
factor 4Ba [Danio rerio]

58

CL1388.Contig7

-8.06608919

Down

0.8646939

59

Unigene12576

-7.948367232

Down

0.850374314

60

CL259.Contig15

Up

0.872958955

61

Unigene61992

-8.230420795

Down

0.88237808

62

Unigene105269

-9.462161411

Down

0.962602256

63

Unigene37507

8.903881846

Up

0.936232176

64

CL12461.Contig2

5.587431847

Up

0.805138868

gi|528509123|ref|XP_005159448.1|/0/PRE
DICTED: uncharacterized protein
LOC100006143 isoform X1 [Danio rerio]
gi|189535037|ref|XP_001924015.1|/3.508
e-39/PREDICTED: uncharacterized protein
LOC100148254 isoform X1 [Danio rerio]

65

CL6863.Contig1

7.698125852

Up

0.816427935

-

66

Unigene52490

8.345774837

Up

0.893773442

-

67

Unigene36634

-8.626925794

Down

0.917415619

-

68

Unigene48716

6.452512205

Up

0.878632773

-

69

CL9813.Contig1

8.274572286

Up

0.887045341

70

Unigene12880

8.957102042

Up

0.939376585

gi|115529311|ref|NP_001070186.1|/8.457
46e-33/a disintegrin and metallopeptidase
domain 28 precursor [Danio rerio]

71

Unigene57562

-8.022367813

Down

0.859644841

-

72

Unigene28043

-7.807354922

Down

0.831792042

-

73

Unigene47491

-7.992466327

Down

0.856142497

74

CL396.Contig9

-6.471559097

Down

0.877848569

gi|319918875|ref|NP_001025246.2|/3.259
59e-90/serine/arginine repetitive matrix 2
[Danio rerio]

75

Unigene61190

8.419257966

Up

0.900610009

-

76

CL16816.Contig2

10.57805814

Up

0.987068769

77

CL2342.Contig11

-7.766626339

Down

0.957364467

gi|49274617|ref|NP_957228.2|/2.27001e44/tropomyosin alpha-1 chain [Danio rerio]

78

CL3732.Contig1

-6.66651991

Down

0.839401966

79

CL18879.Contig1

8.375121808

Up

0.987572048

gi|187608210|ref|NP_001119928.1|/2.294
21e-163/immunoresponsive gene 1 [Danio
rerio]

80

Unigene64731

-7.862120725

Down

0.839562494

-

81

CL21530.Contig2

8.515699838

Up

82

CL450.Contig6

-8.220781371

Down

83

Unigene81466

7.6794801

Up

0.81339633

84

Unigene16550

8.673603533

Up

0.920888678

85

Unigene49752

6.315549182

Up

0.823413099

86

CL15640.Contig1

9.052568051

Up

0.944650167

87

Unigene40923

-7.95419631

Down

0.851099946

gi|190338052|gb|AAI62633.1|/0/Quo
protein [Danio rerio]

88

Unigene13300

7.269905883

Up

0.947481111

-

89

Unigene45101

7.781359714

Up

0.828073852

-

8.13784503

0.90879263
0.881382368

gi|29540612|gb|AAO88245.1|/3.64515e21/signal transducer and activator of
transcription 1 [Carassius auratus]
-

gi|190339129|gb|AAI63262.1|/1.13431e13/Btbd2 protein [Danio rerio]
gi|136256463|ref|NP_001025282.2|/9.609
06e-45/follistatin-related protein 3
precursor [Danio rerio]
gi|526252896|ref|NP_001268280.1|/2.495
38e-15/chemokine CXCF1a precursor
[Oncorhynchus mykiss]
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90

Unigene79175

-7.709658248

Down

0.817379175

91

Unigene83403

-7.670066069

Down

0.81238001

92

Unigene8681

-7.64625868

Down

0.808135764

93

Unigene3824

8.336878436

Up

0.892978392

94

CL12680.Contig2

-7.631783357

Down

0.806007675

95

CL2413.Contig1

8.196397213

Up

0.878861635

gi|189027695|sp|A8E5C5.1|DS7CA_DANRE
/1.56675e-18/RecName:
Full=Dehydrogenase/reductase SDR family
member 7C-A; Flags: Precursor [Danio rerio]
gi|528471039|ref|XP_005163450.1|/1.371
95e-22/PREDICTED: TRAF2 and NCK
interacting kinase a isoform X7 [Danio rerio]
gi|617522642|ref|XP_007544656.1|/1.297
81e-09/PREDICTED: uncharacterized protein
LOC103132810, partial [Poecilia formosa]
gi|125804305|ref|XP_697043.2|/0/PREDIC
TED: alpha-1D adrenergic receptor [Danio
rerio]
gi|47214842|emb|CAF95748.1|/1.38662e22/unnamed protein product [Tetraodon
nigroviridis]

96

CL1224.Contig2

6.262287956

Up

0.875849554

-

97

Unigene66630

7.8008999

Up

0.83081477

98

Unigene26040

11.91818442

Up

0.999448996

99

Unigene20554

6.885225143

Up

0.922661

100

Unigene47892

-8.024216237

Down

0.859644841

101

CL4087.Contig2

8.506472886

Up

0.908115806

102

CL13054.Contig1

8.311369903

Up

0.890799324

103

CL9646.Contig2

-8.380821784

Down

0.897115257

104

Unigene44547

8.116813665

Up

0.981519685

105

Unigene61281

7.695808269

Up

0.815405107

106

Unigene62836

5.639194812

Up

0.804401304

107

Unigene18167

-9.501837185

Down

0.964019897

108

Unigene18279

8.473029222

Up

0.905208937

109

CL1589.Contig1

7.853829352

Up

0.837853082

110

Unigene36056

7.6794801

Up

0.81339633

-

111

Unigene73266

-7.772589504

Down

0.827073802

-

112

Unigene49316

-8.089229767

Down

0.867158231

113

CL3294.Contig10

-8.611024797

Down

0.916330967

gi|528510415|ref|XP_005159781.1|/3.294
23e-122/PREDICTED: uncharacterized
protein LOC100000125 isoform X2 [Danio
rerio]

114

Unigene58792

-5.619704532

Down

115

Unigene40914

9.73470962

Up

gi|536720426|gb|AGU42184.1|/1.59035e23/interleukin-1 beta-1 [Carassius carassius]
gi|126632473|emb|CAM56444.1|/1.20685
e-15/novel protein similar to vertebrate
pentaxin-related gene, rapidly induced by IL1 beta (PTX3) [Danio rerio]
gi|528477272|ref|XP_005168114.1|/1.011
85e-81/PREDICTED: zinc finger protein 45like [Danio rerio]
gi|41387132|ref|NP_957104.1|/7.94249e15/protein phosphatase 1, regulatory
(inhibitor) subunit 14Ab [Danio rerio]
gi|619325589|gb|AHY01350.1|/1.0337e06/purine nucleoside phosphorylase 5a,
partial [Carassius gibelio]
gi|597751901|ref|XP_007237820.1|/2.684
6e-42/PREDICTED: A disintegrin and
metalloproteinase with thrombospondin
motifs 1 [Astyanax mexicanus]
gi|528476094|ref|XP_005164663.1|/4.570
48e-45/PREDICTED: protein-methionine
sulfoxide oxidase mical3b isoform X5 [Danio
rerio]
gi|122114616|ref|NP_001073628.1|/3.198
08e-112/homeodomain interacting protein
kinase 3b [Danio rerio]

0.80357046

-

0.971202468

-

311

0.848155114

gi|55925399|ref|NP_001007454.1|/6.1694
8e-148/nucleosome assembly protein 1-like
4 [Danio rerio]
gi|326678803|ref|XP_003201178.1|/1.267
52e-29/PREDICTED: ICOS ligand-like [Danio
rerio]

116

CL1490.Contig4

-7.928765095

Down

117

Unigene30858

7.973458213

Up

0.85327576

118

CL21474.Contig1

5.780085811

Up

0.816651373

119

CL10622.Contig4

-7.745954377

Down

0.823307887

gi|206557842|sp|P0C7U4.1|C3AR_DANRE/
7.4174e-114/RecName: Full=C3a
anaphylatoxin chemotactic receptor;
Short=C3AR; Short=C3a-R [Danio rerio]

120

Unigene115284

-8.136136688

Down

0.872425305

-

121

CL18916.Contig1

-9.077705875

Down

0.94589101

-

122

Unigene68228

8.233619677

Up

0.882881359

-

123

CL7527.Contig3

-8.024216237

Down

0.859644841

-

124

CL19680.Contig2

-7.754887502

Down

0.824287329

-

125

Unigene53978

-7.619608644

Down

0.804937123

126

Unigene18168

-7.705056346

Down

0.817379175

127

Unigene30337

7.768184325

Up

0.826084599

128

CL8144.Contig3

7.667702932

Up

0.811340913

129

CL79.Contig8

-8.141255659

Down

0.872958955

gi|597777652|ref|XP_007252478.1|/1.582
63e-23/PREDICTED: protein-methionine
sulfoxide oxidase mical3b-like [Astyanax
mexicanus]
gi|50344880|ref|NP_001002112.1|/2.6279
e-143/26S proteasome non-ATPase
regulatory subunit 4 [Danio rerio]
gi|528519840|ref|XP_005162792.1|/0/PRE
DICTED: probable phospholipid-transporting
ATPase IB isoform X2 [Danio rerio]
gi|357575246|gb|AET85182.1|/7.22929e50/TC1-like transposase [Cyprinus carpio]

130

Unigene16322

10.28347426

Up

0.982948173

-

131

Unigene45537

7.906890596

Up

0.84512134

132

Unigene402

7.670066069

Up

0.81238001

133

Unigene72143

8.73809226

Up

0.925660065

-

134

CL3011.Contig5

8.06608919

Up

0.8646939

-

135

Unigene93369

8.357552005

Up

0.895035978

-

136

Unigene68729

8.113742166

Up

0.870172481

-

137

Unigene47441

8.784634846

Up

0.928780612

138

CL7403.Contig2

7.894817763

Up

0.843535578

gi|2645245|gb|AAB87150.1|/1.15671e124/2',3'-cyclic-nucleotide 3'phosphodiesterase gRICH70 [Carassius
auratus]

139

Unigene45139

11.22901905

Up

0.992761027

-

140

Unigene44154

9.217553864

Up

0.952628873

-

141

Unigene6743

8.581200582

Up

0.914049942

-

142

Unigene26410

8.042571384

Up

0.862280548

-

143

CL6876.Contig4

-9.499845887

Down

0.963959156

-

144

Unigene58512

7.839203788

Up

0.836208748

145

Unigene77237

-8.32343012

Down

0.89167247

gi|326679036|ref|XP_003201226.1|/3.056
38e-22/PREDICTED: leiomodin-3 [Danio
rerio]

146

Unigene94938

-7.684164178

Down

0.81413064

-

gi|528516429|ref|XP_005161827.1|/0/PRE
DICTED: CREB-binding protein isoform X2
[Danio rerio]

312
147

CL14453.Contig2

6.874281206

Up

0.922934333

148

CL2840.Contig3

8.020517017

Up

0.859644841

149

Unigene54980

-8.060695932

Down

0.864094087

gi|166158017|ref|NP_001107418.1|/3.367
54e-59/uncharacterized protein
LOC100135258 [Xenopus (Silurana)
tropicalis]
gi|528471942|ref|XP_005171495.1|/2.802
14e-09/PREDICTED: NACHT, LRR and PYD
domains-containing protein 3-like [Danio
rerio]

150

Unigene36560

-7.691161905

Down

0.815405107

-

151

Unigene59167

8.765976681

Up

0.927454081

152

Unigene109776

-7.636624621

Down

0.807086905

153

CL8068.Contig4

8.098032083

Up

0.868406667

154

CL18234.Contig1

-7.707359132

Down

0.817379175

gi|190338070|gb|AAI62670.1|/1.09358e24/Zfpm2a protein [Danio rerio]
gi|115313689|gb|AAI24376.1|/4.88035e33/Si:dkey-172m14.1 protein [Danio rerio]
gi|62205219|gb|AAH92938.1|/5.51692e32/Zgc:110581 [Danio rerio]

155

Unigene103505

7.95419631

Up

0.851099946

156

Unigene85624

7.617161323

Up

0.80386874

157

Unigene31962

7.914883386

Up

0.845877343

-

158

Unigene74789

-7.655828831

Down

0.810294223

159

Unigene20522

14.35986392

Up

0.999274367

gi|536720426|gb|AGU42184.1|/1.8035e35/interleukin-1 beta-1 [Carassius carassius]

160

CL3790.Contig7

-7.672425342

Down

0.81238001

-

161

Unigene9751

-8.433237678

Down

0.902146962

-

162

CL1266.Contig1

8.376487194

Up

0.896685735

-

163

Unigene93400

6.073391816

Up

0.838554852

-

164

Unigene2510

-6.724513853

Down

165

Unigene112829

166
167

0.86739794

gi|45709939|gb|AAH67712.1|/2.469e16/LOC407674 protein, partial [Danio rerio]

gi|383282283|gb|AFH01333.1|/3.51458e26/complement component C7-1, partial
[Hypophthalmichthys molitrix]
gi|281312212|sp|Q2YDQ5.2|FBXL5_DANRE
/0/RecName: Full=F-box/LRR-repeat protein
5; AltName: Full=F-box and leucine-rich
repeat protein 5 [Danio rerio]

10.2632692

Up

0.982656402

CL6411.Contig6

8.985841937

Up

0.941037188

Unigene81511

-8.037089319

Down

0.861628671

168

Unigene62269

-8.241585987

Down

0.883864054

169

CL6485.Contig21

-10.36522885

Down

0.984259518

170

Unigene47570

11.74553428

Up

171

CL15163.Contig1

-9.580572641

Down

0.966612217

172

CL4789.Contig5

-7.963859408

Down

0.852425392

gi|528476578|ref|XP_005164839.1|/4.786
1e-28/PREDICTED: uncharacterized protein
LOC101883282 isoform X1 [Danio rerio]
gi|82112887|sp|Q9DDT5.1|SPT5H_DANRE/
0/RecName: Full=Transcription elongation
factor SPT5; AltName: Full=DRB sensitivityinducing factor large subunit; Short=DSIF
large subunit; AltName: Full=Protein foggy

173

Unigene36695

7.641449692

Up

0.808135764

-

174

Unigene83091

8.142957954

Up

0.873492604

175

Unigene48389

-7.702749879

Down

0.816427935

gi|528518819|ref|XP_005162482.1|/3.321
96e-16/PREDICTED: uncharacterized protein
LOC101884834 [Danio rerio]

176

CL6186.Contig1

-7.135452784

Down

0.907551787

gi|528471942|ref|XP_005171495.1|/1.879

0.99534467

gi|59933258|ref|NP_001012378.1|/1.0960
1e-24/disks large homolog 2 [Danio rerio]
gi|40548308|ref|NP_954967.1|/0/unchara
cterized protein LOC321250 [Danio rerio]

313

177

Unigene9811

5.621711159

Up

0.804462045

178

Unigene33912

8.083775799

Up

0.982339683

27e-138/PREDICTED: NACHT, LRR and PYD
domains-containing protein 3-like [Danio
rerio]
gi|115529435|ref|NP_001070245.1|/8.717
18e-97/major histocompatibility complex
class II DBB precursor [Danio rerio]
gi|528504300|ref|XP_005158243.1|/5.024
46e-67/PREDICTED: uncharacterized protein
LOC101883708 [Danio rerio]

179

Unigene7453

7.034523875

Up

0.920143521

-

180

Unigene71109

-8.13784503

Down

0.872958955

181

CL9829.Contig2

-8.026062297

Down

0.860310818

182

CL6467.Contig4

8.320424504

Up

0.89167247

183

Unigene103878

7.759333407

Up

0.825171321

gi|33504525|ref|NP_878293.1|/1.21621e180/transforming growth factor, beta 1a
precursor [Danio rerio]
gi|41055786|ref|NP_956466.1|/9.0441e157/transcriptional regulator Myc-B [Danio
rerio]
gi|189528212|ref|XP_001919426.1|/2.076
59e-07/PREDICTED: cystine/glutamate
transporter-like [Danio rerio]

184

Unigene82415

8.361943774

Up

0.895469839

-

185

CL3111.Contig2

6.825426495

Up

0.912534682

186

CL17023.Contig1

7.670066069

Up

0.81238001

gi|375298713|ref|NP_001243545.1|/6.502
01e-11/SH3-domain GRB2-like endophilin
B1 [Danio rerio]

187

Unigene92967

-7.700439718

Down

0.816427935

-

188

CL11992.Contig2

7.658211483

Up

0.810294223

189

CL6113.Contig9

-8.007494537

Down

0.857616541

gi|41055454|ref|NP_956710.1|/8.3702e55/transformer-2 protein homolog alpha
[Danio rerio]

190

Unigene49248

8.667702932

Up

0.920601245

191

CL4726.Contig4

7.973458213

Up

0.85327576

192

CL14376.Contig3

9.477083637

Up

0.963192307

193

CL30.Contig44

7.807354922

Up

0.831792042

gi|131888307|ref|NP_001076466.1|/2.732
77e-64/uncharacterized protein
LOC100009628 precursor [Danio rerio]

194

Unigene28246

7.609794354

Up

0.802739616

-

195

Unigene109703

8.037089319

Up

0.861628671

196

Unigene6188

-7.81164228

Down

0.832666272

197

CL5158.Contig10

8.836050355

Up

0.932031316

gi|528523115|ref|XP_005168267.1|/1.120
77e-68/PREDICTED: uncharacterized protein
LOC101884117 [Danio rerio]
gi|47087291|ref|NP_998660.1|/2.85849e144/cullin-1 [Danio rerio]

198

Unigene78975

8.171593822

Up

0.876259553

-

199

Unigene31414

-7.973458213

Down

0.85327576

200

CL13231.Contig2

-7.984893108

Down

0.854749803

201

Unigene93475

-8.206200388

Down

0.879854093

202

Unigene91776

8.153129759

Up

0.874594611

gi|6009727|dbj|BAA85038.1|/1.64157e12/alpha-2-macroglobulin-1 [Cyprinus
carpio]

203

Unigene56272

8.691072405

Up

0.990383468

-

gi|56090164|ref|NP_998471.1|/0/phospha
tidylinositol-4,5-bisphosphate 3-kinase
catalytic subunit gamma isoform [Danio
rerio]

gi|47086641|ref|NP_997866.1|/7.92124e122/H2.0-like homeobox protein [Danio
rerio]

314
204

Unigene81201

7.882643049

Up

0.842024656

205

Unigene33567

7.631783357

Up

0.806007675

gi|289186679|gb|ADC91950.1|/2.92406e86/UDP glucuronosyltransferase 2 family
polypeptide a4 isoform 1 [Danio rerio]

206

CL4467.Contig3

8.375039431

Up

0.896685735

-

207

Unigene56478

7.851749041

Up

0.837853082

-

208

Unigene97325

7.609794354

Up

0.802739616

209

CL2964.Contig11

-7.928765095

Down

0.848155114

210

CL4386.Contig4

-9.171593822

Down

0.950571287

211

Unigene9190

-8.407975835

Down

0.899829059

gi|528518412|ref|XP_005162410.1|/9.492
82e-103/PREDICTED: rap guanine nucleotide
exchange factor 3-like [Danio rerio]
gi|45387529|ref|NP_991104.1|/2.70251e47/dr1-associated corepressor [Danio rerio]
gi|520689251|gb|AGP05313.1|/3.04164e22/Gpr125 [Danio rerio]

212

Unigene67333

7.892795766

Up

0.843535578

213

Unigene59672

-7.982993575

Down

0.854749803

214

CL6748.Contig4

-8.030667136

Down

0.895168306

215

CL9750.Contig1

-7.851749041

Down

0.837853082

216

Unigene95542

7.902877533

Up

0.844362083

217

CL3076.Contig9

-8.153129759

Down

0.874594611

218

CL4377.Contig11

-6.368768349

Down

0.854155413

219

Unigene15870

-8.14635653

Down

0.873492604

220

Unigene60218

-8.930737338

Down

0.937840717

221

CL18379.Contig3

-8.844444241

Down

0.932604013

222

CL8512.Contig11

-7.783980414

Down

0.892831963

223

CL868.Contig30

-8.112005026

Down

0.870172481

224

CL5562.Contig8

8.506472886

Up

0.908115806

225

Unigene66244

7.872418378

Up

0.840426963

gi|528496592|ref|XP_005156444.1|/1.949
53e-29/PREDICTED: serine/threonineprotein kinase LMTK1-like isoform X1 [Danio
rerio]
gi|50355966|ref|NP_001001841.2|/0/v-rel
reticuloendotheliosis viral oncogene
homolog [Danio rerio]
gi|390190233|ref|NP_998459.2|/4.46218e
-70/akirin-2 [Danio rerio]
gi|597733918|ref|XP_007229266.1|/9.385
8e-30/PREDICTED: antigen WC1.1-like
[Astyanax mexicanus]
gi|528508455|ref|XP_005159286.1|/0/PRE
DICTED: E3 ubiquitin-protein ligase TRIP12
isoform X5 [Danio rerio]
gi|66911393|gb|AAH97216.1|/2.50132e08/Si:dkey-78l4.5 protein [Danio rerio]

226

Unigene91527

-8.113742166

Down

0.870172481

-

227

CL10658.Contig7

11.82310182

Up

0.995644034

-

228

Unigene86377

-8.713100067

Down

0.923941975

229

Unigene93922

-8.14635653

Down

0.873492604

gi|528504705|ref|XP_001921123.3|/6.599
18e-17/PREDICTED: neural-cadherin [Danio
rerio]

230

Unigene102458

11.33110355

Up

0.993390126

-

231

Unigene98113

-7.626925794

Down

0.806007675

-

gi|528504018|ref|XP_001345180.4|/2.283
5e-17/PREDICTED: uncharacterized protein
LOC100006440 [Danio rerio]
gi|528478702|ref|XP_005171824.1|/2.142
25e-07/PREDICTED: zinc finger BED domaincontaining protein 1-like [Danio rerio]
gi|17066696|gb|AAL35360.1|AF442732_3/
1.63646e-15/reverse
transcriptase/ribonuclease H/putative
methyltransferase, partial [Tetraodon
nigroviridis]
gi|220678755|emb|CAX14794.1|/2.18107e
-127/solute carrier family 25, member 28
[Danio rerio]

315
232

Unigene45830

8.001877287

Up

0.856922363

-

233

CL3248.Contig1

-8.762658868

Down

0.927249082

-

234

CL16109.Contig2

8.963859408

Up

0.939713912

235

CL14020.Contig6

7.660590206

Up

0.810294223

gi|465957657|gb|EMP27504.1|/0/Multidru
g resistance-associated protein 5 [Chelonia
mydas]

236

Unigene2839

-8.230420795

Down

0.88237808

-

237

CL981.Contig8

-9.032504965

Down

0.943613239

-

238

Unigene71670

8.509115185

Up

0.908115806

239

Unigene31434

6.129875659

Up

0.862753456

240

Unigene95304

9.640244936

Up

0.96844528

241

Unigene64243

-7.667702932

Down

0.811340913

gi|339515652|ref|NP_001129727.2|/2.155
74e-130/GTP cyclohydrolase 1 [Danio rerio]
gi|189528212|ref|XP_001919426.1|/5.586
11e-24/PREDICTED: cystine/glutamate
transporter-like [Danio rerio]
gi|292620974|ref|XP_002664501.1|/4.539
32e-18/PREDICTED: glutaredoxin domaincontaining cysteine-rich protein 1-like
[Danio rerio]

242

Unigene44663

12.45866293

Up

0.997351278

243

CL12752.Contig1

7.672425342

Up

0.81238001

244

Unigene98610

7.721099189

Up

0.819407476

-

245

Unigene44281

5.87897051

Up

0.806596641

-

246

CL1716.Contig1

6.471798359

Up

0.894335292

247

CL1988.Contig5

-7.702749879

Down

0.816427935

gi|528519901|ref|XP_005162811.1|/0/PRE
DICTED: putative GPI-anchored protein
PB15E9.01c-like [Danio rerio]

248

Unigene9005

7.837102265

Up

0.836208748

-

249

Unigene64265

-7.614709844

Down

0.80386874

-

250

Unigene35936

-9.570488231

Down

0.966279229

-

251

Unigene99928

8.706208199

Up

0.92346039

252

CL1512.Contig1

8.624490865

Up

0.917381995

253

CL1056.Contig2

9.022367813

Up

0.942992817

254

Unigene16464

-8.780266349

Down

0.928570189

255

Unigene18966

8.099063845

Up

0.982886348

256

CL14301.Contig5

-10.33799349

Down

0.983819149

257

Unigene15440

8.660590206

Up

0.92008495

258

Unigene96804

10.10678102

Up

0.979920907

259

CL672.Contig2

8.06608919

Up

0.8646939

-

260

Unigene17488

-7.592457037

Down

0.800433644

-

261

Unigene3120

6.877330337

Up

0.920027463

gi|38649358|gb|AAH63232.1|/1.7511e-

gi|597767263|ref|XP_007247490.1|/4.644
03e-31/PREDICTED: serine/threonineprotein phosphatase 2A 55 kDa regulatory
subunit B beta isoform isoform X2 [Astyanax
mexicanus]

gi|34784532|gb|AAH56692.1|/3.84935e153/LOC402865 protein, partial [Danio
rerio]
gi|148231201|ref|NP_001082847.1|/2.850
76e-155/transmembrane protein 63A
[Danio rerio]
gi|528475977|ref|XP_005164601.1|/1.747
45e-85/PREDICTED: uncharacterized protein
LOC101882782 [Danio rerio]
gi|47086711|ref|NP_997828.1|/2.74687e88/CD82 antigen, b [Danio rerio]
gi|47219277|emb|CAG11739.1|/6.23209e15/unnamed protein product [Tetraodon
nigroviridis]
gi|383282283|gb|AFH01333.1|/6.6787e22/complement component C7-1, partial
[Hypophthalmichthys molitrix]

316
38/Prostaglandin-endoperoxide synthase 2a
[Danio rerio]
262

Unigene60979

7.832890014

Up

0.835361634

7.62935662

Up

0.806007675

gi|18157526|dbj|BAB83841.1|/1.4218e12/ReO_6 [Oryzias latipes]

263

CL20999.Contig3

264
265

CL17015.Contig2

8.089915511

Up

0.981415559

-

Unigene59356

-7.612254192

Down

0.80386874

-

266

CL16607.Contig2

8.944468053

Up

0.938723624

267

CL18621.Contig1

-6.327926836

Down

0.839174189

gi|528506732|ref|XP_005158918.1|/3.363
93e-92/PREDICTED: stAR-related lipid
transfer protein 9-like isoform X2 [Danio
rerio]

268

CL18106.Contig2

-8.335390355

Down

0.892978392

-

269

Unigene16276

-9.024216237

Down

0.943137076

-

270

Unigene114143

9.286172684

Up

0.955617092

-

271

Unigene35948

-7.309855263

Down

0.856573105

-

272

Unigene5664

-7.718818247

Down

0.819407476

273

CL1569.Contig1

5.598657291

Up

0.805880771

274

CL2602.Contig2

-7.77478706

Down

0.827073802

275

CL2013.Contig5

-8.510434522

Down

0.908457472

gi|3769340|dbj|BAA33884.1|/1.50907e125/MHC class I antigen [Cyprinus carpio]
gi|9082323|gb|AAF82808.1|AF282675_1/2
.08348e-75/calpain 1 [Danio rerio]
gi|597786213|ref|XP_007256572.1|/1.011
73e-76/PREDICTED: uridine phosphorylase
1-like [Astyanax mexicanus]

276

CL15338.Contig1

-8.033423002

Down

0.86095944

-

277

Unigene68162

7.824428435

Up

0.834287828

-

278

Unigene2721

7.686500527

Up

0.81436384

279

Unigene64260

8.038918989

Up

0.861628671

280

Unigene4216

8.785158177

Up

0.988928949

281

CL12552.Contig1

-7.665335917

Down

0.811340913

282

CL10093.Contig2

7.636624621

Up

0.807086905

283

CL7047.Contig3

-7.828665428

Down

0.834488489

284

CL2387.Contig10

7.794415866

Up

0.829914508

285

CL13720.Contig4

9.136991112

Up

0.948918276

286

Unigene18989

9.314394422

Up

0.95690132

287

CL21131.Contig10

-8.665335917

Down

0.920328997

288

Unigene104223

7.938599455

Up

0.848897017

289

CL12039.Contig1

-8.588714636

Down

0.914623723

290

Unigene85706

-8.156504486

Down

0.874594611

gi|528511895|ref|XP_683027.5|/3.33352e21/PREDICTED: androglobin [Danio rerio]
gi|190339184|gb|AAI63556.1|/2.78525e07/Tnc protein [Danio rerio]
gi|53933252|ref|NP_001005595.1|/2.0889
1e-142/protein IMPACT [Danio rerio]
gi|528518335|ref|XP_698367.6|/0/PREDIC
TED: segment polarity protein dishevelled
homolog DVL-1 [Danio rerio]
gi|528501908|ref|XP_005157707.1|/3.290
85e-50/PREDICTED: coiled-coil domaincontaining protein 9 isoform X1 [Danio
rerio]
gi|66472650|ref|NP_001018387.1|/3.2257
9e-136/SWI/SNF-related matrix-associated
actin-dependent regulator of chromatin
subfamily E member 1-related isoform 1
[Danio rerio]
gi|378735269|dbj|BAL63124.1|/5.55479e28/CD2 family receptor [Carassius auratus
langsdorfii]
gi|295314918|gb|ADF97609.1|/3.46758e26/fibrinogen B beta polypeptide
[Hypophthalmichthys molitrix]
gi|51571913|ref|NP_001004012.1|/4.8452
5e-60/CMP-N-acetylneuraminate-beta-

317
galactosamide-alpha-2,3-sialyltransferase 2
[Danio rerio]
gi|209152513|gb|ACI33116.1|/1.83008e164/ELAV-like protein 1 [Salmo salar]

291

CL6313.Contig5

-7.743712427

Down

0.822359901

292

Unigene73915

-7.732450113

Down

0.82142493

-

293

Unigene82996

-7.74819285

Down

0.823307887

-

294

CL1103.Contig3

-7.950312876

Down

0.850374314

-

295

CL9725.Contig1

-8.103287808

Down

0.868992379

296

Unigene35252

8.489178962

Up

0.90651052

gi|153792746|ref|NP_001093569.1|/4.576
96e-109/uncharacterized protein
LOC100006143 [Danio rerio]

297

CL3064.Contig2

8.092757141

Up

0.867816616

-

298

Unigene12129

-8.124121312

Down

0.871352584

-

299

Unigene87234

7.794415866

Up

0.829914508

300

CL5719.Contig5

-7.639039173

Down

0.807086905

301

Unigene30542

-7.597431853

Down

0.801611577

302

Unigene22935

6.492106846

Up

0.899063294

303

Unigene112934

-7.604862058

Down

0.802455437

304

CL8161.Contig1

-6.22828426

Down

0.850752858

gi|597770959|ref|XP_007249269.1|/2.057
56e-07/PREDICTED: uncharacterized protein
KIAA0513 homolog isoform X2 [Astyanax
mexicanus]
gi|528520931|ref|XP_003201438.2|/3.911
56e-27/PREDICTED: von Willebrand factor A
domain-containing protein 5A-like [Danio
rerio]
gi|38649358|gb|AAH63232.1|/2.16042e80/Prostaglandin-endoperoxide synthase 2a
[Danio rerio]
gi|317418923|emb|CBN80961.1|/1.71004e
-09/Retrovirus polyprotein [Dicentrarchus
labrax]
gi|528480160|ref|XP_005165483.1|/1.366
44e-155/PREDICTED: uncharacterized
protein LOC101885572 [Danio rerio]

305

CL20610.Contig1

9.57427815

Up

0.966406133

-

306

Unigene7940

-8.464886049

Down

0.904514759

-

307

Unigene18990

12.42031116

Up

0.997275352

308

CL2933.Contig40

-7.639039173

Down

0.807086905

309

CL4998.Contig2

-7.714245518

Down

0.818344516

310

CL20567.Contig4

6.884522783

Up

0.904132961

gi|23308669|ref|NP_694508.1|/0/mucosa
associated lymphoid tissue lymphoma
translocation gene 1a [Danio rerio]
gi|256017218|ref|NP_001116750.2|/1.217
28e-15/Wilms tumor protein 1-interacting
protein homolog [Danio rerio]
gi|6573261|gb|AAF17609.1|AF206323_1/4
.39257e-79/ubiquitin-like protein [Carassius
auratus]

311

Unigene76920

8.159871337

Up

0.875117414

312

Unigene22630

-8.035257325

Down

313

Unigene57154

8.892795766

Up

0.935539083

-

314

Unigene104476

-7.763765654

Down

0.825171321

315

Unigene19491

6.369426105

Up

0.888339331

gi|24119251|ref|NP_705943.1|/3.15854e117/prostaglandin-endoperoxide synthase 2
precursor [Danio rerio]

316

CL1740.Contig3

8.77807713

Up

0.928364105

-

317

Unigene50705

8.99906044

Up

0.941775837

318

CL1669.Contig11

10.14380835

Up

0.98063027

gi|74096359|ref|NP_001027869.1|/1.0460
8e-100/alpha3-fucosyltransferase [Takifugu

0.86095944

gi|528483124|ref|XP_690072.5|/2.72077e39/PREDICTED: SLIT-ROBO Rho GTPaseactivating protein 3 isoform X2 [Danio rerio]

318
rubripes]

319

CL11738.Contig2

320
321

gi|41056185|ref|NP_956621.1|/1.36588e92/uncharacterized protein LOC393297
[Danio rerio]
gi|41055287|ref|NP_956939.1|/1.39688e142/peroxisomal membrane protein PEX13
[Danio rerio]

8.220781371

Up

0.881382368

CL13576.Contig2

-8.09978612

Down

0.868406667

CL416.Contig1

8.674780763

Up

0.921133809

322

CL20939.Contig2

6.855638986

Up

0.922831291

323

CL11512.Contig1

8.031586343

Up

0.86095944

324

Unigene38845

-6.151712198

Down

0.833697777

325

Unigene28731

-7.702749879

Down

0.816427935

gi|528480160|ref|XP_005165483.1|/6.736
77e-44/PREDICTED: uncharacterized protein
LOC101885572 [Danio rerio]
gi|528478690|ref|XP_005171823.1|/1.881
24e-57/PREDICTED: zinc transporter ZIP14like isoform X2 [Danio rerio]

326

Unigene82767

-9.561606175

Down

0.966075314

-

327

Unigene22080

-7.754887502

Down

0.824287329

328

CL2763.Contig1

8.233619677

Up

0.882881359

gi|193248592|dbj|BAG50379.1|/3.10179e73/voltage-sensing phosphoinositide
phosphatase [Danio rerio]

329

Unigene39742

8.406559345

Up

0.899502578

-

330

Unigene77456

-7.677132345

Down

0.81339633

331

Unigene36875

-9.072355949

Down

0.945633947

gi|326664251|ref|XP_688463.5|/2.35634e78/PREDICTED: probable E3 ubiquitinprotein ligase HERC4 isoform X2 [Danio
rerio]

332

Unigene6818

8.26052755

Up

0.885774128

-

333

Unigene31599

8.200564274

Up

0.983651028

334

CL3572.Contig17

-8.479780264

Down

0.905851051

gi|164523608|gb|ABY60839.1|/0/phosphat
idylinositol phosphate 5-kinase type III
isoform c [Danio rerio]

335

Unigene56266

-7.6794801

Down

0.81339633

336

CL4131.Contig2

8.297680549

Up

0.889479302

gi|18859217|ref|NP_571687.1|/1.39112e80/pre-B-cell leukemia transcription factor 2
[Danio rerio]

337

Unigene55728

7.967706597

Up

0.852597852

-

338

Unigene57058

-8.101538026

Down

0.868992379

339

CL2767.Contig7

-9.05166212

Down

0.944650167

gi|326665920|ref|XP_686514.3|/0/PREDIC
TED: neurabin-2-like [Danio rerio]

340

CL1347.Contig1

-7.73470962

Down

0.82142493

341

Unigene34824

8.585379887

Up

0.988449532

342

CL10947.Contig1

7.540389465

Up

0.960758346

343

Unigene35309

7.602389572

Up

0.801611577

gi|62955445|ref|NP_001017734.1|/0/meta
lloreductase STEAP4 [Danio rerio]
gi|315013535|ref|NP_001186649.1|/3.323
39e-109/G patch domain containing 4-like
[Danio rerio]
gi|632968068|ref|XP_007900327.1|/6.576
27e-38/PREDICTED: uncharacterized protein
LOC103184236 isoform X1 [Callorhinchus
milii]

344

CL19877.Contig1

9.120578948

Up

0.990998466

-

345

Unigene16073

7.073495239

Up

0.933362185

346

CL4267.Contig16

-7.743712427

Down

0.822359901

gi|121583916|ref|NP_001073521.1|/5.722
24e-69/eyes absent homolog 3 [Danio rerio]

gi|189516081|ref|XP_001341582.2|/2.487
87e-80/PREDICTED: protein lifeguard 1
isoform X1 [Danio rerio]
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gi|554885442|ref|XP_005952351.1|/1.416
99e-56/PREDICTED: uncharacterized protein
LOC102304581 [Haplochromis burtoni]
gi|528515730|ref|XP_005174065.1|/1.224
95e-23/PREDICTED: rho guanine nucleotide
exchange factor 18 isoform X1 [Danio rerio]

347

Unigene62735

-7.667702932

Down

0.811340913

348

Unigene48287

-7.626925794

Down

0.806007675

349

Unigene27466

-7.880603904

Down

0.842024656

350

Unigene459

-11.97070509

Down

0.99615816

351

Unigene1443

-8.645057935

Down

0.918736727

352

CL16777.Contig1

-7.940558308

Down

0.849630242

353

CL4078.Contig3

7.803054785

Up

0.83081477

354

Unigene15623

7.709658248

Up

0.817379175

355

Unigene11405

5.75760715

Up

0.822654926

gi|209733124|gb|ACI67431.1|/4.23515e84/Trans-2-enoyl-CoA reductase,
mitochondrial precursor [Salmo salar]

356

CL11110.Contig2

-8.26052755

Down

0.885774128

-

357

Unigene76823

-8.618385502

Down

0.916849431

358

CL5198.Contig8

-8.574908836

Down

0.913473991

359

Unigene59256

5.933418616

Up

0.836065574

gi|528502583|ref|XP_001919795.3|/9.253
e-34/PREDICTED: NACHT, LRR and PYD
domains-containing protein 3-like isoform
X1 [Danio rerio]
gi|183985554|gb|AAI66041.1|/3.96861e22/LOC560618 protein [Danio rerio]

360

Unigene26499

7.824428435

Up

0.834287828

361

Unigene11510

7.16102688

Up

0.942442898

362

Unigene15574

11.6014613

Up

0.994765466

363

CL16865.Contig1

8.191470532

Up

0.878333409

364

CL5273.Contig1

7.700127451

Up

0.970605909

gi|515019311|gb|AGO64769.1|/8.61463e30/hepcidin [Cyprinus carpio]

365

CL19819.Contig1

8.220781371

Up

0.881382368

-

366

Unigene7615

9.644457188

Up

0.968541814

367

CL1292.Contig6

-8.062495926

Down

0.864094087

368

Unigene14967

6.063103727

Up

0.852644492

369

CL6333.Contig2

-7.751544059

Down

0.906609223

gi|401663980|dbj|BAM36371.1|/5.85588e
-102/growth hormone-inducible
transmembrane protein [Oplegnathus
fasciatus]
gi|54035434|gb|AAH83483.1|/3.87471e83/Adcyap1a protein [Danio rerio]
gi|432869982|ref|XP_004071779.1|/1.079
43e-59/PREDICTED: uncharacterized protein
LOC101172982 [Oryzias latipes]

370

CL19534.Contig1

8.784634846

Up

0.928780612

-

371

Unigene71547

8.049848549

Up

0.862854329

-

372

CL3470.Contig2

-9.347252251

Down

0.958156264

373

Unigene1392

6.740550366

Up

0.911579103

374

CL11539.Contig4

8.266786541

Up

0.886225343

gi|187281105|ref|NP_001035333.2|/8.015
12e-141/tumor necrosis factor-inducible
gene 6 protein precursor [Danio rerio]
gi|573903209|ref|XP_006639328.1|/4.008
13e-19/PREDICTED: cytidine and dCMP

gi|41152379|ref|NP_956366.1|/3.43945e141/lectin, galactoside-binding, soluble, 9
(galectin 9)-like 1 [Danio rerio]
gi|339895911|ref|NP_956573.2|/6.76192e
-28/Golgi membrane protein 1-like [Danio
rerio]
gi|242247629|ref|NP_001156323.1|/1.077
93e-27/glutathione S-transferase M3 (brain)
[Danio rerio]
-

gi|157787137|ref|NP_001099167.1|/0/Gprotein coupled receptor 84 [Danio rerio]
gi|187607872|ref|NP_001120324.1|/5.741
89e-21/uncharacterized protein
LOC100145387 precursor [Xenopus
(Silurana) tropicalis]

320
deaminase domain-containing protein 1-like
[Lepisosteus oculatus]
375

CL13102.Contig2

-7.807354922

Down

0.831792042

-

376

Unigene9605

5.951534511

Up

0.810600095

-

377

Unigene58019

7.79224803

Up

0.829914508

378

Unigene91946

8.293088412

Up

0.88901507

379

CL1576.Contig3

9.470237255

Up

0.996403291

gi|425892318|gb|AFY09726.1|/3.77865e41/ceruloplasmin, partial [Labeo rohita]
gi|38143017|emb|CAC80551.1|/2.14211e68/interleukin-1 beta 1 [Carassius auratus]

380

Unigene47959

8.77478706

Up

0.928140666

381

Unigene29618

6.010576004

Up

0.848227786

gi|55742482|ref|NP_998461.1|/6.07553e39/tissue inhibitor of metalloproteinase 2b
precursor [Danio rerio]

382

CL21075.Contig2

7.695808269

Up

0.815405107

-

383

CL4014.Contig3

8.290018847

Up

0.888541077

-

384

Unigene51717

-8.186526969

Down

0.877827961

385

Unigene58139

-7.617161323

Down

0.80386874

gi|528491045|ref|XP_005172607.1|/1.233
85e-31/PREDICTED: uncharacterized protein
LOC101884915 [Danio rerio]

386

CL2646.Contig2

-9.654636029

Down

0.968873718

-

387

CL14147.Contig1

9.675369018

Up

0.969520171

-

388

Unigene41401

-7.803054785

Down

389

Unigene44436

8.668884984

Up

0.990038549

gi|29436812|gb|AAH49472.1|/2.72902e15/Matrix metalloproteinase 13 [Danio
rerio]

390

Unigene1482

6.062495926

Up

0.817217562

-

391

Unigene78728

7.956134115

Up

0.851099946

392

CL1774.Contig16

-6.52438706

Down

0.857766223

393

CL18245.Contig2

7.198795806

Up

0.943580699

394

CL259.Contig16

8.536571017

Up

0.910438048

gi|59858555|ref|NP_001012304.1|/0/RNAbinding protein 39 [Danio rerio]
gi|30231240|ref|NP_840079.1|/1.82657e62/15 kDa selenoprotein precursor [Danio
rerio]
gi|29540612|gb|AAO88245.1|/4.08395e18/signal transducer and activator of
transcription 1 [Carassius auratus]

395

CL14781.Contig1

5.804611633

Up

0.81573918

396

Unigene47420

-7.886712714

Down

0.842795844

397

CL18279.Contig1

5.586972397

Up

0.806627012

398

Unigene68461

-7.607330314

Down

0.802739616

399

Unigene78162

-8.611024797

Down

0.916330967

400

CL8785.Contig2

-7.597431853

Down

0.801611577

gi|189530404|ref|XP_001920566.1|/3.311
13e-173/PREDICTED: free fatty acid
receptor 2-like [Danio rerio]
gi|10954052|gb|AAG25718.1|AF309416_1
/9.4692e-16/ovarian fibroin-like substance3 [Cyprinus carpio]
gi|528496592|ref|XP_005156444.1|/5.638
23e-61/PREDICTED: serine/threonineprotein kinase LMTK1-like isoform X1 [Danio
rerio]
gi|125830338|ref|XP_692362.2|/8.42406e12/PREDICTED: anthrax toxin receptor 1
[Danio rerio]

401

CL7807.Contig2

6.338513555

Up

0.868515132

-

402

Unigene96409

8.087462841

Up

0.867158231

403

CL409.Contig24

7.864186145

Up

0.839562494

gi|181330416|ref|NP_001116713.1|/7.174
89e-101/nuclear receptor subfamily 1,
group H, member 5 [Danio rerio]

0.83081477

-

321
404

Unigene16146

7.695808269

Up

0.815405107

-

405
406

Unigene58486

8.772589504

Up

0.927917228

-

CL11185.Contig1

-8.224001674

Down

0.881899748

407

Unigene76028

-7.651051691

Down

0.809166184

408

CL11090.Contig4

8.118941073

Up

0.870759279

gi|46309481|ref|NP_996939.1|/1.24897e36/phospholipase A1 member A precursor
[Danio rerio]
gi|237511645|gb|ACQ99544.1|/1.16241e161/liver X receptor [Cyprinus carpio]

409

CL1933.Contig2

8.082149041

Up

0.866544318

-

410

Unigene94964

-7.828665428

Down

0.834488489

-

411

CL929.Contig3

7.926790153

Up

0.847412127

412

CL2302.Contig8

9.038004444

Up

0.943919111

413

Unigene18061

-8.215937399

Down

0.880891021

414

CL1512.Contig6

-7.922832139

Down

0.847412127

gi|161612143|gb|AAI55571.1|/7.20948e78/LOC559136 protein [Danio rerio]
gi|528494626|ref|XP_005169449.1|/2.519
28e-29/PREDICTED: contactin associated
protein-like 5 isoform X2 [Danio rerio]
gi|34784532|gb|AAH56692.1|/3.47376e153/LOC402865 protein, partial [Danio
rerio]

415

Unigene49320

-8.09978612

Down

0.868406667

-

416

Unigene38547

-7.651051691

Down

0.809166184

417

CL3871.Contig3

8.120669887

Up

0.870759279

gi|50540248|ref|NP_001002591.1|/5.6414
e-21/rho-related GTP-binding protein RhoE
[Danio rerio]

418

Unigene16078

7.732450113

Up

0.82142493

-

419

Unigene44161

6.165691344

Up

0.867461934

-

420

CL6749.Contig1

7.965784285

Up

0.852597852

421

CL3516.Contig4

5.86841998

Up

0.833445053

422

CL9375.Contig4

8.029747343

Up

0.860310818

423

CL2464.Contig5

8.122396631

Up

0.871352584

gi|62955445|ref|NP_001017734.1|/0/meta
lloreductase STEAP4 [Danio rerio]
gi|18859571|ref|NP_571121.1|/0/wilms
tumor 1a [Danio rerio]
gi|28279226|gb|AAH46004.1|/4.23051e08/Zgc:65788 protein, partial [Danio rerio]

424

CL5857.Contig4

8.820178962

Up

0.931029097

425

Unigene84364

8.742050273

Up

0.990639446

426

Unigene11251

-7.994353437

Down

0.856142497

427

CL5765.Contig2

8.731319031

Up

428

Unigene17618

-8.524868154

Down

429

Unigene9628

7.803054785

Up

0.83081477

430

Unigene111503

-7.617161323

Down

0.80386874

431

Unigene56556

-8.992466327

Down

0.941332214

432

Unigene52459

5.968608024

Up

433

CL16918.Contig2

-7.994353437

Down

0.856142497

gi|190339262|gb|AAI62500.1|/5.65438e37/Eph-like kinase 1 [Danio rerio]

434

CL3795.Contig3

-7.920849053

Down

0.846658293

-

435

Unigene17779

7.64385619

Up

0.808135764

-

436

CL5458.Contig8

-7.8008999

Down

0.83081477

-

437

Unigene39267

0.863360862

-

8.053473413

Up

gi|488888807|gb|AGL08667.1|/6.81193e22/interleukin-11, partial [Carassius
auratus]
gi|118763931|gb|AAI28823.1|/8.96684e19/Si:ch211-69g19.2 protein [Danio rerio]

0.92517631

-

0.909485723

-

0.83576621

gi|41054970|ref|NP_957345.1|/1.35121e30/bone morphogenetic protein 5 precursor
[Danio rerio]
-
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438

Unigene35435

8.382389079

Up

0.981888467

-

439

Unigene36586

-9.092757141

Down

0.946681722

-

440

CL3125.Contig2

-7.614709844

Down

0.80386874

441

CL4425.Contig3

-7.655828831

Down

0.810294223

gi|528520507|ref|XP_005162959.1|/1.386
92e-38/PREDICTED: myosin-7 isoform X3
[Danio rerio]

442

Unigene50251

-7.757112167

Down

0.824287329

-

443

Unigene62941

-7.839203788

Down

0.836208748

-

444

Unigene54572

8.094517599

Up

0.867816616

-

445

Unigene54289

7.882643049

Up

0.842024656

446

Unigene48169

8.568589531

Up

0.913181135

447

Unigene44991

7.684164178

Up

0.81413064

gi|134054414|emb|CAM73201.1|/2.38332
e-19/si:dkey-15j16.3 [Danio rerio]
gi|77403694|dbj|BAE46429.1|/1.43524e53/ORF2-encoded protein [Danio rerio]

448

Unigene77418

9.383704292

Up

0.959632476

449

CL8096.Contig18

-8.468187634

Down

0.978519536

450

Unigene76577

-7.805206455

Down

0.831792042

451

Unigene33206

-8.54045097

Down

0.910717888

452

Unigene1243

8.022367813

Up

0.859644841

453

Unigene18495

9.206616876

Up

0.994089727

gi|57528839|ref|NP_956700.1|/1.48897e60/uncharacterized protein LOC393377
precursor [Danio rerio]

454

Unigene13585

5.672911311

Up

0.812494983

-

455

Unigene33451

-7.716533694

Down

0.818344516

456

Unigene30920

9.729620744

Up

0.971069056

457

Unigene19

8

Up

0.856922363

gi|41055766|ref|NP_956470.1|/7.56022e13/trimeric intracellular cation channel type
B [Danio rerio]
gi|597758464|ref|XP_007240937.1|/7.884
05e-126/PREDICTED: rap guanine nucleotide
exchange factor 6-like isoform X3 [Astyanax
mexicanus]

458

Unigene59786

9.616548844

Up

0.967747849

459

CL10213.Contig2

10.03296406

Up

0.978464218

gi|338176917|gb|AEI83864.1|/0/granulocy
te colony stimulating factor receptor
[Carassius auratus]

460

Unigene97833

-7.843397672

Down

0.836851947

-

461

Unigene49381

5.955548541

Up

0.834066559

-

462

CL4700.Contig2

7.622051819

Up

0.804937123

463

CL20263.Contig22

-8.77478706

Down

0.928140666

gi|120537843|gb|AAI29405.1|/1.34542e177/LOC799852 protein [Danio rerio]

464

Unigene56277

7.619608644

Up

0.804937123

465

CL1787.Contig6

7.631783357

Up

0.806007675

466

Unigene49232

11.08170534

Up

0.991783755

467

Unigene32768

-7.677132345

Down

468

CL2387.Contig11

8.027905997

Up

gi|528471389|ref|XP_005163580.1|/0/PRE
DICTED: uncharacterized protein
LOC101882486 [Danio rerio]
gi|292610733|ref|XP_001337309.3|/6.061
25e-39/PREDICTED: carboxypeptidase N
subunit 2 [Danio rerio]
gi|528515420|ref|XP_001921427.2|/5.988
59e-24/PREDICTED: uncharacterized protein
LOC100004641 [Danio rerio]

gi|167963524|ref|NP_001108163.1|/5.914
83e-44/SH2 domain containing 1A duplicate
a [Danio rerio]

0.81339633

gi|432873688|ref|XP_004072341.1|/1.590
22e-14/PREDICTED: MAP kinase-activated
protein kinase 5-like [Oryzias latipes]

0.860310818

gi|528501908|ref|XP_005157707.1|/2.853

323
99e-64/PREDICTED: coiled-coil domaincontaining protein 9 isoform X1 [Danio
rerio]
469

Unigene56786

-7.884679317

Down

0.842024656

-

470

Unigene59471

-8.238404739

Down

0.883383553

-

471

Unigene51409

-7.90488546

Down

0.844939118

-

472

Unigene19234

-7.662965013

Down

0.811074088

473

Unigene48632

10.23361968

Up

0.982157461

474

CL2143.Contig5

-8.058893689

Down

0.864094087

475

CL12644.Contig1

7.619608644

Up

0.804937123

gi|292615091|ref|XP_698005.4|/5.44783e99/PREDICTED: ankyrin repeat domaincontaining protein 33B-like [Danio rerio]
gi|528501806|ref|XP_005157655.1|/1.390
3e-50/PREDICTED: MAP/microtubule
affinity-regulating kinase 4-like isoform X1
[Danio rerio]
gi|215539471|gb|AAI71569.1|/1.73526e79/Unknown (protein for IMAGE:9039285)
[Danio rerio]

476

CL20188.Contig2

6.768184325

Up

0.899933185

-

477

Unigene20822

7.727920455

Up

0.820433557

478

CL3516.Contig3

7.940487892

Up

0.977560703

gi|62955445|ref|NP_001017734.1|/0/meta
lloreductase STEAP4 [Danio rerio]

479

CL3530.Contig2

-7.64385619

Down

0.808135764

-

480

Unigene49410

7.830779268

Up

0.835361634

-

481

Unigene51686

7.730187062

Up

0.820433557

482

Unigene26790

6.72129453

Up

0.909889214

483

CL1782.Contig7

8.491853096

Up

0.906819646

gi|326381135|ref|NP_001191955.1|/3.089
92e-14/guanine nucleotide-binding protein
G(I)/G(S)/G(O) subunit gamma-10 [Danio
rerio]
gi|528513374|ref|XP_005161172.1|/6.411
18e-25/PREDICTED: ER degradationenhancing alpha-mannosidase-like protein
3-like isoform X2 [Danio rerio]

484

CL3470.Contig3

-8.027116128

Down

0.939402617

485

Unigene103392

10.03479896

Up

0.978501097

486

CL220.Contig17

7.639039173

Up

0.807086905

487

CL11090.Contig2

10.73781068

Up

0.988802044

488

CL932.Contig3

7.866248611

Up

0.839562494

489

CL87.Contig91

8.075033392

Up

0.865893526

490

Unigene28571

-7.857980995

Down

0.83873165

-

491

Unigene20546

9.405850578

Up

0.96046332

-

492

Unigene1056

5.925849833

Up

0.840522412

-

493

CL932.Contig6

7.779172154

Up

0.828073852

-

494

CL15463.Contig2

-7.639039173

Down

0.807086905

495

Unigene105052

-8.647458426

Down

0.919000297

gi|326679036|ref|XP_003201226.1|/2.555
86e-13/PREDICTED: leiomodin-3 [Danio
rerio]

gi|351602153|gb|AEQ53931.1|/1.03265e22/complement component C7
[Ctenopharyngodon idella]
gi|597778804|ref|XP_007253025.1|/1.206
57e-41/PREDICTED: YLP motif-containing
protein 1-like [Astyanax mexicanus]
gi|62955059|ref|NP_001017545.1|/1.5828
1e-139/oxysterols receptor LXR-alpha
[Danio rerio]
gi|528509859|ref|XP_005170118.1|/0/PRE
DICTED: polycystic kidney and hepatic
disease 1 (autosomal recessive)-like 1
isoform X1 [Danio rerio]

324
496

Unigene84824

8.286942737

Up

0.888071422

497

Unigene72855

-8.013089999

Down

0.858326988

498

CL1899.Contig1

-7.691161905

Down

0.815405107

499

CL12864.Contig5

7.714245518

Up

0.818344516

500

Unigene42838

-8.330916878

Down

501

Unigene72566

7.821880254

Up

0.956997855

502

Unigene32003

10.92357509

Up

0.99053315

503

Unigene45886

-8.055282436

Down

0.863478004

504

Unigene49426

8.188176706

Up

0.878333409

505

CL19408.Contig2

7.403925025

Up

0.951566998

506

CL9079.Contig4

9.105908509

Up

0.947320582

507

Unigene5120

5.982620475

Up

0.839392204

508

CL517.Contig18

-7.403012024

Down

509

Unigene68200

8.722238308

Up

0.924440916

510

CL5550.Contig9

9.073248982

Up

0.94575109

511

Unigene93928

10.2227949

Up

0.981963308

512

Unigene71979

5.814898443

Up

0.820072368

513

CL9563.Contig6

8.094517599

Up

0.867816616

gi|559767267|gb|AHB12557.1|/1.93327e116/heat shock transcription factor 2c
[Carassius auratus]

514

CL8832.Contig3

-8.65224746

Down

0.919264952

-

515

CL1744.Contig1

9.094517599

Up

0.946785848

516

Unigene24012

8.448460501

Up

0.903180636

gi|528508932|ref|XP_003200567.2|/9.066
91e-64/PREDICTED: NACHT, LRR and PYD
domains-containing protein 3-like [Danio
rerio]

517

CL15267.Contig2

-8.545608062

Down

0.911348072

518

CL10658.Contig6

9.668079144

Up

0.992305473

519

CL2347.Contig8

-9.024216237

Down

0.943137076

520

Unigene22417

-7.727920455

Down

0.820433557

521

CL3697.Contig1

-8.456696651

Down

0.90382492

522

CL1636.Contig2

7.9522559

523

CL3780.Contig2

-8.277674857

0.8925608

0.81650386

Up

0.851099946

Down

0.887137536

gi|317418923|emb|CBN80961.1|/9.18118e
-27/Retrovirus polyprotein [Dicentrarchus
labrax]
gi|302325339|gb|ADL18408.1|/9.66359e78/Def6-like protein, partial [Danio rerio]
gi|37590396|gb|AAH59643.1|/2.11721e84/Ancient ubiquitous protein 1 [Danio
rerio]
gi|545604907|gb|AGW43283.1|/2.66477e92/interleukin-1 receptor 2
[Ctenopharyngodon idella]
gi|542261605|ref|XP_005465733.1|/1.038
14e-06/PREDICTED: uncharacterized protein
LOC100698190 [Oreochromis niloticus]
gi|308321684|gb|ADO27993.1|/7.15433e79/heme oxygenase [Ictalurus furcatus]
gi|28779299|gb|AAO19474.1|/0/toll-like
receptor [Carassius auratus]
gi|190337317|gb|AAI63305.1|/0/Integrin,
alpha 2b (platelet glycoprotein IIb of IIb/IIIa
complex, antigen CD41B) [Danio rerio]
gi|49618959|gb|AAT68064.1|/0/BING4-like
[Danio rerio]
gi|326673883|ref|XP_001922616.3|/1.173
82e-10/PREDICTED: saxitoxin and
tetrodotoxin-binding protein 2-like [Danio
rerio]

gi|42542887|gb|AAH66390.1|/3.06489e08/Zgc:65774 [Danio rerio]
gi|528516862|ref|XP_692341.6|/0/PREDIC
TED: TNF receptor-associated factor 5,
partial [Danio rerio]
gi|292621274|ref|XP_002664595.1|/0/PRE
DICTED: WD repeat-containing protein 62
isoform X3 [Danio rerio]
gi|259089311|ref|NP_001158693.1|/9.000
82e-53/retinitis pigmentosa 9 (autosomal
dominant) [Oncorhynchus mykiss]
gi|119672903|ref|NP_001073305.1|/1.153
41e-145/glycoprotein integral membrane
protein 1 precursor [Danio rerio]

325
gi|37681897|gb|AAQ97826.1|/3.64982e47/poly(A)-specific ribonuclease [Danio
rerio]

524

CL10362.Contig8

-7.705056346

Down

0.817379175

525

Unigene55272

-7.709658248

Down

0.817379175

526

CL12526.Contig2

-11.72266525

Down

0.995264406

527

Unigene51365

8.183221824

Up

0.877827961

528

CL2372.Contig2

8.220781371

Up

0.881382368

529

CL1328.Contig11

-7.641449692

Down

0.808135764

530

CL5611.Contig2

7.940558308

Up

0.849630242

gi|187608531|ref|NP_001119932.1|/2.082
49e-34/uncharacterized protein LOC796658
[Danio rerio]
gi|41053487|ref|NP_956984.1|/4.0855e75/ran-binding protein 3 [Danio rerio]
gi|597751825|ref|XP_007237788.1|/2.880
47e-08/PREDICTED: uncharacterized protein
LOC103033781 [Astyanax mexicanus]

531

CL2229.Contig2

7.196836388

Up

0.945616593

-

532

Unigene98239

-7.73470962

Down

0.82142493

-

533

Unigene47790

7.336729697

Up

0.947208863

534

Unigene82099

9.951770389

Up

0.976689726

535

CL5380.Contig3

7.594946589

Up

0.800433644

536

CL6523.Contig5

-9.031494449

Down

0.984542613

gi|32479133|gb|AAN12398.1|/1.28779e161/polyprotein [Tetraodon nigroviridis]

537

Unigene33114

9.594946589

Up

0.967031978

-

538

CL17615.Contig1

-7.589963182

Down

0.800433644

539

CL14734.Contig4

7.81164228

Up

0.832666272

540

CL517.Contig17

-7.602389572

Down

0.801611577

gi|51571917|ref|NP_001003998.1|/7.7401
8e-52/BET1-like protein [Danio rerio]
gi|190337317|gb|AAI63305.1|/0/Integrin,
alpha 2b (platelet glycoprotein IIb of IIb/IIIa
complex, antigen CD41B) [Danio rerio]

541

CL3725.Contig10

-8.158188893

Down

0.875117414

542

Unigene34823

6.502891368

Up

0.899593689

543

CL4350.Contig1

7.72033396

Up

0.970015858

gi|62955445|ref|NP_001017734.1|/0/meta
lloreductase STEAP4 [Danio rerio]
gi|24119251|ref|NP_705943.1|/2.9762e38/prostaglandin-endoperoxide synthase 2
precursor [Danio rerio]

544

Unigene69076

-7.926790153

Down

0.847412127

-

545

Unigene20260

-7.95806932

Down

0.851831002

-

546

Unigene15828

-7.934673752

Down

0.84871588

-

547

Unigene61375

7.707359132

Up

548

CL1763.Contig2

7.73470962

Up

549

CL1557.Contig2

-7.794415866

Down

0.829914508

-

550

CL7461.Contig3

8.693486957

Up

0.922424546

551

CL2518.Contig8

-10.8196469

Down

0.989568894

gi|113671512|ref|NP_001038773.1|/4.695
1e-14/UPF0471 protein C1orf63 homolog
[Danio rerio]

552

Unigene32599

8.227214805

Up

0.88237808

-

553

Unigene50744

9.269126679

Up

0.95495003

554

CL5714.Contig1

7.835984585

Up

0.974946689

gi|187608210|ref|NP_001119928.1|/1.836
85e-60/immunoresponsive gene 1 [Danio
rerio]

555

Unigene62024

-7.866248611

Down

0.839562494

-

556

CL1145.Contig1

-7.973458213

Down

0.85327576

-

0.817379175
0.82142493

gi|47086567|ref|NP_997902.1|/0/macroph
age expressed 1 precursor [Danio rerio]

gi|183985554|gb|AAI66041.1|/6.63797e30/LOC560618 protein [Danio rerio]

gi|190337632|gb|AAI63551.1|/5.96825e26/Dennd4a protein [Danio rerio]

326
557

Unigene24850

10.02467797

Up

0.978278743

558

CL5155.Contig3

9.445704636

Up

0.961968818

559

CL7082.Contig6

7.837102265

Up

0.836208748

560

CL12013.Contig4

10.78053977

Up

0.989200112

561

Unigene79754

7.988684687

Up

0.855498214

gi|41055227|ref|NP_956674.1|/1.31732e95/charged multivesicular body protein 5
[Danio rerio]
gi|528506016|ref|XP_001333061.4|/8.916
32e-30/PREDICTED: formin-2-like [Danio
rerio]

562

Unigene44697

12.68292145

Up

0.997737414

-

563

Unigene6679

8.725650281

Up

0.924650254

-

564

Unigene29619

6.796651365

Up

0.915747423

565

CL7242.Contig3

-8.544320516

Down

0.911045453

566

Unigene38750

6.415927045

Up

0.883522388

567

Unigene2162

-7.787902559

Down

0.829006653

568

CL9090.Contig6

-8.227214805

Down

0.88237808

569

Unigene2053

-8.749310785

Down

0.926372682

gi|47087253|ref|NP_998681.1|/0/E3
ubiquitin-protein ligase NRDP1 [Danio rerio]
gi|390348052|ref|XP_792620.3|/5.42713e17/PREDICTED: protein SFI1 homolog
[Strongylocentrotus purpuratus]
gi|47225388|emb|CAG11871.1|/4.53826e83/unnamed protein product [Tetraodon
nigroviridis]
gi|54400352|ref|NP_001005924.1|/5.5002
9e-40/transmembrane protein 56-B [Danio
rerio]
gi|50540414|ref|NP_001002673.1|/0/U4/
U6.U5 tri-snRNP-associated protein 1 [Danio
rerio]

570

Unigene43087

-8.024216237

Down

0.859644841

571

CL3722.Contig1

Up

0.926372682

572

CL21472.Contig4

-7.752659401

Down

0.824287329

573

Unigene54879

7.805206455

Up

0.831792042

574

CL1602.Contig8

8.110265791

Up

0.869565076

575

Unigene94243

8.816983623

Up

0.93083169

576

Unigene59073

8.044394119

Up

0.862280548

-

577

Unigene32971

-7.878561873

Down

0.841231775

578

Unigene63656

8.614709844

Up

0.916580437

gi|157954488|ref|NP_001103320.1|/2.916
54e-17/uncharacterized protein
LOC100126122 precursor [Danio rerio]

579

Unigene26300

7.700439718

Up

0.816427935

580

CL9347.Contig1

7.992764963

Up

0.97945776

581

Unigene48604

10.13228551

Up

0.980392731

582

Unigene4687

7.617161323

Up

0.80386874

-

583

Unigene41390

-7.908892949

Down

0.84512134

584

CL2504.Contig1

-8.701595261

Down

0.922916979

gi|47085979|ref|NP_998355.1|/8.16489e53/tumor necrosis factor receptor
superfamily member 1A precursor [Danio
rerio]

8.74819285

gi|528503831|ref|XP_005158140.1|/4.305
3e-134/PREDICTED: immunity-related
GTPase family, e4 isoform X1 [Danio rerio]

gi|48734810|gb|AAH71412.1|/3.4591e121/Tmed9 protein [Danio rerio]
gi|188536030|ref|NP_001120951.1|/2.673
4e-10/bloodthirsty-related gene family,
member 6 [Danio rerio]
gi|134133234|ref|NP_001077028.1|/3.349
25e-21/uncharacterized protein LOC566848
[Danio rerio]

gi|41350992|gb|AAH65591.1|/8.87117e46/Mmp13 protein [Danio rerio]
gi|597753952|ref|XP_007238796.1|/8.594
28e-49/PREDICTED: disintegrin and
metalloproteinase domain-containing
protein 28-like [Astyanax mexicanus]

327
585

Unigene41545

-7.686500527

Down

0.81436384

586

CL6856.Contig1

-8.350202549

Down

0.894178018

587

CL2572.Contig7

-7.900866808

Down

0.844362083

588

CL5902.Contig1

6.726407402

Up

0.818059252

589

Unigene42309

7.8475794

Up

0.837042846

590

CL7403.Contig3

591

gi|113681812|ref|NP_001038573.1|/0/unc
haracterized protein LOC566573 [Danio
rerio]
gi|194579011|ref|NP_001124071.1|/0/USP
6 N-terminal-like protein [Danio rerio]
gi|292614759|ref|XP_002662361.1|/4.456
51e-158/PREDICTED: nodal modulator 2
[Danio rerio]
gi|1141708|gb|AAA84448.1|/3.30338e160/g-RICH [Carassius auratus]
gi|41056115|ref|NP_956858.1|/2.95457e109/UV excision repair protein RAD23
homolog B [Danio rerio]
gi|66472650|ref|NP_001018387.1|/3.1149
5e-136/SWI/SNF-related matrix-associated
actin-dependent regulator of chromatin
subfamily E member 1-related isoform 1
[Danio rerio]
gi|528506766|ref|XP_005158923.1|/9.040
07e-06/PREDICTED: kanadaptin isoform X1
[Danio rerio]

-8.486499862

Down

0.90651052

CL13201.Contig7

-7.8008999

Down

0.83081477

592

CL13720.Contig1

8.536571017

Up

0.910438048

593

CL19222.Contig3

-7.918863237

Down

0.846658293

594

Unigene26488

8.077616872

Up

0.972656987

595

Unigene35683

11.28982678

Up

0.993128724

596

CL19711.Contig2

-9.069673528

Down

0.945471249

gi|528477245|ref|XP_001920654.4|/7.840
1e-11/PREDICTED: interferon-induced
guanylate-binding protein 1 [Danio rerio]
gi|292626818|ref|XP_002666462.1|/3.839
54e-78/PREDICTED: platelet glycoprotein IX
[Danio rerio]

597

CL14118.Contig3

-8.193114629

Down

0.878861635

-

598

Unigene33726

6.032872249

Up

0.826031451

599

CL377.Contig2

7.660590206

Up

0.810294223

gi|194353931|ref|NP_001123874.1|/9.124
3e-122/si:ch211-195h23.3 [Danio rerio]

600

Unigene86069

11.86946532

Up

0.995801309

-

601

CL1141.Contig4

7.772589504

Up

0.827073802

-

602

Unigene32131

6.285402219

Up

0.856775935

603

Unigene23810

9.961449694

Up

0.97691425

604

CL3516.Contig2

9.528209897

Up

0.988386622

gi|92096566|gb|AAI15346.1|/1.6505e20/Zgc:136954 [Danio rerio]
gi|62955445|ref|NP_001017734.1|/0/meta
lloreductase STEAP4 [Danio rerio]

605

CL20983.Contig2

11.36959735

Up

0.993623326

-

606

Unigene19277

7.589963182

Up

0.800433644

607

CL12944.Contig1

-7.938599455

Down

0.848897017

608

CL18715.Contig2

Up

0.924469117

gi|145587648|ref|NP_001071069.2|/2.839
76e-165/protein pellino homolog 1 [Danio
rerio]
gi|194578843|ref|NP_001124059.1|/6.264
01e-21/transmembrane protein 154
precursor [Danio rerio]

609

Unigene14349

-7.714245518

Down

0.818344516

-

610

Unigene36215

6.432959407

Up

0.829731201

611

CL6151.Contig2

8.680652546

Up

0.921424496

gi|528474897|ref|XP_003198200.2|/0/PRE
DICTED: integrator complex subunit 1
isoform 1 [Danio rerio]

612

Unigene71521

8.491853096

Up

0.906819646

613

CL517.Contig2

-8.657020649

Down

7.34619711

0.91981921

gi|190337317|gb|AAI63305.1|/0/Integrin,
alpha 2b (platelet glycoprotein IIb of IIb/IIIa
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complex, antigen CD41B) [Danio rerio]
gi|528491610|ref|XP_003199352.2|/3.104
23e-98/PREDICTED: integrin alpha-2-like
[Danio rerio]

614

CL238.Contig1

-7.63420602

Down

0.806796218

615

Unigene50583

7.785724906

Up

0.829006653

616

Unigene11297

7.985976849

Up

0.97997514

617

CL9460.Contig2

-8.139551352

Down

0.872958955

618

Unigene64308

-7.963859408

Down

0.852425392

619

CL3477.Contig1

-7.631783357

Down

0.806007675

620

Unigene5819

8.257387843

Up

0.885309896

621

Unigene18342

6.334342265

Up

0.878419097

622

Unigene18343

9.680066442

Up

0.969615621

gi|118734592|gb|ABI17540.2|/1.93665e84/IL-6 family cytokine M17 [Carassius
auratus]
gi|118734592|gb|ABI17540.2|/5.37425e19/IL-6 family cytokine M17 [Carassius
auratus]

623

CL128.Contig14

8.356085106

Up

0.895035978

-

624

Unigene44363

8.651051691

Up

0.919264952

625

Unigene40424

-8.884679317

Down

gi|42542887|gb|AAH66390.1|/1.38129e08/Zgc:65774 [Danio rerio]

626

CL698.Contig11

6.86507042

627

CL1960.Contig1

628

0.935128

gi|514483113|gb|AGO58842.1|/5.74666e140/C-type lectin, partial [Carassius auratus]
gi|407728597|ref|NP_996973.2|/6.29121e
-63/calcium modulating ligand [Danio rerio]
gi|528501299|ref|XP_005157554.1|/2.434
51e-24/PREDICTED: uncharacterized protein
LOC101885061 [Danio rerio]
gi|528483515|ref|XP_690848.4|/3.82946e25/PREDICTED: adenosine receptor A3-like
isoform X3 [Danio rerio]

Up

0.875075112

gi|190339262|gb|AAI62500.1|/1.50969e53/Eph-like kinase 1 [Danio rerio]
gi|528490264|ref|XP_005167825.1|/0/PRE
DICTED: interphotoreceptor matrix
proteoglycan 2 isoform X1 [Danio rerio]

-7.700439718

Down

0.816427935

CL12998.Contig11

7.607330314

Up

0.802739616

629

Unigene49201

8.531381461

Up

0.91013326

-

630

CL11294.Contig2

8.576169382

Up

0.913766847

-

631

Unigene86012

7.779172154

Up

0.828073852

-

632

Unigene73111

7.741466986

Up

0.822359901

-

633

CL1482.Contig1

7.130921512

Up

0.933035705

-

634

CL17716.Contig2

10.4767462

Up

0.985851789

-

635

Unigene27407

9.594324604

Up

0.967031978

-

636

Unigene80084

7.969626351

Up

0.85327576

637

CL255.Contig13

8.372139541

Up

0.896257297

638

Unigene43384

-10.11504365

Down

0.980089028

gi|47086673|ref|NP_997849.1|/0/ataxin-2like protein [Danio rerio]
gi|224613542|gb|ACN60350.1|/7.53118e13/CD97 antigen precursor [Salmo salar]

639

Unigene61417

7.81164228

Up

0.832666272

-

640

CL9238.Contig1

7.961931959

Up

0.851831002

-

641

CL16860.Contig1

-7.597431853

Down

0.801611577

-

642

Unigene72173

10.48179943

Up

0.985917953

643

CL1837.Contig1

8.196397213

Up

0.878861635

gi|125834513|ref|XP_694879.2|/5.67003e80/PREDICTED: ATP-binding cassette subfamily B member 7, mitochondrial [Danio
rerio]

644

CL1113.Contig1

6.0726278

Up

0.84487187

-
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645

CL18034.Contig4

-7.765976681

Down

0.826084599

646

CL7321.Contig4

7.759333407

Up

0.825171321

gi|319803050|ref|NP_001188372.1|/1.488
46e-20/glucocorticoid modulatory element
binding protein 1 [Danio rerio]

647

CL141.Contig1

8.721099189

Up

0.924440916

-

648

Unigene67562

8.571120576

Up

0.913181135

-

649

Unigene44909

-7.973458213

Down

0.85327576

650

CL18378.Contig12

-8.922832139

Down

0.93729839

651

Unigene101327

-7.839203788

Down

0.836208748

-

652

CL2229.Contig3

5.874439737

Up

0.833069763

653

Unigene87712

8.375039431

Up

0.896685735

gi|425892318|gb|AFY09726.1|/9.68339e29/ceruloplasmin, partial [Labeo rohita]

654

CL15853.Contig7

-7.948367232

Down

0.850374314

-

655

CL9525.Contig1

8.494522283

Up

0.907092979

-

656

CL2033.Contig2

-7.849665727

Down

0.837853082

657

CL6151.Contig4

10.23561538

Up

0.982199763

658

Unigene43968

8.448102536

Up

0.988325882

gi|528474897|ref|XP_003198200.2|/0/PRE
DICTED: integrator complex subunit 1
isoform 1 [Danio rerio]
gi|317418859|emb|CBN80897.1|/3.65265e
-53/Cytidine deaminase [Dicentrarchus
labrax]

659

CL5377.Contig2

7.684164178

Up

0.81413064

-

660

Unigene65509

7.934673752

Up

0.84871588

-

661

Unigene70859

9.012158928

Up

0.942396258

662

CL11091.Contig2

8.761551232

Up

0.927249082

gi|205830387|ref|NP_001128615.1|/2.751
64e-128/zinc finger protein 831 [Danio
rerio]

663

CL15892.Contig2

7.604862058

Up

0.802455437

-

664

CL12852.Contig2

-7.809500194

Down

0.831792042

665

Unigene10268

5.733485025

Up

0.818210019

666

Unigene52471

10.06204614

Up

0.979039084

gi|169234882|ref|NP_001108541.1|/3.370
51e-28/uncharacterized protein
LOC100003896 precursor [Danio rerio]
gi|586340943|gb|AHJ60479.1|/9.68772e13/interleukin-11 [Carassius auratus]

667

Unigene114292

7.682911005

Up

0.967479939

-

668

Unigene49034

6.782088163

Up

0.880469091

669

CL7104.Contig4

-7.224966365

Down

0.935007603

670

Unigene88011

6.369960791

Up

0.852173753

gi|528471942|ref|XP_005171495.1|/0/PRE
DICTED: NACHT, LRR and PYD domainscontaining protein 3-like [Danio rerio]
gi|545604907|gb|AGW43283.1|/1.19164e50/interleukin-1 receptor 2
[Ctenopharyngodon idella]

671

Unigene23916

-8.230420795

Down

0.88237808

672

CL18999.Contig4

-7.693486957

Down

0.815405107

673

Unigene51158

-7.944468053

Down

0.849630242

674

CL19210.Contig2

8.597431853

Up

0.915175811

675

Unigene33110

7.641449692

Up

0.808135764

gi|41054287|ref|NP_956057.1|/0/RING
finger protein 145 [Danio rerio]

gi|542259794|ref|XP_005465044.1|/1.631
84e-08/PREDICTED: zinc finger BED domaincontaining protein 4-like [Oreochromis
niloticus]
gi|153792401|ref|NP_001093458.1|/1.092
08e-107/glycolipid transfer protein [Danio
rerio]
gi|50344760|ref|NP_001002053.1|/5.7406
4e-53/splicing factor, arginine/serine-rich 3
[Danio rerio]
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676

Unigene39774

-9.256601847

Down

0.954417466

677

CL5707.Contig8

7.700439718

Up

0.816427935

678

CL8076.Contig6

-10.06294557

Down

0.979061862

679

CL20876.Contig1

-5.827037288

Down

0.809296342

680

CL6485.Contig8

-8.497186541

Down

0.907138534

681

Unigene8508

Up

0.897486209

682

CL3294.Contig20

-8.277674857

Down

0.887137536

683

Unigene6817

7.822305264

Up

684

Unigene20062

-7.882643049

Down

0.842024656

685

Unigene30921

-8.166581558

Down

0.875694449

686

Unigene745

8.249508549

Up

0.88434347

687

CL12823.Contig2

6.931960133

Up

0.921045952

688

Unigene52033

7.81164228

Up

0.832666272

gi|115529311|ref|NP_001070186.1|/2.006
47e-18/a disintegrin and metallopeptidase
domain 28 precursor [Danio rerio]

689

CL16968.Contig1

-7.813781191

Down

0.832666272

-

690

Unigene5246

8.011227255

Up

0.858326988

691

CL3761.Contig3

8.214319121

Up

0.880891021

gi|62122887|ref|NP_001014368.1|/4.4906
2e-84/sorting nexin-4 [Danio rerio]

692

CL7807.Contig1

7.721099189

Up

0.819407476

-

693

CL14978.Contig2

6.060105529

Up

0.848407838

694

CL1266.Contig2

6.358276067

Up

0.889271048

695

CL3516.Contig1

7.371089207

Up

0.954656089

gi|47085913|ref|NP_998314.1|/0/peptidylprolyl cis-trans isomerase FKBP5 [Danio
rerio]
gi|62955445|ref|NP_001017734.1|/0/meta
lloreductase STEAP4 [Danio rerio]

696

Unigene69212

11.70231701

Up

0.995184142

-

697

Unigene46419

7.589963182

Up

0.800433644

-

698

CL1509.Contig13

8.468963381

Up

0.904864017

699

Unigene114626

8.503825738

Up

0.907775225

gi|189528212|ref|XP_001919426.1|/7.361
02e-24/PREDICTED: cystine/glutamate
transporter-like [Danio rerio]

700

CL14419.Contig1

7.084428781

Up

0.8981229

701

CL5925.Contig8

-8.344295908

Down

0.893773442

gi|47087415|ref|NP_998601.1|/2.06206e39/pleckstrin homology domain-containing
family A member 1 [Danio rerio]

702

CL649.Contig1

Up

0.872958955

-

703

Unigene110029

-7.670066069

Down

0.81238001

-

704

CL19702.Contig1

-7.667702932

Down

0.811340913

-

8.38514339

8.13784503

0.83360992

gi|291190598|ref|NP_001167036.1|/1.628
33e-75/cell cycle progression 1 [Salmo
salar]
gi|145587665|ref|NP_001076414.2|/9.111
47e-71/guanylate binding protein 4 [Danio
rerio]
gi|20196574|emb|CAD24458.2|/9.28034e40/TCR-alpha V segment II-66 [Danio rerio]
gi|40548308|ref|NP_954967.1|/0/unchara
cterized protein LOC321250 [Danio rerio]
gi|528510415|ref|XP_005159781.1|/3.005
34e-139/PREDICTED: uncharacterized
protein LOC100000125 isoform X2 [Danio
rerio]
gi|542211125|ref|XP_005478443.1|/1.046
48e-14/PREDICTED: piezo-type
mechanosensitive ion channel component
2-like [Oreochromis niloticus]
gi|41055766|ref|NP_956470.1|/5.64092e34/trimeric intracellular cation channel type
B [Danio rerio]
gi|528480670|ref|XP_005172067.1|/3.243
72e-164/PREDICTED: rho guanine
nucleotide exchange factor 12 isoform X3
[Danio rerio]
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705

CL17294.Contig1

-7.77478706

Down

0.827073802

-

706

Unigene52523

8.614709844

Up

0.916580437

707

Unigene17268

8.7736887

Up

0.928140666

708

Unigene96986

8.491853096

Up

0.906819646

709

Unigene57699

-7.910892526

Down

0.845877343

710

CL1756.Contig20

7.597431853

Up

0.801611577

gi|326672602|ref|XP_003199701.1|/1.830
12e-19/PREDICTED: uncharacterized protein
LOC100535892 [Danio rerio]
gi|37695611|gb|AAR00337.1|/1.80096e22/alpha-2-macroglobulin
[Ctenopharyngodon idella]
gi|542230117|ref|XP_005453731.1|/1.569
57e-41/PREDICTED: uncharacterized protein
LOC102078893 [Oreochromis niloticus]
gi|378556115|gb|AFC17882.1|/7.53798e18/cytidine monophosphate sialic acid
synthetase 1, partial [Pimephales promelas]

711

Unigene31600

12.78026635

Up

0.997884927

-

712

Unigene54415

-8.716533694

Down

0.924171922

-

713

Unigene42291

8.251087854

Up

0.884833734

-

714

CL6542.Contig2

-7.589963182

Down

0.800433644

-

715

Unigene45206

7.390535994

Up

0.954791671

-

716

CL1205.Contig2

-7.956134115

Down

0.851099946

717

Unigene43838

6.151767077

Up

718

CL10768.Contig3

-7.64625868

Down

0.808135764

gi|407080643|gb|AFS89611.1|/5.41128e40/interferon-induced transmembrane
protein 1 [Cyprinus carpio]
gi|224495980|ref|NP_001139049.1|/1.335
45e-33/LIM and calponin homology
domains 1a [Danio rerio]

719

Unigene85140

-7.754887502

Down

0.824287329

-

720

Unigene20787

-7.874469118

Down

0.84103003

721

CL12583.Contig6

5.960882345

Up

0.837876944

722

CL405.Contig5

8.910892526

Up

0.936584689

723

CL15148.Contig2

7.750427854

Up

0.823307887

724

CL2309.Contig3

-7.754887502

Down

0.824287329

725

CL12694.Contig1

-8.299208018

Down

0.889479302

726

Unigene2937

-7.589963182

Down

0.800433644

727

Unigene30900

8.710806434

Up

0.923700098

728

CL259.Contig6

-7.609794354

Down

0.802739616

729

Unigene33201

-7.896836931

Down

0.843535578

730

Unigene48720

-8.279223644

Down

0.88762563

731

Unigene2316

-11.32373034

Down

0.996239509

732

CL7135.Contig8

Up

0.808135764

7.64625868

0.86627207

gi|62955133|ref|NP_001017578.1|/5.2736
3e-38/chondrolectin precursor [Danio rerio]
gi|161353479|ref|NP_998129.3|/2.75994e
-23/cannabinoid receptor 2 [Danio rerio]
gi|18858403|ref|NP_571912.1|/2.19059e43/CCAAT/enhancer binding protein (C/EBP)
1 [Danio rerio]
gi|30231244|ref|NP_840081.1|/6.34345e36/zinc finger protein GLI1 [Danio rerio]
gi|190358874|sp|Q7SXG4.2|SAE2_DANRE/
3.49046e-61/RecName: Full=SUMOactivating enzyme subunit 2; AltName:
Full=Ubiquitin-like 1-activating enzyme E1B;
AltName: Full=Ubiquitin-like modifieractivating enzyme 2
gi|157422943|gb|AAI53508.1|/3.56839e176/Eif4a1b protein [Danio rerio]
gi|29540612|gb|AAO88245.1|/1.4907e162/signal transducer and activator of
transcription 1 [Carassius auratus]
gi|158253983|gb|AAI53990.1|/8.26704e33/Zgc:171601 protein [Danio rerio]
gi|6425168|gb|AAC33526.2|/7.94757e19/pol polyprotein [Takifugu rubripes]
gi|41055227|ref|NP_956674.1|/3.18551e60/charged multivesicular body protein 5
[Danio rerio]
gi|47087039|ref|NP_998533.1|/1.89952e172/arfaptin-1 [Danio rerio]
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733

CL6485.Contig2

-7.807354922

Down

0.831792042

gi|40548308|ref|NP_954967.1|/0/unchara
cterized protein LOC321250 [Danio rerio]

734

Unigene77833

8.101538026

Up

0.868992379

-

735

Unigene12186

-6.375763494

Down

0.854007901

736

CL7286.Contig2

6.633458518

Up

0.905639544

737

CL5714.Contig2

13.33998915

Up

0.998542227

738

CL1266.Contig3

5.718847845

Up

0.816719706

739

CL1500.Contig2

-7.794415866

Down

0.829914508

740

CL21131.Contig5

-8.303780748

Down

0.889914247

gi|528487971|ref|XP_001922678.2|/6.951
52e-58/PREDICTED: uncharacterized protein
LOC100148399 [Danio rerio]
gi|187608210|ref|NP_001119928.1|/3.956
46e-30/immunoresponsive gene 1 [Danio
rerio]
gi|47085913|ref|NP_998314.1|/2.86406e65/peptidyl-prolyl cis-trans isomerase
FKBP5 [Danio rerio]
gi|117606305|ref|NP_001071082.1|/5.204
77e-63/phosphatidylcholine:ceramide
cholinephosphotransferase 1 [Danio rerio]
gi|378735269|dbj|BAL63124.1|/1.182e27/CD2 family receptor [Carassius auratus
langsdorfii]

741

CL6648.Contig1

7.798741792

Up

742

CL18097.Contig3

-8.288481612

Down

0.888541077

743

CL4341.Contig1

7.759333407

Up

0.825171321

744

CL1636.Contig3

7.597431853

Up

0.801611577

745

Unigene100800

-8.230420795

Down

746

Unigene55750

7.739218046

Up

0.822359901

747

Unigene115430

7.81164228

Up

0.832666272

748

CL10122.Contig1

8.082558491

Up

0.965329073

749

CL19276.Contig1

9.450523951

Up

0.962204188

750

CL437.Contig2

9.986316118

Up

0.977467422

751

Unigene22638

8.268347055

Up

0.886225343

752

Unigene10995

8.193114629

Up

0.878861635

753

CL2435.Contig2

-8.478432581

Down

0.905851051

gi|41387132|ref|NP_957104.1|/1.63986e23/protein phosphatase 1, regulatory
(inhibitor) subunit 14Ab [Danio rerio]
gi|12381859|dbj|BAB21104.2|/1.57059e26/SMaf1 [Danio rerio]

754

CL2978.Contig1

8.064293677

Up

0.864573504

-

755

Unigene85237

-7.705056346

Down

0.817379175

-

756

Unigene45864

-7.94641896

Down

0.850374314

-

757

CL1470.Contig1

7.79224803

Up

0.829914508

-

758

CL18103.Contig2

-8.775884583

Down

0.928140666

-

759

Unigene38601

-7.898853277

Down

0.844362083

760

CL17731.Contig2

10.15017038

Up

0.980748497

761

CL20263.Contig32

-7.684164178

Down

gi|300429859|gb|ADK11997.1|/2.97234e14/MHC class I antigen [Cyprinus carpio
'jian']
gi|120537843|gb|AAI29405.1|/1.10543e142/LOC799852 protein [Danio rerio]

0.83081477

0.88237808

0.81413064

gi|528483598|ref|XP_005166228.1|/8.685
49e-24/PREDICTED: DNA-damage-inducible
transcript 3 isoform X1 [Danio rerio]
gi|259089311|ref|NP_001158693.1|/8.586
56e-53/retinitis pigmentosa 9 (autosomal
dominant) [Oncorhynchus mykiss]
gi|189528212|ref|XP_001919426.1|/1.133
12e-24/PREDICTED: cystine/glutamate
transporter-like [Danio rerio]
gi|432926574|ref|XP_004080895.1|/6.286
79e-21/PREDICTED: uncharacterized protein
LOC101165266 [Oryzias latipes]
gi|528483252|ref|XP_002662570.3|/5.742
64e-06/PREDICTED: protein TESPA1-like
[Danio rerio]
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762

Unigene82467

-7.794415866

Down

0.829914508

763

Unigene2836

8.046214555

Up

0.862280548

764

Unigene35250

7.874469118

Up

0.84103003

765

CL13034.Contig1

5.626316868

Up

0.809205231

766

Unigene24983

-8.044394119

Down

0.862280548

767

CL1386.Contig17

-7.730187062

Down

0.820433557

gi|113678254|ref|NP_001038341.1|/1.596
31e-07/protein NLRC3-like [Danio rerio]
gi|548553271|ref|XP_005755538.1|/1.359
01e-08/PREDICTED: RNA-directed DNA
polymerase from mobile element jockey-like
[Pundamilia nyererei]
gi|153792746|ref|NP_001093569.1|/4.912
82e-86/uncharacterized protein
LOC100006143 [Danio rerio]
gi|223646097|ref|NP_001138714.1|/2.248
94e-45/colony stimulating factor 3
(granulocyte) [Danio rerio]
gi|327239762|gb|AEA39725.1|/2.14441e27/interferon-induced protein 44-like
protein [Epinephelus coioides]
gi|317418898|emb|CBN80936.1|/5.69352e
-136/Myotubularin-related protein 14
[Dicentrarchus labrax]

768

Unigene64409

Up

0.877322513

-

769

Unigene103345

-7.880603904

Down

0.842024656

770

Unigene12475

13.44600631

Up

0.998650692

gi|488888799|gb|AGL08666.1|/2.54999e69/complement component C7-1, partial
[Carassius auratus]

771

CL8250.Contig2

9.300733873

Up

0.956319947

-

772

Unigene11665

8.062495926

Up

0.864094087

-

773

Unigene11968

-8.41080465

Down

0.899829059

774

Unigene10718

6.626426384

Up

0.906675387

775

CL14099.Contig3

6.25948174

Up

0.816483252

776

CL2572.Contig3

9.425565605

Up

0.961295249

777

CL10717.Contig3

-8.402301511

Down

0.899109934

778

CL798.Contig5

9.063395081

Up

0.945194663

gi|560189337|gb|AHB23864.1|/2.15723e28/purine nucleoside phosphorylase 5a
[Carassius auratus]
gi|419636307|ref|NP_001258699.1|/5.077
29e-32/glucagon isoform 1 precursor [Danio
rerio]
gi|194579011|ref|NP_001124071.1|/0/USP
6 N-terminal-like protein [Danio rerio]
gi|213510972|ref|NP_001134346.1|/4.214
79e-27/neuropeptide-like protein C4orf48
homolog precursor [Salmo salar]
gi|528473888|ref|XP_685164.4|/0/PREDIC
TED: serine/threonine-protein kinase WNK4
[Danio rerio]

779

Unigene13658

10.24357071

Up

0.982319074

780

Unigene41156

-8.209453366

Down

0.880368218

781

Unigene66094

7.857980995

Up

0.83873165

782

Unigene41128

7.784167425

Up

0.921107778

783

CL12864.Contig6

-7.918863237

Down

0.846658293

gi|37590396|gb|AAH59643.1|/7.68291e82/Ancient ubiquitous protein 1 [Danio
rerio]

784

Unigene50627

-7.790076931

Down

0.829006653

-

785

CL17731.Contig1

10.67154107

Up

0.988123052

-

786

CL10848.Contig3

-7.809500194

Down

0.831792042

787

CL17844.Contig2

-8.018663844

Down

0.859020081

788

CL7927.Contig2

Up

0.844939118

gi|528481551|ref|XP_002662317.3|/2.753
26e-80/PREDICTED: girdin-like isoform X1
[Danio rerio]
gi|41152014|ref|NP_958464.1|/1.15119e144/nuclear distribution protein nudE-like
1-B [Danio rerio]

8.17990909

7.90488546

gi|528503809|ref|XP_005169812.1|/0/PRE
DICTED: SHC-transforming protein 1 isoform
X1 [Danio rerio]
-
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gi|528472160|ref|XP_002667428.3|/2.364
57e-117/PREDICTED: c-C chemokine
receptor type 5-like [Danio rerio]
gi|542173800|ref|XP_005467635.1|/5.193
17e-60/PREDICTED: uncharacterized protein
LOC102078279 [Oreochromis niloticus]
gi|315570273|ref|NP_001186822.1|/4.181
24e-32/actin, gamma-enteric smooth
muscle isoform 2 precursor [Homo sapiens]

789

CL8857.Contig3

-8.176588732

Down

0.876810557

790

CL5106.Contig3

-7.589963182

Down

0.800433644

791

Unigene51072

-8.005624549

Down

0.857616541

792

CL416.Contig2

8.335390355

Up

0.892978392

793

CL1756.Contig17

8.486499862

Up

0.90651052

794

Unigene12476

10.26678654

Up

0.982706296

795

CL9134.Contig1

-9.171593822

Down

0.950571287

796

CL5907.Contig2

8.178249866

Up

0.877322513

gi|390979645|ref|NP_001035342.2|/0/Nacylneuraminate cytidylyltransferase [Danio
rerio]
gi|383282283|gb|AFH01333.1|/6.70814e22/complement component C7-1, partial
[Hypophthalmichthys molitrix]
gi|305410803|ref|NP_001182170.1|/0/pot
assium voltage-gated channel, Shaw-related
subfamily, member 3b [Danio rerio]
gi|229576996|ref|NP_001153295.1|/4.458
38e-40/LYR motif-containing protein 5A
[Danio rerio]

797

CL11789.Contig1

-6.651564285

Down

0.886158095

-

798

Unigene56445

7.672425342

Up

0.81238001

-

799

Unigene73575

11.60130653

Up

0.994765466

-

800

CL7519.Contig3

5.919886741

Up

0.837103587

-

801

CL17514.Contig1

-8.602389572

Down

0.915753931

802

CL3929.Contig1

-7.809500194

Down

0.831792042

gi|537142805|gb|ERE68650.1|/1.22743e63/protein yippee-like 5-like protein
[Cricetulus griseus]

803

Unigene40016

8.751767197

Up

0.984859331

804

CL5155.Contig4

5.839602466

Up

0.818867319

gi|528503831|ref|XP_005158140.1|/4.275
95e-134/PREDICTED: immunity-related
GTPase family, e4 isoform X1 [Danio rerio]

805

Unigene72282

8.14635653

Up

0.873492604

-

806

Unigene17269

8.6783067

Up

0.921424496

-

807

CL8874.Contig5

7.614709844

Up

0.80386874

808

CL1707.Contig7

-6.207757075

Down

0.82665838

809

Unigene19161

11.78654191

Up

0.995514961

gi|47551339|ref|NP_999980.1|/1.67472e121/thyroid hormone receptor-associated
protein 3 [Danio rerio]
gi|38649358|gb|AAH63232.1|/8.3464e28/Prostaglandin-endoperoxide synthase 2a
[Danio rerio]

810

Unigene90123

7.981091537

Up

0.854749803

-

811

Unigene50228

8.302258115

Up

0.889914247

812

Unigene75050

7.894817763

Up

0.843535578

gi|18858631|ref|NP_571298.1|/9.22291e27/band 4.1-like protein 4 [Danio rerio]

813

CL6396.Contig1

-7.950312876

Down

0.850374314

-

814

Unigene28146

6.655455288

Up

0.904610208

-

815

Unigene45918

-7.594946589

Down

0.800433644

816

Unigene39128

-8.360481336

Down

0.895469839

gi|300810921|gb|ADK35755.1|/0/collagen
type I alpha 1 [Ctenopharyngodon idella]

817

CL4451.Contig1

-8.113742166

Down

0.870172481

818

CL1960.Contig7

-7.872418378

Down

0.840426963

gi|190339262|gb|AAI62500.1|/1.17291e34/Eph-like kinase 1 [Danio rerio]
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819

Unigene10588

8.142957954

Up

0.873492604

820

CL3917.Contig4

7.990576746

Up

0.855498214

821

Unigene106081

8.793332355

Up

0.929388017

822

Unigene64839

8.839203788

Up

0.932238485

gi|528511895|ref|XP_683027.5|/4.44089e58/PREDICTED: androglobin [Danio rerio]

823

Unigene71715

7.894817763

Up

0.843535578

-

824

Unigene31258

9.110265791

Up

0.947600423

-

825

CL7296.Contig1

8.214319121

Up

0.880891021

-

826

Unigene51544

-7.916874684

Down

0.846658293

-

827

Unigene63921

7.839203788

Up

0.836208748

828

CL12329.Contig3

-7.604862058

Down

0.802455437

gi|528496194|ref|XP_005156361.1|/5.447
12e-179/PREDICTED: autism susceptibility
gene 2 protein-like isoform X2 [Danio rerio]

829

Unigene44996

8.330916878

Up

830

CL11100.Contig1

-8.740342954

Down

0.925914959

gi|51467936|ref|NP_001003850.1|/3.3117
6e-128/RNA-binding protein 42 [Danio rerio]

831

Unigene37922

-9.235216462

Down

0.953505272

-

832

Unigene57835

8.583709617

Up

0.914340629

833

CL21131.Contig2

8.997179481

Up

0.941623986

834

CL19980.Contig1

10.88136892

Up

0.990152437

835

CL337.Contig61

5.66492223

Up

0.807860262

836

CL11696.Contig3

Down

0.802739616

837

CL5751.Contig1

Up

0.877322513

838

CL11274.Contig4

-8.338364985

Down

0.893375374

gi|378735269|dbj|BAL63124.1|/8.67426e28/CD2 family receptor [Carassius auratus
langsdorfii]
gi|307344647|ref|NP_001182542.1|/0/mul
tidrug resistance-associated protein 5
[Danio rerio]
gi|63101179|gb|AAH95877.1|/2.89553e120/Zgc:113199 [Danio rerio]
gi|55250357|gb|AAH85577.1|/4.89931e93/Zgc:158157 protein [Danio rerio]
gi|528505341|ref|XP_005169829.1|/7.104
85e-16/PREDICTED: nuclear receptor
coactivator 7-like isoform X2 [Danio rerio]
gi|126632493|emb|CAM56739.1|/4.79988
e-37/novel protein [Danio rerio]

839

CL9568.Contig3

-8.001877287

Down

0.856922363

840

CL17775.Contig2

-8.014950341

Down

0.85888233

841

Unigene11958

6.278338826

Up

0.860815182

-

842

Unigene52618

8.66651991

Up

0.920328997

-

843

CL12822.Contig2

Down

0.968078668

-

-7.609794354

8.17990909

-9.626925794

0.8925608

gi|47222682|emb|CAG00116.1|/0/unname
d protein product [Tetraodon nigroviridis]

gi|47221063|emb|CAG12757.1|/2.51686e47/unnamed protein product [Tetraodon
nigroviridis]
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Appendix D. KEGG enrichment analysis of all the DEGs

#

Pathway

DEGs with
pathway
annotation
(279)

1

Leishmaniasis

12 (4.3%)

472 (0.93%)

1.38219E-05

0.001587032

ko05140

2

7 (2.51%)

142 (0.28%)

1.45599E-05

0.001587032

ko05204

3

Chemical carcinogenesis
Complement and coagulation
cascades

10 (3.58%)

361 (0.71%)

3.52328E-05

0.002131324

ko04610

4

Small cell lung cancer

14 (5.02%)

701 (1.38%)

3.91069E-05

0.002131324

ko05222

5

MicroRNAs in cancer

22 (7.89%)

1625 (3.19%)

0.000105075

0.004524739

ko05206

6

Mineral absorption

9 (3.23%)

341 (0.67%)

0.000124534

0.004524739

ko04978

7

Graft-versus-host disease

7 (2.51%)

209 (0.41%)

0.000167647

0.004837063

ko05332

8

12 (4.3%)

631 (1.24%)

0.000217302

0.004837063

ko04640

9

Hematopoietic cell lineage
Inflammatory bowel disease
(IBD)

9 (3.23%)

370 (0.73%)

0.000228296

0.004837063

ko05321

10

Type I diabetes mellitus

7 (2.51%)

221 (0.43%)

0.000235745

0.004837063

ko04940

11

Herpes simplex infection

20 (7.17%)

1491 (2.93%)

0.000244072

0.004837063

ko05168

12

Prion diseases

8 (2.87%)

301 (0.59%)

0.000281237

0.005109132

ko05020

13

ECM-receptor interaction

11 (3.94%)

655 (1.29%)

0.001089521

0.018270429

ko04512

14

Systemic lupus erythematosus

8 (2.87%)

386 (0.76%)

0.001413139

0.022004593

ko05322

15

Platelet activation

16 (5.73%)

1250 (2.45%)

0.001627293

0.022570575

ko04611

16

Pathways in cancer

29 (10.39%)

2935 (5.76%)

0.001656556

0.022570575

ko05200

17

TNF signaling pathway

11 (3.94%)

732 (1.44%)

0.002589224

0.031669272

ko04668

18

Arachidonic acid metabolism

5 (1.79%)

171 (0.34%)

0.002614894

0.031669272

ko00590

19

Epstein-Barr virus infection
Regulation of lipolysis in
adipocytes

17 (6.09%)

1460 (2.87%)

0.003130174

0.034527123

ko05169

7 (2.51%)

346 (0.68%)

0.003167626

0.034527123

ko04923

5 (1.79%)

186 (0.37%)

0.00374512

0.038877912

ko04913

22

Ovarian steroidogenesis
Porphyrin and chlorophyll
metabolism

4 (1.43%)

123 (0.24%)

0.00480981

0.047660845

ko00860

23

Serotonergic synapse

8 (2.87%)

498 (0.98%)

0.006564802

0.058495426

ko04726

24

Tuberculosis

15 (5.38%)

1319 (2.59%)

0.006612899

0.058495426

ko05152

25

NF-kappa B signaling pathway

12 (4.3%)

951 (1.87%)

0.006708191

0.058495426

ko04064

26

TGF-beta signaling pathway
Retrograde endocannabinoid
signaling
Antigen processing and
presentation

8 (2.87%)

516 (1.01%)

0.00804286

0.067436288

ko04350

7 (2.51%)

422 (0.83%)

0.009092432

0.073412969

ko04723

6 (2.15%)

348 (0.68%)

0.01284339

0.09828109

ko04612

8 (2.87%)

563 (1.11%)

0.01307409

0.09828109

ko00240

30

Pyrimidine metabolism
Toll-like receptor signaling
pathway

8 (2.87%)

571 (1.12%)

0.01411881

0.102596686

ko04620

31

Influenza A

16 (5.73%)

1598 (3.14%)

0.01581353

0.111204824

ko05164

32

ABC transporters

6 (2.15%)

374 (0.73%)

0.01768146

0.118939148

ko02010

33

Allograft rejection

5 (1.79%)

274 (0.54%)

0.01800455

0.118939148

ko05330

34

PI3K-Akt signaling pathway

19 (6.81%)

2095 (4.11%)

0.02286294

0.14539946

ko04151

20
21

27
28
29

All genes
with pathway
annotation
(50917)

P value

Q value

Pathway
ID

337
35

Autoimmune thyroid disease

5 (1.79%)

295 (0.58%)

0.02384432

0.14539946

ko05320

36

12 (4.3%)

1137 (2.23%)

0.02401092

0.14539946

ko05161

7 (2.51%)

536 (1.05%)

0.02927808

0.172503282

ko05410

38

Hepatitis B
Hypertrophic cardiomyopathy
(HCM)
NOD-like receptor signaling
pathway

9 (3.23%)

812 (1.59%)

0.03626686

0.208057249

ko04621

39

Chemokine signaling pathway

12 (4.3%)

1220 (2.4%)

0.03800845

0.21245749

ko04062

40

Phagosome

10 (3.58%)

964 (1.89%)

0.0412217

0.224658265

ko04145

41

RNA polymerase

4 (1.43%)

238 (0.47%)

0.04264327

0.226737387

ko03020

42

Focal adhesion

16 (5.73%)

1859 (3.65%)

0.05165535

0.256730622

ko04510

43

Hepatitis C

9 (3.23%)

871 (1.71%)

0.05219535

0.256730622

ko05160

44

Toxoplasmosis

9 (3.23%)

874 (1.72%)

0.05311064

0.256730622

ko05145

45

Measles

9 (3.23%)

874 (1.72%)

0.05311064

0.256730622

ko05162

46

Dilated cardiomyopathy

7 (2.51%)

617 (1.21%)

0.0548629

0.256730622

ko05414

47

Jak-STAT signaling pathway

8 (2.87%)

748 (1.47%)

0.05535018

0.256730622

ko04630

48

6 (2.15%)

499 (0.98%)

0.05809092

0.259024085

ko04917

49

Prolactin signaling pathway
Cytokine-cytokine receptor
interaction

10 (3.58%)

1027 (2.02%)

0.05822101

0.259024085

ko04060

50

VEGF signaling pathway

6 (2.15%)

510 (1%)

0.06314726

0.27082597

ko04370

51

Thiamine metabolism

1 (0.36%)

12 (0.02%)

0.06381486

0.27082597

ko00730

52

Rheumatoid arthritis
Non-alcoholic fatty liver disease
(NAFLD)

5 (1.79%)

390 (0.77%)

0.06460069

0.27082597

ko05323

9 (3.23%)

922 (1.81%)

0.0691946

0.274136285

ko04932

8 (2.87%)

786 (1.54%)

0.06945688

0.274136285

ko05133

55

Pertussis
Chagas disease (American
trypanosomiasis)

7 (2.51%)

653 (1.28%)

0.06966661

0.274136285

ko05142

56

Cell adhesion molecules (CAMs)

10 (3.58%)

1065 (2.09%)

0.07042033

0.274136285

ko04514

57

Base excision repair

3 (1.08%)

178 (0.35%)

0.07499507

0.28682325

ko03410

58

Hippo signaling pathway - fly

5 (1.79%)

415 (0.82%)

0.07938499

0.298378066

ko04391

59

14 (5.02%)

1698 (3.33%)

0.08605569

0.312907099

ko05166

60

HTLV-I infection
Drug metabolism - other
enzymes

3 (1.08%)

189 (0.37%)

0.08612122

0.312907099

ko00983

61

Morphine addiction

4 (1.43%)

305 (0.6%)

0.08781564

0.313832943

ko05032

62

7 (2.51%)

703 (1.38%)

0.09382838

0.329912691

ko05146

2 (0.72%)

100 (0.2%)

0.10454

0.361741587

ko00982

64

Amoebiasis
Drug metabolism - cytochrome
P450
Intestinal immune network for
IgA production

4 (1.43%)

333 (0.65%)

0.1115439

0.379946409

ko04672

65

Malaria

4 (1.43%)

337 (0.66%)

0.1151459

0.380882017

ko05144

66

Prostate cancer

7 (2.51%)

746 (1.47%)

0.117899

0.380882017

ko05215

67

Steroid hormone biosynthesis

2 (0.72%)

108 (0.21%)

0.1186911

0.380882017

ko00140

68

5 (1.79%)

472 (0.93%)

0.1191747

0.380882017

ko04911

69

Insulin secretion
Natural killer cell mediated
cytotoxicity

8 (2.87%)

894 (1.76%)

0.1205544

0.380882017

ko04650

70

Inositol phosphate metabolism

6 (2.15%)

618 (1.21%)

0.1259351

0.382046163

ko00562

71

Viral myocarditis
Protein processing in
endoplasmic reticulum

5 (1.79%)

481 (0.94%)

0.1261852

0.382046163

ko05416

8 (2.87%)

907 (1.78%)

0.1277794

0.382046163

ko04141

37

53
54

63

72

338
73

7 (2.51%)

768 (1.51%)

0.1313453

0.382046163

ko04931

74

Insulin resistance
Metabolism of xenobiotics by
cytochrome P450

2 (0.72%)

115 (0.23%)

0.1314379

0.382046163

ko00980

75

Proteasome

2 (0.72%)

115 (0.23%)

0.1314379

0.382046163

ko03050

76

Sphingolipid signaling pathway

8 (2.87%)

917 (1.8%)

0.1334874

0.382898068

ko04071

77

Osteoclast differentiation

9 (3.23%)

1070 (2.1%)

0.1361248

0.385392291

ko04380

78

Folate biosynthesis

1 (0.36%)

28 (0.05%)

0.1426328

0.39864039

ko00790

79

Estrogen signaling pathway

6 (2.15%)

658 (1.29%)

0.1548506

0.427309251

ko04915

80

Staphylococcus aureus infection

4 (1.43%)

384 (0.75%)

0.1610228

0.43878713

ko05150

81

Apoptosis

5 (1.79%)

527 (1.04%)

0.1647962

0.443525575

ko04210

82

Nitrogen metabolism

1 (0.36%)

34 (0.07%)

0.1704536

0.453157132

ko00910

83

Taste transduction

2 (0.72%)

141 (0.28%)

0.1810577

0.47554914

ko04742

84

Pancreatic cancer

5 (1.79%)

551 (1.08%)

0.1866055

0.484285702

ko05212

85

Hippo signaling pathway

6 (2.15%)

711 (1.4%)

0.1971671

0.505675621

ko04390

86

Axon guidance
Arrhythmogenic right ventricular
cardiomyopathy (ARVC)

9 (3.23%)

1183 (2.32%)

0.2036923

0.516336295

ko04360

5 (1.79%)

575 (1.13%)

0.2093952

0.521483498

ko05412

Sulfur relay system
Neuroactive ligand-receptor
interaction

1 (0.36%)

43 (0.08%)

0.2105071

0.521483498

ko04122

8 (2.87%)

1049 (2.06%)

0.2199306

0.538706413

ko04080

7 (2.51%)

899 (1.77%)

0.2252672

0.545647218

ko00230

1 (0.36%)

49 (0.1%)

0.2361329

0.559532307

ko00604

92

Purine metabolism
Glycosphingolipid biosynthesis ganglio series
Maturity onset diabetes of the
young

1 (0.36%)

49 (0.1%)

0.2361329

0.559532307

ko04950

93

Endometrial cancer

4 (1.43%)

455 (0.89%)

0.2401732

0.562986641

ko05213

94

Notch signaling pathway

4 (1.43%)

459 (0.9%)

0.2448887

0.567933368

ko04330

95

Huntington's disease
Transcriptional misregulation in
cancer

7 (2.51%)

930 (1.83%)

0.2503442

0.574474059

ko05016

11 (3.94%)

1583 (3.11%)

0.2533025

0.57520776

ko05202

Asthma
Glycosaminoglycan biosynthesis keratan sulfate

2 (0.72%)

179 (0.35%)

0.2571531

0.577931709

ko05310

1 (0.36%)

56 (0.11%)

0.2649839

0.586502135

ko00533

9 (3.23%)

1274 (2.5%)

0.2663473

0.586502135

ko04024

100

cAMP signaling pathway
Nicotinate and nicotinamide
metabolism

2 (0.72%)

191 (0.38%)

0.2814473

0.604694538

ko00760

101

Legionellosis

3 (1.08%)

339 (0.67%)

0.2845939

0.604694538

ko05134

102

2 (0.72%)

193 (0.38%)

0.2854926

0.604694538

ko04320

4 (1.43%)

493 (0.97%)

0.2857043

0.604694538

ko05230

104

Dorso-ventral axis formation
Central carbon metabolism in
cancer
Amino sugar and nucleotide
sugar metabolism

3 (1.08%)

347 (0.68%)

0.296483

0.616833445

ko00520

105

Glioma

5 (1.79%)

662 (1.3%)

0.2981379

0.616833445

ko05214

106

Alcoholism

5 (1.79%)

665 (1.31%)

0.3013194

0.616833445

ko05034

107

Oxytocin signaling pathway

7 (2.51%)

992 (1.95%)

0.3027577

0.616833445

ko04921

108

Viral carcinogenesis

10 (3.58%)

1502 (2.95%)

0.3105488

0.623878

ko05203

109

Fatty acid elongation
Glycosphingolipid biosynthesis globo series

1 (0.36%)

68 (0.13%)

0.311939

0.623878

ko00062

1 (0.36%)

69 (0.14%)

0.3157142

0.625688142

ko00603

87
88
89
90
91

96
97
98
99

103

110

339
111

Cytosolic DNA-sensing pathway

2 (0.72%)

210 (0.41%)

0.3197438

0.627965301

ko04623

112

Renin secretion

3 (1.08%)

371 (0.73%)

0.3322768

0.646753057

ko04924

113

4 (1.43%)

541 (1.06%)

0.3447216

0.665038131

ko04150

6 (2.15%)

876 (1.72%)

0.348587

0.665909056

ko04261

8 (2.87%)

1217 (2.39%)

0.3512823

0.665909056

ko04919

116

mTOR signaling pathway
Adrenergic signaling in
cardiomyocytes
Thyroid hormone signaling
pathway
Carbohydrate digestion and
absorption

3 (1.08%)

391 (0.77%)

0.3620743

0.679331963

ko04973

117

Wnt signaling pathway

6 (2.15%)

897 (1.76%)

0.3689608

0.679331963

ko04310

118

4 (1.43%)

562 (1.1%)

0.3707079

0.679331963

ko04916

119

Melanogenesis
Phosphatidylinositol signaling
system

6 (2.15%)

899 (1.77%)

0.3709047

0.679331963

ko04070

120

Melanoma

3 (1.08%)

399 (0.78%)

0.3739442

0.679331963

ko05218

121

1 (0.36%)

89 (0.17%)

0.3870312

0.69498194

ko04744

122

Phototransduction
Mucin type O-Glycan
biosynthesis

1 (0.36%)

92 (0.18%)

0.3970701

0.69498194

ko00512

123

African trypanosomiasis

2 (0.72%)

251 (0.49%)

0.4003065

0.69498194

ko05143

124

Ras signaling pathway

9 (3.23%)

1451 (2.85%)

0.4004397

0.69498194

ko04014

125

Glucagon signaling pathway

5 (1.79%)

759 (1.49%)

0.4024907

0.69498194

ko04922

126

PPAR signaling pathway

3 (1.08%)

420 (0.82%)

0.4048748

0.69498194

ko03320

127

Starch and sucrose metabolism

3 (1.08%)

420 (0.82%)

0.4048748

0.69498194

ko00500

128

Chronic myeloid leukemia
Ascorbate and aldarate
metabolism

5 (1.79%)

766 (1.5%)

0.4100344

0.698339838

ko05220

1 (0.36%)

98 (0.19%)

0.4166589

0.704121242

ko00053

3 (1.08%)

433 (0.85%)

0.4238038

0.707621889

ko04115

131

p53 signaling pathway
SNARE interactions in vesicular
transport

1 (0.36%)

101 (0.2%)

0.4262142

0.707621889

ko04130

132

Renal cell carcinoma

4 (1.43%)

609 (1.2%)

0.4284683

0.707621889

ko05211

133

Basal cell carcinoma

2 (0.72%)

268 (0.53%)

0.432429

0.708684649

ko05217

134

Primary bile acid biosynthesis

1 (0.36%)

104 (0.2%)

0.4356135

0.708684649

ko00120

135

Cholinergic synapse

4 (1.43%)

634 (1.25%)

0.4586669

0.740662105

ko04725

136

FoxO signaling pathway

6 (2.15%)

994 (1.95%)

0.4628725

0.74195739

ko04068

137

Proteoglycans in cancer

11 (3.94%)

1901 (3.73%)

0.470036

0.746561378

ko05205

138

Olfactory transduction

2 (0.72%)

290 (0.57%)

0.4725939

0.746561378

ko04740

139

Acute myeloid leukemia

3 (1.08%)

472 (0.93%)

0.4792211

0.74949977

ko05221

140

Cell cycle

5 (1.79%)

835 (1.64%)

0.4833289

0.74949977

ko04110

141

Colorectal cancer

3 (1.08%)

476 (0.93%)

0.4847682

0.74949977

ko05210

142

Ubiquitin mediated proteolysis
Vasopressin-regulated water
reabsorption

7 (2.51%)

1213 (2.38%)

0.4979098

0.764396735

ko04120

4 (1.43%)

678 (1.33%)

0.5103968

0.776179829

ko04962

3 (1.08%)

499 (0.98%)

0.5160973

0.776179829

ko04976

145

Bile secretion
Alanine, aspartate and glutamate
metabolism

1 (0.36%)

132 (0.26%)

0.5162664

0.776179829

ko00250

146

Long-term potentiation

3 (1.08%)

513 (1.01%)

0.5346628

0.787991956

ko04720

147

Galactose metabolism

2 (0.72%)

328 (0.64%)

0.5377698

0.787991956

ko00052

148

Vitamin digestion and absorption

1 (0.36%)

142 (0.28%)

0.5421963

0.787991956

ko04977

149

Retinol metabolism

1 (0.36%)

142 (0.28%)

0.5421963

0.787991956

ko00830

114
115

129
130

143
144

340

150

Glycosphingolipid biosynthesis lacto and neolacto series

1 (0.36%)

142 (0.28%)

0.5421963

0.787991956

ko00601

151

Glutathione metabolism

1 (0.36%)

148 (0.29%)

0.5570845

0.800661281

ko00480

152

T cell receptor signaling pathway

6 (2.15%)

1101 (2.16%)

0.5618505

0.800661281

ko04660

153

2 (0.72%)

343 (0.67%)

0.561932

0.800661281

ko04930

154

Type II diabetes mellitus
Vascular smooth muscle
contraction

6 (2.15%)

1111 (2.18%)

0.5706763

0.803956574

ko04270

155

Endocytosis

11 (3.94%)

2051 (4.03%)

0.5716205

0.803956574

ko04144

156

Alzheimer's disease

4 (1.43%)

737 (1.45%)

0.5760088

0.804935374

ko05010

157

2 (0.72%)

360 (0.71%)

0.5882103

0.816750608

ko04727

158

GABAergic synapse
Other types of O-glycan
biosynthesis

1 (0.36%)

164 (0.32%)

0.5944696

0.820217549

ko00514

159

Dopaminergic synapse

4 (1.43%)

774 (1.52%)

0.6145301

0.842563282

ko04728

160

2 (0.72%)

392 (0.77%)

0.6344655

0.86420031

ko04974

161

Protein digestion and absorption
Signaling pathways regulating
pluripotency of stem cells

4 (1.43%)

798 (1.57%)

0.6383308

0.86420031

ko04550

162

ErbB signaling pathway

4 (1.43%)

802 (1.58%)

0.6422039

0.86420031

ko04012

163

cGMP-PKG signaling pathway

5 (1.79%)

1005 (1.97%)

0.6465358

0.864692052

ko04022

164

Regulation of actin cytoskeleton

10 (3.58%)

1985 (3.9%)

0.6506951

0.864948365

ko04810

165

MAPK signaling pathway

8 (2.87%)

1620 (3.18%)

0.6657533

0.873716978

ko04010

166

Thyroid hormone synthesis

2 (0.72%)

418 (0.82%)

0.668986

0.873716978

ko04918

167

Nucleotide excision repair

1 (0.36%)

201 (0.39%)

0.6693153

0.873716978

ko03420

168

Basal transcription factors
Pentose and glucuronate
interconversions

1 (0.36%)

209 (0.41%)

0.6835925

0.879591372

ko03022

1 (0.36%)

210 (0.41%)

0.6853334

0.879591372

ko00040

1 (0.36%)

211 (0.41%)

0.6870648

0.879591372

ko05219

171

Bladder cancer
Phospholipase D signaling
pathway

8 (2.87%)

1657 (3.25%)

0.6899547

0.879591372

ko04072

172

Circadian rhythm

1 (0.36%)

216 (0.42%)

0.6955802

0.881607463

ko04710

173

Rap1 signaling pathway

8 (2.87%)

1686 (3.31%)

0.7081409

0.890280593

ko04015

174

4 (1.43%)

884 (1.74%)

0.7155336

0.890280593

ko04662

175

B cell receptor signaling pathway
Bacterial invasion of epithelial
cells

3 (1.08%)

674 (1.32%)

0.7161132

0.890280593

ko05100

176

Salmonella infection

4 (1.43%)

889 (1.75%)

0.719627

0.890280593

ko05132

177

1 (0.36%)

233 (0.46%)

0.7228425

0.890280593

ko04340

178

Hedgehog signaling pathway
Pathogenic Escherichia coli
infection

2 (0.72%)

0.7279364

0.891517613

ko05130

179

Metabolic pathways

28 (10.04%)

468 (0.92%)
5648
(11.09%)

0.7405751

0.891994564

ko01100

180

Cocaine addiction

1 (0.36%)

249 (0.49%)

0.7462741

0.891994564

ko05030

181

AMPK signaling pathway

4 (1.43%)

926 (1.82%)

0.7485755

0.891994564

ko04152

182

Lysosome

3 (1.08%)

719 (1.41%)

0.7558187

0.891994564

ko04142

183

Arginine and proline metabolism

1 (0.36%)

257 (0.5%)

0.7572388

0.891994564

ko00330

184

Glutamatergic synapse

2 (0.72%)

501 (0.98%)

0.7617933

0.891994564

ko04724

185

4 (1.43%)

946 (1.86%)

0.7632487

0.891994564

ko04066

186

HIF-1 signaling pathway
Inflammatory mediator
regulation of TRP channels

3 (1.08%)

730 (1.43%)

0.7648177

0.891994564

ko04750

187

Sphingolipid metabolism

1 (0.36%)

263 (0.52%)

0.7651513

0.891994564

ko00600

169
170

341
188

Thyroid cancer

1 (0.36%)

280 (0.55%)

0.7862018

0.903163327

ko05216

189

Cardiac muscle contraction

1 (0.36%)

281 (0.55%)

0.7873798

0.903163327

ko04260

190

Fatty acid metabolism

1 (0.36%)

284 (0.56%)

0.7908751

0.903163327

ko01212

191

Shigellosis
Aldosterone-regulated sodium
reabsorption

2 (0.72%)

536 (1.05%)

0.7936634

0.903163327

ko05131

1 (0.36%)

288 (0.57%)

0.7954466

0.903163327

ko04960

Circadian entrainment
Amyotrophic lateral sclerosis
(ALS)

2 (0.72%)

547 (1.07%)

0.802875

0.906874352

ko04713

1 (0.36%)

318 (0.62%)

0.8267035

0.928976098

ko05014

Insulin signaling pathway
Leukocyte transendothelial
migration

4 (1.43%)

1065 (2.09%)

0.8371574

0.935899042

ko04910

4 (1.43%)

1075 (2.11%)

0.8423882

0.936941978

ko04670

4 (1.43%)

1110 (2.18%)

0.8595995

0.951231934

ko03040

1 (0.36%)

389 (0.76%)

0.8830018

0.968043463

ko03008

199

Spliceosome
Ribosome biogenesis in
eukaryotes
Fc gamma R-mediated
phagocytosis

4 (1.43%)

1176 (2.31%)

0.887729

0.968043463

ko04666

200

Primary immunodeficiency

1 (0.36%)

411 (0.81%)

0.8964226

0.968043463

ko05340

201

Amphetamine addiction

1 (0.36%)

411 (0.81%)

0.8964226

0.968043463

ko05031

202

RNA degradation

1 (0.36%)

424 (0.83%)

0.9036201

0.968043463

ko03018

203

Fc epsilon RI signaling pathway

2 (0.72%)

720 (1.41%)

0.9065304

0.968043463

ko04664

204

RNA transport

3 (1.08%)

991 (1.95%)

0.9099749

0.968043463

ko03013

205

Salivary secretion

1 (0.36%)

437 (0.86%)

0.910319

0.968043463

ko04970

206

Choline metabolism in cancer

2 (0.72%)

761 (1.49%)

0.9221882

0.968043463

ko05231

207

Peroxisome

1 (0.36%)

466 (0.92%)

0.9236378

0.968043463

ko04146

208

mRNA surveillance pathway

1 (0.36%)

466 (0.92%)

0.9236378

0.968043463

ko03015

209

Tight junction

4 (1.43%)

1363 (2.68%)

0.9424667

0.9731303

ko04530

210

Adipocytokine signaling pathway

1 (0.36%)

521 (1.02%)

0.9437209

0.9731303

ko04920

211

Neurotrophin signaling pathway

3 (1.08%)

1128 (2.22%)

0.9479049

0.9731303

ko04722

212

Adherens junction

2 (0.72%)

885 (1.74%)

0.9558427

0.9731303

ko04520

213

3 (1.08%)

1180 (2.32%)

0.9579337

0.9731303

ko04020

214

Calcium signaling pathway
Aldosterone synthesis and
secretion

1 (0.36%)

585 (1.15%)

0.9605591

0.9731303

ko04925

215

Non-small cell lung cancer

1 (0.36%)

607 (1.19%)

0.9651

0.9731303

ko05223

216

Lysine degradation

1 (0.36%)

619 (1.22%)

0.9673532

0.9731303

ko00310

217

Oocyte meiosis
Progesterone-mediated oocyte
maturation

1 (0.36%)

647 (1.27%)

0.9720628

0.9731303

ko04114

1 (0.36%)

654 (1.28%)

0.9731303

0.9731303

ko04914

192
193
194
195
196
197
198

218

342

Appendix E. List of immune relevant signaling pathways
and involved DEGs in these pathways

Gene ID

log2Ratio(MI/SI
)

UpDownRegula
tion(M
I/SI)

Probability

Blast NR

PI3K-Akt signaling pathway

Unigene73628

-8.294620749

Down

0.88901507

Unigene39124

-8.035257325

Down

0.86095944

CL2763.Contig17

7.024216237

Up

CL1388.Contig7

-8.06608919

Down

CL6467.Contig4

8.320424504

Up

0.89167247

CL4726.Contig4

7.973458213

Up

0.85327576

CL6748.Contig4

-8.030667136

Down

CL12752.Contig1

7.672425342

Up

Unigene35948

-7.309855263

Down

0.856573105

CL12552.Contig1

-7.665335917

Down

0.811340913

CL2763.Contig1

8.233619677

Up

0.882881359

CL10213.Contig2

10.03296406

Up

0.978464218

CL517.Contig18

-7.403012024

Down

0.81650386

CL517.Contig17

-7.602389572

Down

0.801611577

Unigene63656

8.614709844

Up

0.916580437

CL517.Contig2

-8.657020649

Down

0.91981921

CL238.Contig1

-7.63420602

Down

0.806796218

Unigene39128

-8.360481336

Down

0.895469839

NF-κB signaling pathway

0.812621888

0.8646939

0.895168306

0.81238001

gi|347360900|ref|NP_001229967.1|/1.33256e25/cyclic AMP-responsive element-binding
protein 3-like protein 1 [Danio rerio]
gi|300810921|gb|ADK35755.1|/0/collagen type
I alpha 1 [Ctenopharyngodon idella]
gi|193248592|dbj|BAG50379.1|/2.87114e73/voltage-sensing phosphoinositide
phosphatase [Danio rerio]
gi|269315868|ref|NP_001092707.2|/6.29164e105/eukaryotic translation initiation factor 4Ba
[Danio rerio]
gi|41055786|ref|NP_956466.1|/9.0441e157/transcriptional regulator Myc-B [Danio
rerio]
gi|56090164|ref|NP_998471.1|/0/phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic
subunit gamma isoform [Danio rerio]
gi|597767263|ref|XP_007247490.1|/4.64403e31/PREDICTED: serine/threonine-protein
phosphatase 2A 55 kDa regulatory subunit B
beta isoform isoform X2 [Astyanax mexicanus]
gi|190339184|gb|AAI63556.1|/2.78525e07/Tnc protein [Danio rerio]
gi|193248592|dbj|BAG50379.1|/3.10179e73/voltage-sensing phosphoinositide
phosphatase [Danio rerio]
gi|338176917|gb|AEI83864.1|/0/granulocyte
colony stimulating factor receptor [Carassius
auratus]
gi|190337317|gb|AAI63305.1|/0/Integrin, alpha
2b (platelet glycoprotein IIb of IIb/IIIa complex,
antigen CD41B) [Danio rerio]
gi|190337317|gb|AAI63305.1|/0/Integrin, alpha
2b (platelet glycoprotein IIb of IIb/IIIa complex,
antigen CD41B) [Danio rerio]
gi|157954488|ref|NP_001103320.1|/2.91654e17/uncharacterized protein LOC100126122
precursor [Danio rerio]
gi|190337317|gb|AAI63305.1|/0/Integrin, alpha
2b (platelet glycoprotein IIb of IIb/IIIa complex,
antigen CD41B) [Danio rerio]
gi|528491610|ref|XP_003199352.2|/3.10423e98/PREDICTED: integrin alpha-2-like [Danio rerio]
gi|300810921|gb|ADK35755.1|/0/collagen type
I alpha 1 [Ctenopharyngodon idella]
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Unigene26040

11.91818442

Up

0.999448996

Unigene3120

6.877330337

Up

0.920027463

Unigene22935

6.492106846

Up

0.899063294

CL2933.Contig40

-7.639039173

Down

0.807086905

Unigene19491

6.369426105

Up

0.888339331

CL1576.Contig3

9.470237255

Up

0.996403291

CL2347.Contig8

-9.024216237

Down

0.943137076

CL4350.Contig1

7.72033396

Up

0.970015858

CL2504.Contig1

-8.701595261

Down

0.922916979

CL255.Contig13

8.372139541

Up

0.896257297

CL20876.Contig1

-5.827037288

Down

0.809296342

Unigene19161

11.78654191

Up

0.995514961

gi|536720426|gb|AGU42184.1|/1.59035e23/interleukin-1 beta-1 [Carassius carassius]
gi|38649358|gb|AAH63232.1|/1.7511e38/Prostaglandin-endoperoxide synthase 2a
[Danio rerio]
gi|38649358|gb|AAH63232.1|/2.16042e80/Prostaglandin-endoperoxide synthase 2a
[Danio rerio]
gi|23308669|ref|NP_694508.1|/0/mucosa
associated lymphoid tissue lymphoma
translocation gene 1a [Danio rerio]
gi|24119251|ref|NP_705943.1|/3.15854e117/prostaglandin-endoperoxide synthase 2
precursor [Danio rerio]
gi|38143017|emb|CAC80551.1|/2.14211e68/interleukin-1 beta 1 [Carassius auratus]
gi|528516862|ref|XP_692341.6|/0/PREDICTED:
TNF receptor-associated factor 5, partial [Danio
rerio]
gi|24119251|ref|NP_705943.1|/2.9762e38/prostaglandin-endoperoxide synthase 2
precursor [Danio rerio]
gi|47085979|ref|NP_998355.1|/8.16489e53/tumor necrosis factor receptor superfamily
member 1A precursor [Danio rerio]
gi|47086673|ref|NP_997849.1|/0/ataxin-2-like
protein [Danio rerio]
gi|20196574|emb|CAD24458.2|/9.28034e40/TCR-alpha V segment II-66 [Danio rerio]
gi|38649358|gb|AAH63232.1|/8.3464e28/Prostaglandin-endoperoxide synthase 2a
[Danio rerio]

Chemokine signaling pathway
CL6592.Contig3

-9.21916852

Down

0.966659942

CL259.Contig15

8.13784503

Up

0.872958955

Unigene49752

6.315549182

Up

0.823413099

CL4726.Contig4

7.973458213

Up

Unigene35948

-7.309855263

Down

0.856573105

CL1292.Contig6

-8.062495926

Down

0.864094087

CL259.Contig16

8.536571017

Up

0.910438048

Unigene26790

6.72129453

Up

0.909889214

0.85327576

Unigene2162

-7.787902559

Down

0.829006653

CL259.Contig6

-7.609794354

Down

0.802739616

Unigene41156

-8.209453366

Down

0.880368218

gi|29540612|gb|AAO88245.1|/3.64515e21/signal transducer and activator of
transcription 1 [Carassius auratus]
gi|526252896|ref|NP_001268280.1|/2.49538e15/chemokine CXCF1a precursor [Oncorhynchus
mykiss]
gi|56090164|ref|NP_998471.1|/0/phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic
subunit gamma isoform [Danio rerio]
gi|401663980|dbj|BAM36371.1|/5.85588e102/growth hormone-inducible transmembrane
protein [Oplegnathus fasciatus]
gi|29540612|gb|AAO88245.1|/4.08395e18/signal transducer and activator of
transcription 1 [Carassius auratus]
gi|326381135|ref|NP_001191955.1|/3.08992e14/guanine nucleotide-binding protein
G(I)/G(S)/G(O) subunit gamma-10 [Danio rerio]
gi|47225388|emb|CAG11871.1|/4.53826e83/unnamed protein product [Tetraodon
nigroviridis]
gi|29540612|gb|AAO88245.1|/1.4907e162/signal transducer and activator of
transcription 1 [Carassius auratus]
gi|528503809|ref|XP_005169812.1|/0/PREDICT
ED: SHC-transforming protein 1 isoform X1
[Danio rerio]
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CL8857.Contig3

-8.176588732

Down

0.876810557

gi|528472160|ref|XP_002667428.3|/2.36457e117/PREDICTED: c-C chemokine receptor type 5like [Danio rerio]

TNF signaling pathway

Unigene73628

-8.294620749

Down

0.88901507

Unigene26040

11.91818442

Up

0.999448996

CL4726.Contig4

7.973458213

Up

0.85327576

Unigene3120

6.877330337

Up

0.920027463

Unigene22935

6.492106846

Up

0.899063294

Unigene19491

6.369426105

Up

0.888339331

CL1576.Contig3

9.470237255

Up

0.996403291

CL2347.Contig8

-9.024216237

Down

0.943137076

CL4350.Contig1

7.72033396

Up

0.970015858

CL2504.Contig1

-8.701595261

Down

0.922916979

Unigene19161

11.78654191

Up

0.995514961

gi|347360900|ref|NP_001229967.1|/1.33256e25/cyclic AMP-responsive element-binding
protein 3-like protein 1 [Danio rerio]
gi|536720426|gb|AGU42184.1|/1.59035e23/interleukin-1 beta-1 [Carassius carassius]
gi|56090164|ref|NP_998471.1|/0/phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic
subunit gamma isoform [Danio rerio]
gi|38649358|gb|AAH63232.1|/1.7511e38/Prostaglandin-endoperoxide synthase 2a
[Danio rerio]
gi|38649358|gb|AAH63232.1|/2.16042e80/Prostaglandin-endoperoxide synthase 2a
[Danio rerio]
gi|24119251|ref|NP_705943.1|/3.15854e117/prostaglandin-endoperoxide synthase 2
precursor [Danio rerio]
gi|38143017|emb|CAC80551.1|/2.14211e68/interleukin-1 beta 1 [Carassius auratus]
gi|528516862|ref|XP_692341.6|/0/PREDICTED:
TNF receptor-associated factor 5, partial [Danio
rerio]
gi|24119251|ref|NP_705943.1|/2.9762e38/prostaglandin-endoperoxide synthase 2
precursor [Danio rerio]
gi|47085979|ref|NP_998355.1|/8.16489e53/tumor necrosis factor receptor superfamily
member 1A precursor [Danio rerio]
gi|38649358|gb|AAH63232.1|/8.3464e28/Prostaglandin-endoperoxide synthase 2a
[Danio rerio]

Cytokine-cytokine receptor interaction

Unigene49752

6.315549182

Up

0.823413099

Unigene26040

11.91818442

Up

0.999448996

Unigene85624

7.617161323

Up

0.80386874

CL9829.Contig2

-8.026062297

Down

0.860310818

CL30.Contig44

7.807354922

Up

0.831792042

CL1576.Contig3

9.470237255

Up

0.996403291

CL10213.Contig2

10.03296406

Up

0.978464218

Unigene72566

7.821880254

Up

0.956997855

CL8857.Contig3

-8.176588732

Down

0.876810557

gi|526252896|ref|NP_001268280.1|/2.49538e15/chemokine CXCF1a precursor [Oncorhynchus
mykiss]
gi|536720426|gb|AGU42184.1|/1.59035e23/interleukin-1 beta-1 [Carassius carassius]
gi|45709939|gb|AAH67712.1|/2.469e16/LOC407674 protein, partial [Danio rerio]
gi|33504525|ref|NP_878293.1|/1.21621e180/transforming growth factor, beta 1a
precursor [Danio rerio]
gi|131888307|ref|NP_001076466.1|/2.73277e64/uncharacterized protein LOC100009628
precursor [Danio rerio]
gi|38143017|emb|CAC80551.1|/2.14211e68/interleukin-1 beta 1 [Carassius auratus]
gi|338176917|gb|AEI83864.1|/0/granulocyte
colony stimulating factor receptor [Carassius
auratus]
gi|545604907|gb|AGW43283.1|/2.66477e92/interleukin-1 receptor 2 [Ctenopharyngodon
idella]
gi|528472160|ref|XP_002667428.3|/2.36457e117/PREDICTED: c-C chemokine receptor type 5like [Danio rerio]

Down

0.823307887

gi|206557842|sp|P0C7U4.1|C3AR_DANRE/7.41
74e-114/RecName: Full=C3a anaphylatoxin

Complement and coagulation cascades
CL10622.Contig4

-7.745954377
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Unigene112829

10.2632692

Up

0.982656402

Unigene91776

8.153129759

Up

0.874594611

Unigene96804

10.10678102

Up

0.979920907

Unigene104223

7.938599455

Up

0.848897017

CL8161.Contig1

-6.22828426

Down

0.850752858

Unigene103392

10.03479896

Up

0.978501097

Unigene96986

8.491853096

Up

0.906819646

Unigene12475

13.44600631

Up

0.998650692

Unigene12476

10.26678654

Up

0.982706296

chemotactic receptor; Short=C3AR; Short=C3a-R
[Danio rerio]
gi|383282283|gb|AFH01333.1|/3.51458e26/complement component C7-1, partial
[Hypophthalmichthys molitrix]
gi|6009727|dbj|BAA85038.1|/1.64157e12/alpha-2-macroglobulin-1 [Cyprinus carpio]
gi|383282283|gb|AFH01333.1|/6.6787e22/complement component C7-1, partial
[Hypophthalmichthys molitrix]
gi|295314918|gb|ADF97609.1|/3.46758e26/fibrinogen B beta polypeptide
[Hypophthalmichthys molitrix]
gi|528480160|ref|XP_005165483.1|/1.36644e155/PREDICTED: uncharacterized protein
LOC101885572 [Danio rerio]
gi|351602153|gb|AEQ53931.1|/1.03265e22/complement component C7
[Ctenopharyngodon idella]
gi|37695611|gb|AAR00337.1|/1.80096e22/alpha-2-macroglobulin [Ctenopharyngodon
idella]
gi|488888799|gb|AGL08666.1|/2.54999e69/complement component C7-1, partial
[Carassius auratus]
gi|383282283|gb|AFH01333.1|/6.70814e22/complement component C7-1, partial
[Hypophthalmichthys molitrix]

NOD-like receptor signaling pathway
Unigene26040

11.91818442

Up

0.999448996

CL6186.Contig1

-7.135452784

Down

0.907551787

CL3064.Contig2

8.092757141

Up

0.867816616

CL5198.Contig8

-8.574908836

Down

0.913473991

CL1576.Contig3

9.470237255

Up

0.996403291

Unigene24012

8.448460501

Up

0.903180636

CL377.Contig2

7.660590206

Up

0.810294223

CL7104.Contig4

-7.224966365

Down

0.935007603

CL8076.Contig6

-10.06294557

Down

0.979061862

gi|536720426|gb|AGU42184.1|/1.59035e23/interleukin-1 beta-1 [Carassius carassius]
gi|528471942|ref|XP_005171495.1|/1.87927e138/PREDICTED: NACHT, LRR and PYD domainscontaining protein 3-like [Danio rerio]
gi|528502583|ref|XP_001919795.3|/9.253e34/PREDICTED: NACHT, LRR and PYD domainscontaining protein 3-like isoform X1 [Danio rerio]
gi|38143017|emb|CAC80551.1|/2.14211e68/interleukin-1 beta 1 [Carassius auratus]
gi|528508932|ref|XP_003200567.2|/9.06691e64/PREDICTED: NACHT, LRR and PYD domainscontaining protein 3-like [Danio rerio]
gi|194353931|ref|NP_001123874.1|/9.1243e122/si:ch211-195h23.3 [Danio rerio]
gi|528471942|ref|XP_005171495.1|/0/PREDICT
ED: NACHT, LRR and PYD domains-containing
protein 3-like [Danio rerio]
gi|145587665|ref|NP_001076414.2|/9.11147e71/guanylate binding protein 4 [Danio rerio]

Toll-like receptor pathway

CL259.Contig15

8.13784503

Up

0.872958955

Unigene49752

6.315549182

Up

0.823413099

CL4726.Contig4

7.973458213

Up

0.85327576

Unigene26040

11.91818442

Up

0.999448996

gi|29540612|gb|AAO88245.1|/3.64515e21/signal transducer and activator of
transcription 1 [Carassius auratus]
gi|526252896|ref|NP_001268280.1|/2.49538e15/chemokine CXCF1a precursor [Oncorhynchus
mykiss]
gi|56090164|ref|NP_998471.1|/0/phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic
subunit gamma isoform [Danio rerio]
gi|536720426|gb|AGU42184.1|/1.59035e23/interleukin-1 beta-1 [Carassius carassius]
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CL259.Contig16

8.536571017

Up

0.910438048

CL1576.Contig3

9.470237255

Up

0.996403291

Unigene5120

5.982620475

Up

0.839392204

CL259.Contig6

-7.609794354

Down

0.802739616

gi|29540612|gb|AAO88245.1|/4.08395e18/signal transducer and activator of
transcription 1 [Carassius auratus]
gi|38143017|emb|CAC80551.1|/2.14211e68/interleukin-1 beta 1 [Carassius auratus]
gi|28779299|gb|AAO19474.1|/0/toll-like
receptor [Carassius auratus]
gi|29540612|gb|AAO88245.1|/1.4907e162/signal transducer and activator of
transcription 1 [Carassius auratus]

TGF-β signaling pathway

Unigene3046

Unigene81466

-7.660590206

Down

0.810294223

7.6794801

Up

0.81339633

Unigene402

7.670066069

Up

0.81238001

CL9829.Contig2

-8.026062297

Down

CL6467.Contig4

8.320424504

Up

0.89167247

CL5158.Contig10

8.836050355

Up

0.932031316

CL1292.Contig6

-8.062495926

Down

0.864094087

Unigene111503

-7.617161323

Down

0.80386874

Unigene26040

11.91818442

Up

0.999448996

CL9829.Contig2

-8.026062297

Down

0.860310818

CL6467.Contig4

8.320424504

Up

0.89167247

CL1576.Contig3

9.470237255

Up

0.996403291

Unigene32768

-7.677132345

Down

Unigene72566

7.821880254

Up

0.956997855

CL2504.Contig1

-8.701595261

Down

0.922916979

CL4341.Contig1

7.759333407

Up

0.825171321

0.860310818

gi|528516429|ref|XP_005161827.1|/0/PREDICT
ED: CREB-binding protein isoform X2 [Danio
rerio]
gi|136256463|ref|NP_001025282.2|/9.60906e45/follistatin-related protein 3 precursor [Danio
rerio]
gi|528516429|ref|XP_005161827.1|/0/PREDICT
ED: CREB-binding protein isoform X2 [Danio
rerio]
gi|33504525|ref|NP_878293.1|/1.21621e180/transforming growth factor, beta 1a
precursor [Danio rerio]
gi|41055786|ref|NP_956466.1|/9.0441e157/transcriptional regulator Myc-B [Danio
rerio]
gi|47087291|ref|NP_998660.1|/2.85849e144/cullin-1 [Danio rerio]
gi|401663980|dbj|BAM36371.1|/5.85588e102/growth hormone-inducible transmembrane
protein [Oplegnathus fasciatus]
gi|41054970|ref|NP_957345.1|/1.35121e30/bone morphogenetic protein 5 precursor
[Danio rerio]

MAPK signaling pathway

0.81339633

gi|536720426|gb|AGU42184.1|/1.59035e23/interleukin-1 beta-1 [Carassius carassius]
gi|33504525|ref|NP_878293.1|/1.21621e180/transforming growth factor, beta 1a
precursor [Danio rerio]
gi|41055786|ref|NP_956466.1|/9.0441e157/transcriptional regulator Myc-B [Danio
rerio]
gi|38143017|emb|CAC80551.1|/2.14211e68/interleukin-1 beta 1 [Carassius auratus]
gi|432873688|ref|XP_004072341.1|/1.59022e14/PREDICTED: MAP kinase-activated protein
kinase 5-like [Oryzias latipes]
gi|545604907|gb|AGW43283.1|/2.66477e92/interleukin-1 receptor 2 [Ctenopharyngodon
idella]
gi|47085979|ref|NP_998355.1|/8.16489e53/tumor necrosis factor receptor superfamily
member 1A precursor [Danio rerio]
gi|528483598|ref|XP_005166228.1|/8.68549e24/PREDICTED: DNA-damage-inducible
transcript 3 isoform X1 [Danio rerio]

Natural killer cell mediated cytotoxicity

CL4726.Contig4

7.973458213

Up

0.85327576

CL1569.Contig1

5.598657291

Up

0.805880771

gi|56090164|ref|NP_998471.1|/0/phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic
subunit gamma isoform [Danio rerio]
gi|3769340|dbj|BAA33884.1|/1.50907e125/MHC class I antigen [Cyprinus carpio]
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Unigene18495

9.206616876

Up

0.994089727

CL1787.Contig6

7.631783357

Up

0.806007675

Unigene2162

-7.787902559

Down

0.829006653

CL255.Contig13

8.372139541

Up

0.896257297

CL17731.Contig2

10.15017038

Up

0.980748497

Unigene41156

-8.209453366

Down

0.880368218

gi|57528839|ref|NP_956700.1|/1.48897e60/uncharacterized protein LOC393377
precursor [Danio rerio]
gi|167963524|ref|NP_001108163.1|/5.91483e44/SH2 domain containing 1A duplicate a [Danio
rerio]
gi|47225388|emb|CAG11871.1|/4.53826e83/unnamed protein product [Tetraodon
nigroviridis]
gi|47086673|ref|NP_997849.1|/0/ataxin-2-like
protein [Danio rerio]
gi|300429859|gb|ADK11997.1|/2.97234e14/MHC class I antigen [Cyprinus carpio 'jian']
gi|528503809|ref|XP_005169812.1|/0/PREDICT
ED: SHC-transforming protein 1 isoform X1
[Danio rerio]

Jak-STAT signaling pathway

Unigene3046

Down

0.810294223

8.13784503

Up

0.872958955

Unigene402

7.670066069

Up

0.81238001

CL6467.Contig4

8.320424504

Up

0.89167247

CL4726.Contig4

7.973458213

Up

0.85327576

CL259.Contig16

8.536571017

Up

0.910438048

CL10213.Contig2

10.03296406

Up

0.978464218

CL259.Contig6
-7.609794354
T cell receptor signaling pathway

Down

0.802739616

CL6592.Contig3

-9.21916852

Down

0.966659942

CL4726.Contig4

7.973458213

Up

CL2933.Contig40

-7.639039173

Down

0.807086905

CL6523.Contig5

-9.031494449

Down

0.984542613

CL255.Contig13

8.372139541

Up

0.896257297

CL20876.Contig1

-5.827037288

Down

0.809296342

CL259.Contig15

-7.660590206

0.85327576

gi|528516429|ref|XP_005161827.1|/0/PREDICT
ED: CREB-binding protein isoform X2 [Danio
rerio]
gi|29540612|gb|AAO88245.1|/3.64515e21/signal transducer and activator of
transcription 1 [Carassius auratus]
gi|528516429|ref|XP_005161827.1|/0/PREDICT
ED: CREB-binding protein isoform X2 [Danio
rerio]
gi|41055786|ref|NP_956466.1|/9.0441e157/transcriptional regulator Myc-B [Danio
rerio]
gi|56090164|ref|NP_998471.1|/0/phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic
subunit gamma isoform [Danio rerio]
gi|29540612|gb|AAO88245.1|/4.08395e18/signal transducer and activator of
transcription 1 [Carassius auratus]
gi|338176917|gb|AEI83864.1|/0/granulocyte
colony stimulating factor receptor [Carassius
auratus]
gi|29540612|gb|AAO88245.1|/1.4907e162/signal transducer and activator of
transcription 1 [Carassius auratus]

gi|56090164|ref|NP_998471.1|/0/phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic
subunit gamma isoform [Danio rerio]
gi|23308669|ref|NP_694508.1|/0/mucosa
associated lymphoid tissue lymphoma
translocation gene 1a [Danio rerio]
gi|32479133|gb|AAN12398.1|/1.28779e161/polyprotein [Tetraodon nigroviridis]
gi|47086673|ref|NP_997849.1|/0/ataxin-2-like
protein [Danio rerio]
gi|20196574|emb|CAD24458.2|/9.28034e40/TCR-alpha V segment II-66 [Danio rerio]

Antigen processing and presentation

Unigene9811

5.621711159

Up

0.804462045

CL4386.Contig4

-9.171593822

Down

0.950571287

gi|115529435|ref|NP_001070245.1|/8.71718e97/major histocompatibility complex class II DBB
precursor [Danio rerio]
gi|45387529|ref|NP_991104.1|/2.70251e47/dr1-associated corepressor [Danio rerio]
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CL1569.Contig1

5.598657291

Up

0.805880771

Unigene18495

9.206616876

Up

0.994089727

CL20876.Contig1

-5.827037288

Down

0.809296342

CL17731.Contig2

10.15017038

Up

0.980748497

Unigene26040

11.91818442

Up

0.999448996

CL4726.Contig4

7.973458213

Up

0.85327576

CL2602.Contig2

-7.77478706

Down

0.827073802

CL1576.Contig3

9.470237255

Up

0.996403291

CL2504.Contig1

-8.701595261

Down

0.922916979

gi|3769340|dbj|BAA33884.1|/1.50907e125/MHC class I antigen [Cyprinus carpio]
gi|57528839|ref|NP_956700.1|/1.48897e60/uncharacterized protein LOC393377
precursor [Danio rerio]
gi|20196574|emb|CAD24458.2|/9.28034e40/TCR-alpha V segment II-66 [Danio rerio]
gi|300429859|gb|ADK11997.1|/2.97234e14/MHC class I antigen [Cyprinus carpio 'jian']

Apoptosis
gi|536720426|gb|AGU42184.1|/1.59035e23/interleukin-1 beta-1 [Carassius carassius]
gi|56090164|ref|NP_998471.1|/0/phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic
subunit gamma isoform [Danio rerio]
gi|9082323|gb|AAF82808.1|AF282675_1/2.083
48e-75/calpain 1 [Danio rerio]
gi|38143017|emb|CAC80551.1|/2.14211e68/interleukin-1 beta 1 [Carassius auratus]
gi|47085979|ref|NP_998355.1|/8.16489e53/tumor necrosis factor receptor superfamily
member 1A precursor [Danio rerio]

B cell receptor signaling pathway

CL4726.Contig4

7.973458213

Up

0.85327576

CL2933.Contig40

-7.639039173

Down

Unigene43838

6.151767077

Up

0.86627207

CL337.Contig61

5.66492223

Up

0.807860262

0.807086905

gi|56090164|ref|NP_998471.1|/0/phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic
subunit gamma isoform [Danio rerio]
gi|23308669|ref|NP_694508.1|/0/mucosa
associated lymphoid tissue lymphoma
translocation gene 1a [Danio rerio]
gi|407080643|gb|AFS89611.1|/5.41128e40/interferon-induced transmembrane protein 1
[Cyprinus carpio]
gi|63101179|gb|AAH95877.1|/2.89553e120/Zgc:113199 [Danio rerio]

FcγR-mediated phagocytosis

Unigene30337

7.768184325

Up

0.826084599

CL4726.Contig4

7.973458213

Up

0.85327576

CL6523.Contig5

-9.031494449

Down

0.984542613

CL255.Contig13

8.372139541

Up

0.896257297

gi|50344880|ref|NP_001002112.1|/2.6279e143/26S proteasome non-ATPase regulatory
subunit 4 [Danio rerio]
gi|56090164|ref|NP_998471.1|/0/phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic
subunit gamma isoform [Danio rerio]
gi|32479133|gb|AAN12398.1|/1.28779e161/polyprotein [Tetraodon nigroviridis]
gi|47086673|ref|NP_997849.1|/0/ataxin-2-like
protein [Danio rerio]

p53 signaling pathway

CL2763.Contig17

7.024216237

Up

0.812621888

CL14301.Contig5

-10.33799349

Down

0.983819149

CL2763.Contig1

8.233619677

Up

0.882881359

gi|193248592|dbj|BAG50379.1|/2.87114e73/voltage-sensing phosphoinositide
phosphatase [Danio rerio]
gi|47086711|ref|NP_997828.1|/2.74687e88/CD82 antigen, b [Danio rerio]
gi|193248592|dbj|BAG50379.1|/3.10179e73/voltage-sensing phosphoinositide
phosphatase [Danio rerio]

Fc epsilon RI signaling pathway

CL4726.Contig4

7.973458213

Up

0.85327576

CL255.Contig13

8.372139541

Up

0.896257297

gi|56090164|ref|NP_998471.1|/0/phosphatidyl
inositol-4,5-bisphosphate 3-kinase catalytic
subunit gamma isoform [Danio rerio]
gi|47086673|ref|NP_997849.1|/0/ataxin-2-like
protein [Danio rerio]

