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Walleye (Sander vitreus M.) are valuable in commercial and recreational fisheries
and are affected by bacterial, fungal and viral disease. Pattern recognition receptors
(PRRs) are germline-encoded and constitutively expressed and bind non-self or alteredself for immune recognition. Walleye were hypothesised to have circulating PRRs that
were capable of binding diverse pathogens. These PRRs were hypothesised to increase
with infection, be distributed in immunologically relevant tissues and to be strain and age
specific. PRR binding was measured by affinity chromatography, plasma binding assays,
SDS-PAGE, Western blots, ELISA, PCR, and immunohistochemistry. ELISA and affinity
chromatography assays were developed in rainbow trout (Oncorhynchus mykiss) with
known PRRs. Trout ladderlectin was confirmed as a PRR binding viral hemorrhagic
septicemia virus (VHSV). These techniques were adapted to walleye using
Flavobacterium columnare, chitin, VHSV and Sepharose resin. A 22 kDa protein bound
to F. columnare, a 17 kDa protein bound to chitin and a 34 kDa protein bound to VHSV
were identified as similar to bass apolipoprotein, carp C3 and rainbow trout intelectin,
respectively. PCR and 3'-RACE-PCR were used to generate nucleotide sequence to
confirm identity of walleye apolipoprotein and mannose-binding lectin (MBL)-like
protein from the intelectin-like sequence. Two rabbit polyclonal antibodies were raised to

34 and 67 kDa MBL amino acid sequences and used to verify MBL-like protein as a PRR
for VHSV. Healthy walleye MBL-like protein plasma concentration was 7.5 ng/ml.
Significant differences were found between geographically distant strains of walleye. An
ELISA demonstrated that MBL-like protein had significant differences in binding affinity
between multiple strains of VHSV and different viruses found in Ontario. MBL-like
protein plasma levels increased with initial infection of naïve fish with waterborne and IP
VHSV (107 pfu) but did not change with IP reinfection. Previous infection with VHSV
significantly decreased walleye mortality. IHC of walleye shows MBL-like protein is
distributed in epithelial surfaces, primarily skin, oropharynx, gill, gastrointestinal system,
renal nephrons, connective tissue of gonads and plasma. There was no qualitative
difference in MBL-like protein tissue distribution in healthy and VHSV-infected walleye.
This is the first evidence for fish lectins binding viruses.
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CHAPTER ONE
GENERAL INTRODUCTION
Walleye (Sander vitreus M.) are important for Canadian commercial and native
fisheries, primarily for export to the USA (Summerfelt 2004). Walleye are a desirable
species in aquaculture as they are native to North America from east of the Rocky
Mountains to the Atlantic coast. Primarily stocked into water bodies as 2.5 – 7.5 cm long
fingerlings (Harding et al. 1992) they have been introduced to northwestern North
America for sport fisheries (McMahon & Bennett 2011). A subspecies in Lakes Erie and
Ontario, the blue walleye (Sander vitreus glaucum), was over-fished to extinction
(Campbell 1987), which highlights the need for conservation and sensible biological
management of remaining stocks in the Great Lakes ecosystem of North America. Wild
walleye have several diseases that may be of management concern, both prior to stocking
and once stocked into lakes and streams. These diseases may include bacterial, fungal,
parasitic and viral pathogens.
In jawed vertebrates, pathogens are detected and responded to by two
interconnecting branches of the immune system, the innate and acquired. The innate
immune system is constitutively expressed and is capable of immediate detection of a
related group of pathogens. The innate immune system is characterised by pattern
recognition receptors (PRRs) which recognise pathogens by conserved molecular
patterns common to a wide variety of pathogens. The acquired immune system is
characterised by the clonal expansion of B and T lymphocytes after the initial antigen
exposure and a rapid anamnastic response to previously encountered pathogens. This
1

branch depends on recombination of somatic genes to provide diversity of T and B
lymphocytes. Fish are known to have both branches, but are thought to depend more
heavily on the innate immune system as the acquired is more sensitive to temperaturespecific inhibition of its components (Rodrigues & Dixon 1998). Overall, the adaptive
immune response of teleost fish is slower than that of mammals to respond to pathogens.
Little is known about the innate immune system of walleye. There are several
pathogens of concern in Ontario that affect wild and cultured populations. Identifying
PRRs of walleye that could be involved in resistance to major diseases of walleye would
be of benefit for managing the cultured populations that are stocked into lakes by
identification of disease resistant stocks. These PRRs could also possibly be a measure
robustness of disease resistance in wild populations to help inform management policy in
Ontario or the rest of Canada.

LITERATURE REVIEW
1.1 Known Diseases of Walleye in Ontario, Canada
1.1.1 Columnaris in Walleye
Walleye are susceptible to several bacterial diseases, most of which are
opportunistic pathogens. Flavobacterium columnare, the cause of columnaris disease, has
emerged as a major pathogen of cultured walleye (Clayton et al. 1998; Summerfelt
2004 ). Columnaris is typified by fin rot in walleye, although the bacteria also colonises
skin (saddle patch lesions), gills (typified by arrowhead appearance) and mouth (leading
to inappetance, wasting) (Hawke & Thune 1992; Koski et al. 1993). It then invades
through the necrotic epidermal lesions to cause septicemia and organ necrosis (Hawke &
2

Thune 1992; Koski et al. 1993). While the exact pathogenesis of columnaris is not
completely understood, the bacteria is ubiquitous in warmer freshwater around the world
and infection seems to be facilitated by standing water and bacterial strain-specific ability
to colonise the gills (Pacha & Ordal 1970, Del Corral 1975, Zaldiver 1985, Toranzo &
Barja 1993).
1.1.2 Fungal and Metazoan Pathogens of Walleye
Cultured fingerlings stocked into lakes are exposed to numerous parasitic and fungal
diseases, most of these pathogens have exposed chitin on their surface (Poole & Dick
1985, Muzzall & Hass 1998, Summerfelt 2004). Walleye commonly have cataracts from
encystment in the lens by the larval stages of Diplostomum spp., particularly when raised
in warm, shallow water (Marcogliese et al. 2001). Pond-raised walleye may be heavily
affected with cataracts in one or both eyes when the first intermediate host, aquatic snails,
and the definitive host, fish-eating birds, cannot be excluded from ponds (Sangster et al.
2004). Cestodes, such as Bothriocephalus cuspidatus and Proteocephalus luciopercia,
and nematodes, such as Contracaecum sp., have also been reported to infect upwards of
70% of the walleye fingerlings from intensive culture (Muzzall et al. 2006). Wild walleye
in Canada may be additionally infected with Raphidascaris acus, Ergasilus
luciopercarum and Triaenophorus nodulosus (Poole & Dick 1985).
Fungal infections, particularly saprolegniasis, are common secondary diseases in
walleye and common primary infections of walleye ova (Hnath 1975). Indeed, walleye
with saprolegnial dermatitis are quite refractory to treatment and it is a major cause of
loss in fingerlings intended for stocking or culture (Summerfelt 2004).
3

1.1.3 Tumour-Forming Viral Pathogens of Walleye
Walleye are susceptible to several viral infections. Walleye are relatively frequently
affected with lymphocystis disease (Yamamoto et al. 1976), caused by infection with
lymphocystis virus, an iridovirus that causes a characteristic benign, chronic tumour. The
tumour is a collection of cytomegalic cells that are expanded with a hyaline material
(Wolff et al. 1966). This virus typically causes tumours in infected subepithelial
connective tissue cells such as those in the fin or skin but can rarely become systemic or
affect the eye and adjacent structures (Weissenberg 1965, Dukes & Lawler 1975).
Walleye may mount inflammatory responses to these tumours and recover (Bowser et al.
1998). While other iridoviral disease is a significant problem in congenerics in Europe, to
date no other iridoviruses have been identified in North American walleye.
Walleye have also been affected by a epsilonretrovirus named walleye dermal
sarcoma virus. In the fall, affected walleye develop multifocal, benign, well-vascularised
firm dermal tumours arising from the superficial surface of the scales. Tumours never
metastasize or invade locally and may or may not become quite extensive and contain
osteoid (Martineau et al. 1990). Intriguingly, the tumours often shrink, soften and are
shed between spring and summer, indicating that the protective components of the
immune system necessary for tumour regression may be less functional at lower
temperatures (Holtzschu et al. 2003). Similarly, walleye have another syndrome called
discrete epidermal hyperplasia that appears to be associated with one or two
epsilonretrovirus(es), as two viral particle sizes have been observed (Bowser & Casey
1993). This is a broad, mucoid, multifocal, sharply bordered papular tumour made up of
cuboidal to flattened cells that can reach several centimetres in diameter. This growth
4

appears in the fall and regresses in the spring but is not shed (Holtzschu et al. 2003). An
extremely similar lesion is walleye diffuse epidermal hyperplasia, a little-studied
phenomenon producing papules associated with an alloherpesvirus, herpes virus vitreum,
that appears to be highly host-specific (Kelly et al. 1983).
1.1.4 Viral Hemorrhagic Septicemia Virus in Walleye
Walleye have been found in multispecies outbreaks of viral hemorrhagic septicemia
virus (VHSV) in Lake Huron (Michigan, USA) (Whelan 2009) and Conesus Lake (New
York, USA) (Bowser 2009). Viral hemorrhagic septicemia virus IVb, a Novirhabdovirus,
is found in the Great Lakes ecosystem of North America where it affects numerous fish
species. It is a single-stranded antisense enveloped RNA virus (Pierce & Sapien 2012).
The virus targets leukocytes and endothelium, giving rise to the characteristic
hemorrhagic lesions (Lumsden et al. 2007). This is a relatively recently discovered virus
in the Great Lakes. VHSV has typically been a major disease of farmed rainbow trout in
Europe. Three genotypes (I-III) occur in Europe while a genotype designated IVa was
found in salmonids in the Pacific Northwest (Brunson et al. 1989) and the genotype IVb
was identified in 2005 in drum (Aplodinotus grunniens) and muskellunge (Esox
masquinongy) from Lake Ontario (Lumsden et al. 2007, Elsayed et al. 2006). Recently,
analysis of full-length sequence from the G, N and NV genes of VHSV supports IVb
being split into the Great Lakes IVb subgenotype and a marine IVc subgenotype
identified to occur around New Brunswick, Canada (Pierce & Sapien 2012). Since initital
identification in the Great Lakes, it has been known to infect upwards of 40 species of
fish in the Great Lakes, including walleye and other perciform fish such as yellow perch
(Perca flavescens), a common prey item of walleye (Jude et al. 2010). The disease is
5

highly seasonal as a consequence of water temperature. Mortality in the Great Lakes is
common in late winter and spring when water temperatures are between 3-15˚C
(McAllister 1990, Sano et al. 2009) although it may occur at other water temperatures
(Ghittino 1965). Fish are thought to be infected via attachment and entry into gill
epithelial cells (Lorenzen & La Patra 1999, Brudeseth et al. 2008) but it is unknown if
walleye may also be infected via consumption of infected prey items (Meyers & Winton
1995). Concern over the potential impact of the virus on sport and commercial fisheries
instigated our investigation into the walleye innate immune response to VHSV IVb. Fish
clinically infected by VHSV typically have altered behavior, including anorexia and
lethargy (OIE 2007), which progresses in classical VHS to one of three clinical forms:
acute, chronic, and nervous forms which share consistent symptoms of grossly visibly
hemorrhages and anemia (Wolf 1988, Noga 1996, Bowden 2003). External hemorrhages
are typically around the eyes and fin bases though other surfaces may be affected.
Internal petechial hemorrhages may occur on any of the viscera or serosal aspect of the
musculature. The most common presentation characterised in the literature is thought to
be the consequence of chronic infection, resulting in exophthalmia (King et al. 2001,
Einer-Jensen & Lorenzen 2006) and serous to serosanguinous ascites (Noga 1996, Skall
et al. 2005) but the acute presentation may be nearly identical (Hedrick et al. 2003). The
nervous form is considered the result of longstanding infection, with fish that survive
long enough may develop an inability to maintain normal position in the water column
and have marked lethargy (Castric & De Kinkelin 1980, Neukirch 1986, Meyers et al.
1999, Skall et al. 2004, Nishizawa et al. 2006, Lumsden et al. 2007, Dale 2009). Given
the wide variation in the fish host and virus isolates for VHSV IVb, classification of
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phases are likely to be subjective, inconsistent and to not accurately reflect duration of
infection.

1.2 Pattern Recognition Receptors of Fish Involved in Innate Immune Recognition
In fish, the innate immune system is extremely important for disease resistance. The
adaptive immune system is slower to respond to infection at low body temperatures
(Rodrigues & Dixon 1998). Compared to mammals, fish have a more limited antibody
repertoire, antibody affinity maturation and memory as well as relatively slower
proliferation of immune cells (Magnadóttir 2006). While the innate immune system has
highly conserved function based on stereotypic recognition in animals, it is an extremely
viable form of defense as evidenced from the extensive body of literature on invertebrate
pathogen defense (reviewed in Loker et al. 2005). The innate and acquired immune
system of fish are complex and highly redundant interconnected systems and the innate
immune system is perhaps most usefully viewed as directing the acquired immune
response at permissive temperatures and as the major form of fish defense at lower
temperatures (Fearton & Locksley 1996, Carroll & Prodeus 1998). The innate immune
system is highly advantageous in that it consists of germline-encoded PRRs that
recognise and bind conserved pathogen-associated molecular patterns (PAMPs) absent in
the host but evolutionarily conserved in large groups of microbes (Ellis 2001).
Constitutively expressed, these proteins can provide host defense through prevention of
attachment, invasion or reproduction of the pathogen, and if the pathogens manage to
penetrate into the host, there are numerous humoral and cellular defenses that act to
initiate inflammation and cellular antiviral responses (Ellis 2001, Bayne & Gerwick
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2001). Soluble plasma proteins include complement, transferrins, anti-proteases, natural
antibodies, lysozyme, interferon and lectins. Cellular components are primarily
leukocytes, such as macrophages and neutrophils, as well as scavenger endothelial cells.
Recently, numerous intercellular and membrane bound pattern-recognition receptors have
been described, such as the Toll-like receptors, NOD-like receptors and the Rig-I like
receptors. Many of these innate immune components act together to provide antiviral
defense for fish. Major innate immune PRRs known to date for fish are reviewed below.
1.2.1 Epithelial Mucus-Associated Pattern Recognition Receptors
The epidermis, scales and mucus-covered epithelial surfaces are a first line of
defense against fish pathogens by providing a physical barrier (Ingram 1980, Shephard
1994, Ellis 2001). Skin mucus also contains numerous PRRs and anti-pathogenic
molecules, such as proteases in rainbow trout (Oncorhynchus mykiss) and Japanese eel
(Anguilla japonica), natural antibodies (Nabs) in common carp (Cyprinus carpio),
lysozyme, complement, antimicrobial peptides (AMPs), mannose-binding lectins,
pentraxins, intelectin and pufflectins in salmonids, pufferfishes and catfishes (Hjelmelad
1983, Rombout 1993, Aranishi & Nakane 1997, Fast et al. 2002, Huong Giang et al.
2010, Tsutsui et al. 2011). Piscidin-1N, -1H, -2, and -3, AMPs isolated from hybrid
striped bass (Morone saxatilis x chrysops) inactivated both channel catfish virus (CCV), a
herpesvirus, and reduced the titre of frog virus 3, a ranavirus, with greater efficiency
towards inactivating CCV (Chinchar et al. 2004). To date, in vivo evidence for antiviral
effects of mucus are largely uninvestigated. Although it is reasonable to assume
complement, lectins and other immune components behave in an analogous manner to
their circulating humoral counterparts, functional evidence is lacking.
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1.2.2 Complement
One of the best understood and most important soluble components of innate
immunity is complement. Approximately 35 soluble plasma proteins make up the
complement system, which has critical roles in recognising non-self and altered self in
innate immunity as well as bridging nonspecific immune responses to the adaptive
immune system (Gasque 2004). Fish are known to have almost all the orthologues of
mammalian complement (Nakao et al. 2011). In the innate immune system of teleosts,
complement products may lead to phagocytosis and cytolysis of pathogens,
immobilization of pathogens, chemotaxis and/or signaling in the inflammatory cascade in
a manner similar to that in mammals (Sunyer & Lambris 1994, Gasque 2004, Nakao et
al. 2011). The complement cascade can be activated by three different pathways, which
may act together or individually: the classical, the lectin and the alternative paths.
Complement components in fish often occur in two or more isoforms.
The classical pathway was the first discovered. In mammals the classical pathway is
based on binding of the Fc portion of immunoglobulin to the C1q component (itself a
collectin, discussed below) of C1 (Kishore & Reid 2003). Activated C1q then undergoes
a conformational change to cleave the C1s and then the C1r components. Active C1s
then cleaves C4 into C4a and C4b, exposing a thioester bond in C4b that can covalently
bind the activating surface and bind C2. C2 is then cleaved by C1s into C2a and C2b.
C2a remains coupled to C4b forming the classical C3 convertase and can then cleave
native C3 into C3a and C3b. This has been functionally demonstrated in rainbow trout
(Sunyer et al. 1998). C3b remains complexed with the classical C3 convertase to form the
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classical C5 convertase, formation of which has been demonstrated in rainbow trout
(Boshra et al. 2004), which cleaves C5 into C5a and C5b and the membrane attack
complex (MAC) is then generated (Boshra et al. 2006). Functional characterisation of C5
and the MAC has been completed in rainbow trout (Nonaka et al. 1981) and common
carp (Nakao et al. 1998) and there is evidence that common carp have at least two copies
of C5 (Kato et al. 2003). Infectious hematopoetic necrosis virus (IHNV) and VHSV can
be neutralized by rainbow trout antibodies in the presence of rainbow trout complement
proteins, suggesting classical complement anti-viral activity (Lorenzen & LaPatra 1999)
although direct binding of teleost C1 to an antibody has not been demonstrated.
The lectin pathway depends on recognition of carbohydrate patterns by the CRD of
lectins, such as the collectin mannose-binding lectin (MBL) or by ficolins, to then
activate the MBL-associated serine proteases (MASPs), which are structural homologues
of C1r and C1s (Sim & Laich 2000, Turner 2003, Fujita et al. 2004). In mammals, there
are three MASPs (1-3) known to associate with MBLs and ficolins (Gal & Ambrus
2001). MASP-2 cleaves C4 and C2, MASP-1 may not be able to cleave C4 but can cleave
C2 and thereby enhances the activity of MASP-2, while MASP-3 does not cleave any
downstream complement components and its role is presently unknown (Hajela et al.
2002, Chen & Wallis 2004, Zundel et al. 2004).
The lectin pathway is probably the least well understood in teleosts compared to
mammals. This pathway is highly conserved as it is active in tunicates (Sekine et al.
2001) and MBL and C1q are structurally conserved collectins in vertebrates. Lamprey
(Petromyzon marinus) have a GlcNac-binding lectin that also shares high structural
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similiarity with MBLs and C1q (Matsushita et al. 2004). This lends support to the idea
that lectins functioning in immune defense may have lead to evolution of the lectin
pathway of complement (Nonaka & Smith 2000). Mannose-binding lectins have been
identified in many teleosts, such as Atlantic salmon (Salmo salar) and rainbow trout
(Arason 1996, Jensen et al. 1997a) but most of these are defined by an ability to bind
mannose and not sequence similarity to mammalian complement-associated mannosebinding lectins (MBLs). Full length collectins similar to MBLs have also been cloned in
common carp, zebrafish (Danio rerio) and goldfish (Carassius auratus) (Vitved et al.
2000). A rainbow trout cDNA library has revealed that either two MBL (Nikolakopoulou
& Zarkadis 2005) or three MBL homologues are present (Kania et al. 2010) but the two
identified by Nikolakopoulou & Zarkadis (2005) lack collagenous domains. The presence
of multiple isoforms of MBL is common in teleosts. Both MBL and MASP were coexpressed in the liver and trout MBL and the related isoforms H2 and H3 were found in
the vascular endothelium and associated with unspecified vascular cells (Kania et al
2010). All three rainbow trout MBL isoforms were identified to occur as monomic to
tetrameric forms (Kania et al. 2010). Similarly, cDNA of lectins with sequence similarity
to mammalian C1q has been cloned from channel catfish (Ictalurus punctatus) and
killifish (Fundulus heteroclitus) (Crawford et al. 2004, Kocabas et al. 2002). So far,
functional evidence of these proteins is largely lacking. While the two MBL homologues
of common carp are known to circulate in association with common carp MASP2 and
cleave human C4 to its active form (Nakao et al. 2006), it is currently unknown if any of
the MBL or C1q molecules of teleosts are functionally active in the complement pathway
of teleosts. Lamprey MBL has been shown to associate with lamprey MASP and together
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they activated lamprey C3 in serum as well as lamprey C3 complexed to yeast and
carbohydrate coated beads (Takahashi et al. 2006).
The alternative pathway relies on spontaneous activation of C3, which is amplified
by covalent binding of C3b to pathogen surfaces. Surface C3 then interacts noncovalently with Bf, which is in turn cleaved by circulating Df to create Bfa and Bfb (Xu
et al. 2001). Bfb interacts with the bound C3 to create the alternative C3 convertase,
which is shorter lived than the classical C3 convertase but capable of rapidly depositing
large amounts of C3b molecules on the activating surface; some of the C3b thus
generated can further bind the alternative C3 convertase to create the alternative C5
convertase and the formation of the MAC (Muller-Eberhard 1986). C3 has been isolated
and characterised from rainbow trout, seabream (Sparus aurata), common carp, grass
carp (Ctenopharyngodon idella), Atlantic cod (Gadus morhua), Atlantic halibut
(Hippoglossus hippoglossus) and spotted wolffish (Anarhichas minor) (Sunyer et al.
1997, Nakao et al. 2000, Zarkadis et al. 2001, Abelseth et al. 2003, Lange et al. 2004).
Rainbow trout, carp, medaka (Oryzias latipes) and zebrafish have molecules that appear
equally identical to Bf and C2 (Kuroda et al. 1996, Gongora et al. 1998, Sunyer et al.
1998, Nakao et al. 2002). Only in trout have the two isoforms been shown to be cleaved
into Bfa and Bfb fragments with any of the three rainbow trout C3 isoforms in the
presence of protein D and magnesium (Sunyer et al. 2005) although further downstream
functional characterisation has not been conducted. In teleost fish, the plasma
concentration of complement components are several orders of magnitude higher than
that of mammals, and can initiate the lysis of many different species' erythrocytes
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(Sunyer & Tort 1995, Sunyer et al. 1998). This indicates broader recognition of non-self
that is likely due to the multiple isoforms of many components (Sunyer et al. 1998).
Interestingly, there is evidence of maternal transfer of C3 to offspring in rainbow trout,
spotted wolffish and carp, highlighting the importance of complement in defense
(Ellingsen et al. 2005, Lovoll et al. 2006, Huttenhuis et al. 2006).
As all the complement pathways converge on cleavage of C3 and the lytic pathway
of complement, having multiple isoforms of complement components involved in PAMP
recognition is clearly advantageous in allowing for broad recognition of targets. Species
such as rainbow trout, seabream and common carp are known to have several C3
isoforms encoded by multiple genes (Sunyer et al. 1996, Sunyer et al. 1997, Nakao et al.
2000). There is evidence that some fish, such as the common carp, display isoformdependent variation in binding efficiency on particular complement-activating surfaces
(Sunyer et al. 1998, Nakao et al. 2000). This specificity seems to be determined in
different isoforms by mutations in conserved His1126 (carp and rainbow trout) and
Glu1128 positions (trout only) in different genes (Nonaka et al. 1998, Nakao et al. 2000).
Neither Atlantic cod nor Atlantic halibut show any evidence of multiple C3 isoforms
(Lange et al. 2007). To date, there is little evidence of functional significance of isoform
heterogeneity in teleost complement.
In fish, there is rather scant evidence that complement plays a role in defense
against viruses although literature in mammals and birds suggests that this would be the
case. To date, this has only been demonstrated in rainbow trout infected with
rhabdoviruses. Antibody neutralisation of VHSV and IHNV has been shown to depend on
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complement opsonisation (Lorenzen & LePatra 1999, Lorenzen et al. 1999). The
classical pathway was activated in IHNV and trout Bf-2 is required (LaPatra et al. 2004).
In contrast, unenveloped viruses such as IPNV do not appear to require complement for
antibody-mediated neutralisation (Lorenzen & LePatra 1999). Masu (Oncorhynchus
masu) and rainbow trout fry have been reported to be more susceptible to IHNV and
IPNV than chum salmon (O. keta) (Yano 1996). Masu and trout fry serum lacked
complement activity while chum fry had complement activity at the same ontogenic stage
(Yano 1996). It is possible, given that many species have multiple isoforms of
complement components, that different isoforms will have different binding efficiencies
for viruses but further investigation is required.
Complement is also temperature sensitive. It is most active around 15-25°C but is
still functional at 0-4°C. This is demonstrated in rainbow trout with increased
complement-mediated lysis in fish acclimated at higher temperatures, and in seabream
the lowest complement titres were recorded in the coldest months and the highest in early
autumn at maximal water temperatures (Nikoskelainen et al. 2002, Hernandez & Tort
2003, Nikoskelainen et al. 2004).
1.2.3 Soluble Defense Lectins
In the innate immune system, lectins are a diverse group of carbohydrate-binding
proteins and glycoproteins that may be membrane-bound or soluble and which identify
non-self and altered-self motifs as part of the rapid response to potential pathogens from
diverse taxa, including bacteria, viruses, fungi, protozoa and metazoa (Vasta et al. 2011).
Identification of non-self often results in downstream defense responses such as
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agglutination and opsonisation. This could potentially lead to inactivation through
immobilisation or recruitment of complement, cellular or antibody responses but may
also result in immunological tolerance (Vasta et al. 2004). Lectins may be composed of
peptide subunits assembled into covalent or noncovalently bound oligomers that are
typified by the presence of the carbohydrate recognition domain (CRD) that gives them
their characteristic function (Taylor & Drickamer 2003). Lectins may recognise a diverse
repertoire of pathogens through the structural variation that oligomeric assemblages may
provide (Zelensky & Gready 2005). Lectin families, discussed further below, may be
characterized by the presence of multiple or tandem-linked CRDs, conserved amino acid
sequence motifs of the CRD and binding requirements such as reducing conditions or
divalent cations (Vasta et al. 2011). As lectins are germline-encoded, part of the great
diversity in recognition of carbohydrate motifs is that multiple CRD domains may be
present in each lectin (Vasta & Ahmed 2008). Additionally, multiple isoforms of each
lectin from events such as tandem gene duplication, allelic variation, exon shuffling and
alternate splicing, resulting in putative diversification of binding targets (Vasta & Ahmed
2008). Lectin heterogeneity has been demonstrated in the Japanese eel, Indian major carp
(Labeo rhita), common carp, Atlantic salmon and rainbow trout ( Vitved et al. 2000,
Sinha et al. 2001, Richards et al. 2003, Russell et al. 2009). While the majority of fish
lectins to date are characterised from association with oocytes, some soluble lectins have
been identified. Most appear to be constitutively produced but some are acute phase
reactants (Vasta et al. 2011).
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Eight lectin families are currently recognised based on sequence, number of CRDs,
the presence of additional domains, the presence/absence of calcium binding sites, and
the presence/absence of tyrosine-based activating or inhibiting motifs (Drickamer &
Taylor 1993, Medzhitov & Janeway 1998). These eight families are M-, L-, P-, C-, I-, Rtype lectins, galectins and calnexins (Drickamer & Taylor 1993). The most common
lectin type identified in fish plasma are the C-type lectins. C-type lectins all require
calcium and share a folded CRD (Medzhitov & Janeway 1998). C-type lectins, one of
the largest and most diverse groups of lectins, are further divided into groups I-XVII
(Zelensky & Gready 2005). Some of the most common C-type lectins are from the
collectin family (group III), characterised by a collagenous domain that forms a trimer of
identical polypeptide chains and a conserved CRD amino acid sequence. A wellcharacterised collectin is mannose-binding lectin (MBL), already mentioned for its role in
the lectin pathway of complement. MBL is characterised by specificity for mannose, Nacetyl-D-glucosamine, N-acetyl-D-mannosamine, fucose, galactose, α-methyl-D-glucose
and glucose, with some variation in carbohydrate binding preferences observed between
isoforms in humans, mice and rats (Hansen et al. 2000). MBL homologues with sequence
similarity to mammalian MBLs are often present in multiple isoforms. These fish MBLs
have been isolated from rainbow trout, common carp, zebrafish, goldfish, shishamo smelt
(Hypomessus japonicus), Japanese eel and sea lamprey (Vitved et al. 2000, Tasumi et al.
2000, Zhang et al. 2000, Mistry et al. 2001, Fujiki et al. 2001, Hosono et al. 2005, Endo
et al. 2006, Ourth et al. 2007, Ourth et al. 2008). A collectin-like PRR, ficolin, which has
sequence similiarity with MBL and mammalian surfactant proteins A and D, has been
isolated from Atlantic cod although whether it activates complement analogous to
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mammalian plasma ficolin is unknown (Magnadóttir 2006). While MBL in mammals and
avians are well known to bind viral pathogens, little evidence exists in fish. Ladderlectin,
and homologous salmon serum lectin from Atlantic salmon, have sequence similarity to
MBL in terms of conserved amino acid EPN motif sequences thought to give specific
binding affinity to mannose, but are not thought to be capable of initiating complement
and thus the downstream function is unknown (Jensen et al. 1997, Uribe 2010). Salmon
serum lectin showed a dose-dependent decrease in viability of Aeromonas salmonicida
after binding, and increased phagocytosis by macrophages (Ottinger et al. 1999).
Another common family of soluble lectins are the pentraxins. The two best studied
pentraxins are C-reactive protein (CRP) and serum amyloid P (SAP), which are both
acute phase proteins as well as constitutive defense proteins in fish (Bayne & Gerwick
2001). Similar to complement, fish have high plasma concentrations of pentraxins
compared to mammals in a resting homeostatic state (Lund & Olafsen 1999). CRP
typically binds phosphocholine in a calcium-dependent manner, and SAP binds agarose
and phosphoethanolamine. CRP and SAP homologues have been reported in channel
catfish, plaice (Pleuronectes platessa), Atlantic halibut, Atlantic cod, snapper (Pagrus
auratus), Atlantic salmon, rainbow trout, wolffish and dogfish (Mustelus canis) (Pepys et
al. 1982, Robey et al. 1983, Szalai et al. 1992, Jensen et al. 1995, Hoover et al. 1998,
Lund & Olafsen 1998, Cook et al. 2005). All are characterised as pentraxin-like, based on
subunit assembly, N-terminal sequence similarity and antibody cross-reactivity. Fish have
variably-named circulating pentraxins based on similarity to mammalian sequences.
Atlantic cod and channel catfish seem to have a CRP-like pentraxin, while salmon,
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wolfish and halibut have a SAP-like pentraxin and others, such as pangasius
(Pangasianodon hypophthalmus) appear to have both. The SAP pentraxins of Atlantic
salmon and rainbow trout have been cloned; the amino acid sequence shows them as
similar to both human SAP and CRP (Jensen et al. 1997b). A lactose-binding pentraxin
that was not identified as CRP- or SAP-like from the common skate (Raja kenojei) was
demonstrated to have two constitutively expressed isoforms, one of which was secreted
in skin mucus (Tsutsui et al. 2009). While there is currently no evidence to support the
CRP- and SAP-like pentraxins of fish as participants in innate antiviral defense, they are
clearly demonstrated to be involved in the acute phase reaction of plaice, common carp
and rainbow trout since serum concentrations increased several-fold after challenge with
killed bacteria (White et al. 1981, Liu et al. 2004, Kodama et al. 2004, MacCarthy et al.
2008). Snapper pentraxin has been shown to fix complement and cause lysis of sheep
erythrocytes and phagocytosis of polystyrene beads (Cook et al. 2003, Cook et al. 2005).
Pangasius CRP and SAP circulate as trimers and are capable of agglutinating rabbit
erythrocytes and some bacteria (Huong Giang et al. 2010). Regardless, there is no
evidence for either teleost SAP or CRP having a role in antiviral defense.
Numerous other lectin types are known from fish and other vertebrates. Intelectins,
or X-type lectins, were first identified in Xenopus laevus, and homologues have been
identified in agnathans and teleosts. They are Ca2+-dependent and have a fibrinogen-like
domain that functions as the CRD, recognising α-galactosides. Not all intelectins are
involved in innate defense (Lin et al. 2009). Rainbow trout intelectin is expressed in
numerous tissues, including at the site of infection in tissues with bacterial and protozoal
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pathogens in lesions as well as in infiltrates of leukocytes (Russell et al. 2009). Grass
carp intelectin is expressed in tissues such as head kidney, spleen, heart, gill, intestine and
brain (Chang & Nie 2006). Zebrafish have seven intelectin genes identified with tissuespecific expression that could be variably induced in infection (Lin et al. 2009)
suggesting only specific isoforms are functional for innate immunity. Intelectin has also
been identified in the skin mucus and haematopoetic tissues of Amur catfish (Silurus
asotus) (Tsutsui et al. 2011). No evidence exists for the role of intelectins in antiviral
defense in fish.
Another lectin group, the galectins, recognise β-galactosyl groups in a reducing
environment and are classified by the subunit arrangement into proto, chimera and
tandem-repeat classes (Vasta & Ahmed 2008). While roles for galectins are not fully
understood, they seem to mediate interactions between cells or between cells and
intercellular matrix in the immune response. The first galectin identified in any animal
was isolated from the electric organs of the electric eel (Electrophorus elecricus) and
named electrolectin (Teichberg et al. 1975). Another galectin, congerin, was subsequently
identified in the upper intestine of the conger eel (Conger myriaster) and was found to be
capable of rabbit erythrocyte agglutination and bacterial binding, which was inhibited in
the presence of lactose (Nakamura et al. 2007). There are two known isoforms, congerin I
and congerin II, which have evolved differences in the CRD that may allow for individual
selection and subsequently broader recognition of pathogens (Ogawa et al. 1999).
Galectins have since been identified and characterised in mucus, plasma and tissues from
elasmobranchs and teleosts but many appear to have non-immune roles. Galectins 1 and 9
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are reported to upregulate mRNA expression in response to nodavirus and VHSV
infection, respectively (Poisa-Beiro et al. 2009, Verrier et al. 2011). In sea bass
(Dicentrarchus labrax) recombinant galectin 1 mixed with nodavirus was injected I.M.
and the resulting mRNA expression of IL-1β, TNF-α, and Mx was decreased in brain
tissue compared to virus injected alone, demonstrating anti-viral or anti-inflammatory
activity of galectin 1 (Poisa-Beiro et al. 2009).
Fucolectins, or FTLs, are a recently characterised group of lectins in fish and
amphibians with some combination of multiple F-type CRD motifs in combination with
numerous other domains, lending great diversity to this family of lectins (Biachet et al.
2002, Odom & Vasta 2006, Biachet et al. 2010). The European eel (Anguilla anguilla)
agglutinin has only one F-type CRD, while zebrafish, striped bass (Morone saxatilis) and
fugu (Takifugu rubripes) have duplicate non-identical F-type CRDs arranged in a
homotrimer and steelhead trout (O. mykiss) have quadruplicate tandem domains (Biachet
et al. 2002, Odom & Vasta 2006, Biachet et al. 2010). There is some evidence these
lectins function as opsonins by cross-linking microbial carbohydrates and surface glycans
present on phagocytes (Salerno et al. 2009, Biachet et al. 2010). The Japanese eel FTL
has varying residues at critical sequences in the binding pocket and this may allow for
alternative interactions with carbohydrates and may expand the range of sugar binding
(Honda et al. 2000). Interestingly, the Xenopus FTL is a hybrid containing other proteins,
including pentraxins (Odom & Vasta 2006), which suggests the scope of teleost FTL
PAMP recognition is not fully realised in current research. Bighead carp (Aristichthys
nobilis) and Nile tilapia (Oreochromis niloticus) have fucose-binding lectins but the lack
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of sequence information does not allow classification with the other teleost FTLs (Odom
& Vasta 2006). So far immune function for these lectins is lacking. Seabream FTL
agglutinated rabbit erythrocytes (Cammarata et al. 2006) but a specific protective
function is unknown.
Rhamnose-binding lectins are another recently identified group of fish lectins found
in eggs, plasma and tissues of teleosts and are characterised by binding L-rhamnose, Larabinose and D-galactose (Tateno et al. 2002). In adult fish, they appear to be
synthesized in the liver and distributed in organs, thrombocytes and leukocytes. Most of
the evidence for an innate immune role for this group of lectins comes from ascidians.
Evidence from snakeheads (Channa argus) suggests that the snakehead lectin (SHL) is
inducible after inflammation. Jia et al. (2010) has shown that SHL has an amino acid
sequence similar to an IFN-γ activation site and that it was up-regulated with interferon
expression. Two rhamnose-binding lectins were identified in skin mucus of ponyfish
(Leiognathus nuchalis), suggesting an innate immune role, but to date they have only
been demonstrated to bind the microsporean Loma salmonae (Okamoto et al. 2005, Booy
et al. 2005)
The most recently identified group of fish lectins are the pufflectins, the mannosebinding lectin from fugu that was found in skin, gills, oral cavity and esophagus (Zhang
et al. 2010). Made of homodimers of non-covalently associated 13kDa subunits, they are
more similar to plant lectins than other vertebrate mannose-binding lectins (Zhang et al.
2010). The fugu has two isoforms distributed in mucosal surfaces of skin and intestine,
and it is produced only in epithelial cells (Tsutsui et al. 2005). Fugu pufflectins bound
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parasitic trematodes and agglutinated pathogenic bacteria and aided in excluding
colonisation of skin mucus by pathogenic bacteria (Tsutsui et al. 2005, Tsutsui et al.
2006). There is no specific evidence to date for this group of lectins to bind or interact
with virus. So far these pufflectins have only been identified in fish.
1.2.4 Natural Antibodies
Natural antibodies (NAbs) are a germline-encoded IgM isotype (Ochsenbein &
Zinkernagel 2000). They do not undergo recombination and are produced at a constitutive
level in the absence of exogenous stimulation, providing immediate broad recognition of
PAMPs (Ochsenbein & Zinkernagel 2000). In teleosts, they have been identified in
Atlantic cod (Magnadóttir 1999) and Atlantic halibut (Lange et al. 2001) but the specific
subtype of B cell responsible for their production is unknown, as is the case for the
antibodies identified in several chondrostean and elasmobranch species (Gonzalez et al.
1987). Like complement, it is believed they act to bridge innate and adaptive immunity.
NAb concentration in mammals are tightly controlled in plasma and their antigenreactivity is fairly constant through life (Boes 2000, Ochsenben & Zinkernabel 2000). In
fish, there is some evidence that exogenous stimuli can influence NAb concentration, as
carp have higher amounts when raised in ponds (Kachamakova et al. 2006). NAbs to
TNP/DNP, haptens derived from adenosine used in experimental immunology, have been
characterised from goldfish, carp and tench (Tinca tinca) (Vilain et al. 1984). In rainbow
trout these anti-TNP antibodies isolated by affinity chromatography have been shown to
protect rainbow trout fibroblast cultures after infection with IPNV and VHSV, speculated
to occur by binding virus-infected cells rather than the virion (Gonzalez et al. 1989).
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Additionally, goldfish that were immunised against A. salmonicida and had high plasma
NAbs were well-protected against infection with A. salmonicida, whereas goldfish with
low levels of NAbs had 100% morbidity regardless of immunisation status (Sinyakov et
al. 2004). Goldfish with high levels of NAbs had low titres of specific antibody after
vaccination against A. salmonicida while goldfish with low levels of NAbs had high titres
(Sinyakov et al. 2004).
1.2.5 Toll-like Receptors
Four Toll-like receptors (TLRs) are typically involved in antiviral recognition in
mammals: TLR3, which recognises viral dsRNA, TLR7/8 which recognises viral singlestranded RNA, and TLR9 which recognises unmethylated CpG DNA motifs in viral DNA
( Hemmi et al. 2000, Jurk et al. 2002, Hornung et al. 2005) In mammals, plasmacytoid
dendritic cells (pDC) are crucial for recognition of virus infection through TLR signaling
and for amplification of the immune response. TLRs recognise PAMPs via extracellular
leucine-rich repeats attached to a transmembrane domain and a cytosolic Toll-interleukin
receptor (TIR) homology domain (Takeda & Akira 2005). While TLR signaling initiates
inflammation and adaptive immunity, they also induce an antiviral state through
induction of IFN by the TLR adapter proteins MyD88 and TRIF (Hemmi et al. 2003,
Hoshino et al. 2002). In fish, TLR7 and TLR8 are both known. In Atlantic salmon, TLR7
was activated by either the immunomodulatory antiviral compound S-27609 or poly(I:C)
and resulted in up-regulation of mRNA of expected antiviral genes, including Mx, IFN-α
and ISG15 (Kileng et al. 2008). Common carp have two different TLR7 genes with no
downstream function identified (Kongchum et al. 2010). Atlantic salmon TLR8 mRNA
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was up-regulated by treatment with recombinant IFN-α1 and IFN-γ in vitro (Skjæveland
et al. 2009). Zebrafish are known to have two TLR8 genes, but TLR8.2 lacks a TIR
domain and its function is unknown (Jault et al. 2004, Meijer et al. 2004). Rainbow trout
also have two TLR8 genes (Palti et al. 2010). TLR9 is known to have two isoforms in
seabream and in large yellow croaker (Pseudosciaena crocea) with different distributions
in tissues (Franch et al. 2006, Yao et al. 2008). Other fish have genes for TLR9 identified
but only one mRNA transcript has been identified in Atlantic salmon, tongue sole
(Cynoglossus semilaevis), rainbow trout, Japanese flounder, common carp and zebrafish (
Tassakka & Sakai 2004, Jault et al. 2004, Takano et al. 2007, Strandskog et al. 2008, Yu
et al. 2009). TLR9 localised in vitro in rainbow trout cells to the endosome (Jørgensen et
al. 2001). Little functional evidence for an antiviral sensor role for TLR9 exists in fish.
Rainbow trout TLR9 mRNA was up-regulated by a plasmid containing the G
glycoprotein of VHSV (a DNA-based vaccine) and this response was suggested to be the
result of recruitment of dendritic-type cells to musculature at the site of vaccination,
although the authors proposed that other pathways may have been more important in the
antiviral response (Ortega-Villaizan et al. 2009). TLR3 also binds dsRNA, a common
intermediate of viral replication (Tabeta et al. 2004), and its synthetic analog poly(I:C). In
mammals, TLR3 is found in intracellular vesicles in some cell types, such as
conventional dendritic cells, and on the cell surface of others such as fibroblasts
(Matsumono et al. 2003). Activation leads to signaling through TRIF and subsequent IFN
production (Matsumono et al. 2003). Multiple genes for TLR3 have been identified in
common carp with no functional downstream work performed (Kongchum et al. 2010).
In fish, TLR3 transcription can be up-regulated by injection with poly(I:C) in vitro in
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rainbow trout leukocytes and macrophages (Rodriguez et al. 2005, Chiou et al. 2007).
Additionally, grass carp reovirus, IHNV and snakehead rhabdovirus infections lead to in
vivo upregulation of TLR3 transcription in rare minnows, rainbow trout and zebrafish,
respectively (Rodriguez et al. 2005, Phelan et al. 2005, Su et al. 2008b). In zebrafish, the
up-regulation of TLR3 mRNA was found even in larval fish (Phelan et al. 2005). In
contrast to mammals, TLR3 from pufferfish was localised to the endoplasmic reticulum
rather than the cell surface and binds dsRNA (Palti 2011). There is some evidence that the
TLR responses in fish occur much more broadly than they do in mammals. There is
evidence that TLR3 expression can be up-regulated by bacterial infection (Bilodeau et al.
2005). In rare minnows infected with grass carp reovirus, binding viral surface proteins
lead to upregulation of TLR4 mRNA (Akira et al. 2006,Su et al. 2008a). The antiviral
responses triggered by TLR4 activation in fish are not known since mammalian TLR4 is
characterised by binding LPS. This suggests teleost TLR4 may be a paralogue rather than
an orthologue to mammalian TLR4. Some fish, such as zebrafish, have been
demonstrated to have more than one gene for TLR4 and thus there could be diversity in
binding targets (Meijer et al. 2004). Fish also have an additional TLR localised at the cell
surface of many cell types, TLR22, that may be a functional paralogue for TLR3. TLR22
gene expression can be stimulated in Japanese flounder with poly(I:C) treatment and in
pufferfish it is localised on the cell surface where it binds dsRNA sequences from
birnaviruses, resulting in production of IFN (Hirono et al. 2004, Matsuo et al. 2008, Palti
2011). Over-expression of either pufferfish TLR3 or TLR22 also results in increased
transcription of IFN (Matsuo et al. 2008).
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1.2.6 Nucleotide-Binding Oligomerization Domain (NOD)-Like Receptors
NOD-like receptors (NLRs) are a large and diverse family of intracellular PRRs
characterised by a conserved NOD domain & signaling through a CARD-like domain
that recognises a variety of targets, including endogenous danger signals such as ATP in
response to viral infection (Inohara & Nunez 2001, Harton et al. 2002) and mediating a
variety of antiviral responses. Several NLRs are known to be involved in the recognition
of viral infection through multiple PAMPs. NLRP3 is activated after orthomyxoviral
RNA exposure (Allen et al. 2009) and NOD2 is acticated with paramyxoviral,
orthomyxoviral and rhabdoviral single-stranded RNA leading to IFN production (Sabbah
et al. 2009). There is no evidence that NLRs may directly bind viral PAMPs.
Interestingly, the mitochondrial NLRX1 seems to be a negative regulator of the NLR
antiviral response, though what it detects is currently unknown (Moore et al. 2008, Allen
et al. 2011). NLRC5 can be a positive or negative activator of IFN production by
signaling through RIG-1 and MDa5, discussed below (Neerincx et al. 2010, Benko et al.
2010, Kuenzel et al. 2010). In fish, functional evidence of NLRs is lacking, with
evidence coming from sequence searches, revealing that NLR-like sequences are
common in teleost fish (Laing et al. 2008). In zebrafish, these NLR-like sequences were
found to cluster in three groups. Five genes were orthologous to five mammalian NODs,
six genes were similar to mammalian NALPs but did not appear to be orthologous, and
many genes were found in zebrafish and other teleosts that appeared to be unique to
teleost fish (Laing et al. 2008). Functional evidence is lacking that these could be
involved in antiviral responses.
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1.2.7 RNA Helicases
Once it was learned that TLR3 was not required for detection of viral infection in
most cell types, RNA helicases that bind viral nucleic acid in the cytoplasm, such as RIG1, MDA-5 and LPG2, were quickly implicated in the cellular response to viral infections
(Edelmann et al. 2004, Yoneyama et al. 2005). These RIG-I like receptors (RLRs) signal
through CARD-like domains, similar to NLRs, leading to production of an antiviral
response (Yoneyama et al. 2004). Further redundancy in cytosolic sensors has been
uncovered with the detection of AIM2 and its family of IFI200 proteins, IFN-inducible
cytosolic viral dsDNA sensors in mice and humans that have been shown to detect
poxviruses and herpesviruses (Bürkstümmer et al. 2009, Hornung et al. 2009). In
rainbow trout, upregulation of MDA-5 and LPG2 mRNA has been identified after
treatment of cell lines with poly(I:C), recombinant IFN and infection with either VHSV
or salmon alpha virus, resulting in transcriptional upregulation of Mx proteins (Chang et
al. 2011). RIG-I has been identified in vitro, along with MAVS, in salmonid and cyprinid
cell lines and over-expression resulted in protection against VHSV, IHNV, spring viremia
of carp virus and epizootic hemorrhagic necrosis virus (Biacchesi et al. 2009).
1.2.8 Cellular Components
In fish, numerous circulating and resident innate immune cells similar to the
leukocytes of mammals have been identified in the innate immune system, such as
monocyte/macrophages, neutrophils and other granulocytes, nonspecific cytotoxic cells
as well as epithelial and dendritic-like cells (Press et al. 1994, Ganassin & Bols 1996,
Frøystad et al. 1998, Evans et al. 2001, Lovy et al. 2006). Evidence from seabream,
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rainbow trout and sea bass suggest that the cellular influx to a site of infection seems to
initially involve neutrophils originating from the head kidney and followed rapidly by
peripheral macrophages; they may undergo a respiratory burst or phagocytose non-self
particles ( Afonso et al. 1998, do Vale 2002, Chaves-Pozo et al. 2005). Recognition of
non-self targets results from binding of PAMPs through cell-associated PRRs.
One of the most important systems in teleost cellular innate immunity is the
mononuclear phagocytic system, made up of macrophages and endothelial cells lining
small blood vessels, most prominently in sinusoids and ellipsoids, that remove larger
soluble protein, polysaccharide, lipid and nucleic acid wastes by receptor-mediated
endocytosis (Dalmo et al. 1997). These endocytic receptors are themselves C-type lectins
(group IV) and are functionally similar to the collectins discussed earlier (Vasta & Ahmed
2008). Teleost endothelial cells have four groups of endocytic receptors: collagen α-chain
receptor, hyaluronan receptor, the mannose receptor and the scavenger receptor, which
binds to PAMPs present on Gram positive and Gram negative bacteria (Dalmo et al.
1997). Collagen α-chain receptors have been demonstrated in Atlantic cod (Smedsrod et
al. 1995). The mannose and hyaluronan receptors have been identified in both Atlantic
cod and salmon (Dalmo et al. 1998, Seternes et al. 2001). Scavenger receptors have been
identified in Atlantic cod and macrophages in the head kidney and heart were observed to
phagocytose LPS in either aggregated or C3-opsonised form (Seternes et al. 2001). No
evidence exists to show antiviral effects of these receptors in fish. As both mannanbinding receptors and scavenger receptors that recognise C3 present, it is likely that they
are involved but there is no mechanistic evidence for macrophage phagocytosis of viral
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particles and virus-infected cells. Nonspecific cytotoxic cells (NCCs), small agranular
lymphocytes functionally similar to killer T cells or natural killer cells of mammals
(Hasegawa et al. 1998), are also known to contain scavenger receptors. Channel catfish
and tilapia have different NCC subsets that are likely to have differential roles in
infection and inflammation (Kaur et al. 2003, Praveen et al. 2004). NCCs have also been
identified in common carp, rainbow trout and damselfish (Dascyllus albisella) (Hinuma
et al. 1980, Suzumura et al. 1994, McKinney & Achmale 1994) with activity against nonself cells, but activity against viral infection is yet unknown in fish.
Aligned with the effects of NCC cells, novel immune-type receptors (NITRs) have
been identified relatively recently in teleost fish (Yoder 2008). While thought to be
functionally analogous to mammalian natural killer cell (NK)-receptors, they are the
predominant transmembrane receptors associated with NK-like, T cell and macrophage
catfish cell lines (Hawke et al. 2001, Evenhuis et al. 2007) as well as hematopoetic
tissues and circulating leukocytes in trout and catfish (Yoder et al. 2002, Evenhuis et al.
2007) although soluble forms are known (Yoder 2008). While there is little functional and
no antiviral evidence to date, they are speculated to act as inhibitors or activators of the
immune response against xenogenic cells, viral and stress proteins. It is thought that
secreted NITRs may dimerise with membrane-bound NITRs that have bound a pathogen
and interact with other PRRs (Yoder et al. 2008).
Teleost peripheral blood leukocytes (PBLs), which comprise many different types of
leukocytes, have been demonstrated to recognise and kill virus-infected cells in vitro.
Virus exposure induced in vivo cytotoxic T-cell like effector leukocytes that lysed
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Crucian carp hematopoietic necrosis virus-infected clonal cells in vitro but did not
recognise allogenic or eel-rhabodvirus-infected clonal cells (Somamoto et al. 2004,
Somamoto et al. 2009). Interestingly, these cells could also be induced with a vaccine
containing inactivated virus (Sato & Okamoto 2010). PBLs can have a direct antiviral
effect through the production of substances such as cytokines and reactive oxygen
species. Caipang et al. (2009) showed that PBLs from Japanese flounder vaccinated to
over-produce interferon-regulatory factor 1 had higher levels of Mx production and
nitrous oxide (NO). Supernatant from these PBLs were protective in vitro against
infection with hirame rhabdovirus and VHSV (Caipang et al. 2009). This suggests that
fish have a mechanism similar to the mammalian NO system, where macrophages and
neutrophils recognise viral particles and induce NO synthesis, which directly inhibits
viral particles (Lin et al. 1997, Kawanishi 1995). Tafalla et al. (1999) showed a similar
protective effect in turbot kidney and macrophages in vitro with NO production in VHSV
infection.
1.3 Interferons: Upregulators of Pattern Recognition Receptors in the Induced Antiviral
Response
Interferons (IFNs) are proteins secreted by virus-infected cells that induce a state of
antiviral activity in infected cells, surrounding cells and distant sites through
transcriptional regulation of hundreds of interferon-stimulated genes ISGs (Samuel
2003). ISGs have a multitude of effects beyond their antiviral actions including
antiproliferative, immunomodulatory, antigen processing/presentation and signaling
effects (de Veer et al. 2002). In mammals, which are the best-studied vertebrate taxa,
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interferons are divided into type-I IFN, type-II IFN and type-III IFN on the basis of gene
structure, protein structure and function. Type I and type III IFNs have very similar
effects but different gene structure (Samuel 2003). Type-I IFN is typified by IFN-α/β,
produced by most cell types after exposure to viruses. Type-I IFN genes have been cloned
from numerous teleosts including zebrafish, Japanese pufferfish, spotted pufferfish,
channel catfish and Atlantic salmon (Liu et al. 2002, Altman et al. 2003, Robertsen et al.
2003, Long et al. 2004, Igawa et al. 2006). Robertsen (2006), using phylogenetic analysis
and multiple alignment techniques, demonstrated that the cloned type-I IFN of teleosts
were orthologous to mammalian IFN-α/β. Interferon expression in channel catfish
somatic and oocyte cell lines increased after exposure to UV-inactivated channel catfish
reovirus or retrovirus (Long et al. 2004). Supernatant from inactivated virus-exposed
cells protected previously uninfected cells from infection with catfish herpesvirus
(Chinchar et al. 1998). Recombinant catfish IFN-α/β has also protected catfish cells
against retroviral infection (Long et al. 2004). Type-III IFN, IFN-λ has been
demonstrated in zebrafish but the cell type that expressed it is unknown (Igawa et al.
2006). Fish IFN-α/β has a greater hierarchy of regulation than mammals by virtue of
duplicate genes (Levraud et al. 2007). Infection with a virus in rainbow trout triggers an
alternative IFN isoform that effectively signals an antiviral response while normal
promoter usage leads to expression of a non-secreted isoform with an ineffective signal
peptide (Purcell et al. 2009). Some researchers differentiate fish IFN from mammalian
forms and name it IFNφ. Multiple IFNφ have been found in zebrafish. IFNφ1 leads to a
slower, powerful antiviral response to IHNV infection in zebrafish, while IFNφ2 and 3
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lead to rapid, transient antiviral responses that lead to lesser protection (Aggad et al.
2009, Lopez-Munoz et al. 2009).
1.3.1 Mx GTPases
One of the best studied interferon-stimulated gene (ISG) groups is Mx GTPases, a
highly conserved family of proteins identified in teleosts, mammals and birds
(Horisberger & Gunst 1991). Mx proteins often occur in multiple isoforms that can be
found in either cytoplasmic or nuclear forms (Bernasconi et al. 1995, Leong et al. 1998).
A teleost Mx was first cloned in common perch (Perca fluviatilis) and since then
homologous cDNA has been cloned in numerous teleosts, including salmonids, channel
catfish, Japanese flounder, Atlantic halibut, seabream, zebrafish, goldfish, and orange
spotted grouper (Epinephelus coioides) after stimulation from viruses such as
rhabdoviruses, nodaviruses, reoviruses, and birnaviruses (Staheli et al. 1989, Caipang et
al. 1993, Jensen & Robertsen 2000, Collet et al. 2001, Larsen et al. 2004, Tafalla et al.
2004, Altmann et al. 2004, Zhang et al. 2004, Chen et al. 2006). As with mammals, Mx
proteins can also be induced by Type-I IFN and poly(I:C) (synthetic dsRNA) and
interferon-stimulated response elements have been detected in the promoter region of
rainbow trout and zebrafish Mx (Altmann et al. 2003, Johansen et al. 2004). Atlantic
salmon Mx1, expressed in the cytoplasm, reduced the titre of IPNV 500x in vitro (Larsen
et al. 2004) and Atlantic salmon stimulated with poly(I:C) had lower cumulative
mortality after challenge with ISAV, an orthomyxovirus (Jensen et al. 2002). Japanese
flounder Mx has antiviral activities against VHSV and hirame rhabdovirus in vitro
(Caipang et al. 1993). In rainbow trout, over-expression of Mx did not inhibit IHNV
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infection (Trobridge et al. 2007). By contrast, Mx mRNA expression was up-regulated
after DNA vaccination with VHSV in rainbow trout as part of the early interferoninduced response and this was positively correlated with early protection (Boudinot et al.
1998). Rainbow trout have three Mx isoforms that are up-regulated differently in
different tissues depending on whether the stimulus is poly I:C or VHSV (Tafalla et al.
2007). DeWitte-Orr et al. (2007) showed in vitro that Mx expression could also be
controlled by protein kinase R (PKR), another ISG discussed below, as specific inhibitors
of PKR also inhibited Mx expression by poly(I:C) and viruses. This may be a unique
feature in teleosts.

1.3.2 ISG15
Another ISG called ISG15 has been identified in Atlantic cod (Seppola et al. 2007)
after poly(I:C) stimulation and by dsRNA and IPNV infection. ISG15 in known to be a
major ISG in mammals important in the antiviral response to infection against an array of
viruses by binding and modifying post-translational stability, function or cellular
localisation of viral components (Harty et al. 2009). The first ISG15 identified in fish was
named virus-induced gene 3 (vig-3) as it was induced by VHSV and had a C-terminal
structure that was structurally analogous to mammalian ISG15 (Liu et al. 2002).

1.3.3 Protein Kinase R
Protein kinase R (PKR) is another well known IFN-induced protein that binds to
dsRNA (Clemens & Elia 1993). IFN and binding of dsRNA induces autophosphorylation
of PKR, which leads to phosphorylation and inactivation of eIF-2α and ultimately results
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in inhibition of protein synthesis (Hovanessian 2007). A PKR-like protein named PKZ
that can bind dsRNA and dsDNA has been cloned from goldfish, zebrafish, Atlantic
salmon and rare minnow (Gobiocypris rarus) (Hu et al. 2004, Rothenburg et al. 2005,
Bergan et al. 2008, Su et al. 2008a). Three true PKR genes were cloned from spotted
pufferfish (Tetraodon nigroviridis) and one from zebrafish after treatment with poly(I:C)
(Rothenburg et al. 2008, Zhu et al. 2008). Other putatitive PKR genes have been
described from fugu, three-spined stickleback (Gasterosteus aculeatus), fathead minnow
(Pimephales promelas), and medaka. The PKZ of Atlantic salmon has been shown to
deactivate translation after binding dsRNA by phosphorylation eIF-2α (Bergan et al.
2008). Japanese flounder PKR over-expression in cell lines has been shown to increase
eIF-2α mRNA and prevent replication of hirame rhabdovirus (Zhu et al. 2008). As
transcripts of fish PKR seem more similar to fish PKZ than mammalian PKR, it is
suggested that they are paralogues that arose from a duplication event after divergence
from other vertebrates and perhaps that PKZ is specialised for fish viral infections
(Rothenburg et al. 2008). In vitro, PKR is shown to prevent poly(I:C)-dependent
increases in mRNA transcription of other ISGs, but it does not control viral transcription
when rainbow trout cells are infected with VHSV (Tafalla et al. 2008). This may be
another unusual feature of teleosts where PKR affects protein expression at the transcript
level.
1.3.4 Virus-Induced Gene 1
Screening rainbow trout for mRNA induced by VHSV infection revealed virusinduced gene 1 (vig-1), a member of the superfamily suppressing diverse viruses,
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regulated by type-I IFN and induced by viruses in the presence of protein synthesis
inhibitors (Boudinot et al. 1999, Zhu et al. 1997). Vig-1 appears to be an orthologue of
cig5 (viperin) in humans, which is highly conserved and affects numerous viral families
by altering the fluidity of the plasma membrane in response to IFN which negatively
affects the virus particles that must bud through the plasma membrane (Hinson &
Cresswell 2009, Sirnweiss et al. 2010). In rainbow trout, vig-1 mRNA was up-regulated
in macrophage and fibroblast lines after infection with chum salmon reovirus and
poly(I:C) (DeWitte-Orr et al. 2007). Mandarin fish (Siniperca chuatsi) vig-1 was overexpressed and cloned with its promotor region after stimulation with poly(I:C) or UVinactivated infectious spleen and kidney virus (Sun & Nie 2004). Similarly, grass carp
blastulae cells treated with UV-inactivated grass carp hemorrhagic virus not only lead to
expression of vig-1 but IFN, PKR and Mx1, indicating a robust antiviral response similar
to the mammalian state (Zhang et al. 2007).
1.3.5 Tumour Necrosis Factor α
Tumour necrosis factor α (TNFα) is part of a ligand superfamily, which, along with
the closely related TNFβ, are released from macrophages, monocytes, neutrophils, natural
killer cells and T cells after stimulation by pathogens. While teleost TNFα studies in vivo
are lacking, in vitro it is expressed and regulated in carp, rainbow trout and flounder in an
analogous manner to mammals (Hirono et al. 2000, Saeij 2003, MacKenzie 2003). TNF
has been cloned and characterised in Japanese flounder (Paralichthys olivaceus), rainbow
trout, brook trout (Salvelinus fontanialis), seabream, Atlantic salmon, tilapia, common
carp and channel catfish (Laing et al. 2001, Bobe et al. 2001, Garcia-Castillo et al. 2002,
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Zou et al. 2003, Ingerslev et al. 2006). Comparisons of the gene structure and amino acid
sequence suggest teleost TNF is more similar to mammalian TNFα than TNFβ (Goetz et
al. 2004). Some teleosts, such as common carp and rainbow trout, have more than one
isoform of TNFα (Laing et al. 2001, Forlenza et al. 2009). Teleost TNF is an important
macrophage-activating factor that has been shown to induce activation of macrophages in
response to VHSV infection in turbot (Scophthalmus maximus) (Tafalla et al. 2001).
Intriguingly, TNFα from common carp has been recently described to have lectin-like
properties mediated by the lectin-like domain. This property is evolutionarily conserved,
as the ability of TNFα to lyse trypanosomes has been demonstrated in common carp,
zebrafish, rainbow trout and seabream (Forlenza et al. 2009) but it is unknown if TNFα
can directly bind viral PAMPs.

1.4. Study Rationale
Fish have a diverse innate immune system that should be capable of recognising a
variety of pathogens. Many components of the mammalian innate immune system are
found in fish with increasing evidence that fish have an expanded repertoire of pathogen
recognition through multiple genes and isoforms of many key components and through
novel components of the innate immune system as yet primarily only identified in teleost
fish. Research to date only includes a tiny fraction of extant fish and is almost entirely
restricted within the teleosteans. Evidence of protein function and downstream effects has
been virtually unknown. One of the challenges of fish research is the numerous genome
duplication events that have allowed for multiple gene copies of most PRRs. Assays such
as total mRNA transcription are not always specific for differences between multiple
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genes for the same protein and much of isoform specificity for different PAMPs is likely
lost with broad assays. Research investigating the capabilities of fish PRRs to bind viral
PAMPS is also woefully inadequate compared to the literature on bacterial pathogens and
is an area with great potential for future research. In that spirit, I proposed to investigate
the ability of two known trout lectins to bind VHSV, to develop techniques that could be
used to identify viral PRRs of walleye and to partially characterise these walleye PRRs.
To accomplish this aim, hypotheses and methods were generated to investigate the
objective of identifying walleye virus-binding PRRs. To develop assays for use in a fish
from which no PRRs are known, I initially propose to work with rainbow trout lectins,
predicting that ladderlectin and intelectin, previously known to bind bacteria and fungus,
would bind VHSV. These lectins had the added advantage of partial characterisation and
anti-lectin rabbit polyclonal antibodies already in existence for use in assays. To
accomplish this using previously identified trout lectins, I developed novel techniques to
measure virus-binding capability, including affinity chromatography and an indirect
VHSV-binding ELISA. I then further hypothesised that walleye have PRRs capable of
identifying bacterial, fungal and viral PAMPS. This was based on the body of evidence
described in this literature review for fish PRRs. Selected walleye PRRs were
characterised by partial amino acid sequence and GenBank sequence comparison. These
partially characterised PRRs were then used to develop PCR and 3' RACE-PCR for
nucleotide sequences for these PRRs. My last hypothesis was that expression of a virusbinding PRR would increase with infection with the same virus. Many PRRs, such as the
lectins CRP, MBL and SAP are acute-phase proteins in humans (Ezekowitz et al. 1988,
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Steel et al. 1994). Further assays, including immunohistochemistry, purification, and
identification of general virus-binding ability will be performed to identify the role of
this PRR in the innate immune response to VHSV infection. This information may be of
potential future use in fish disease research and prevention.
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CHAPTER TWO
RAINBOW TROUT LADDERLECTIN, BUT NOT INTELECTIN, BINDS VIRAL
HEMORRHAGIC SEPTICEMIA VIRUS IVB.

This chapter corresponds to the following publication:
Reid A, Young K, Lumsden JS. (2011). Rainbow trout ladderlectin not intelectin
binds VHSV IVb. Diseases of Aquatic Organisms 95:137-143.

2.1 Abstract
The innate immune system of fish is critical for rapid detection and immediate response
to infection, as well as to orchestrate the adaptive branch of the immune system. Rainbow
trout (Oncorhynchus mykiss) ladderlectin and intelectin are PRRs for bacterial and fungal
pathogens of rainbow trout but their role as PRRs for virus is unknown. VHSV IVb is a
recently described fish pathogen in the Great Lakes and rainbow trout can be
experimentally infected. Using an indirect ELISA, rainbow trout plasma ladderlectin
significantly (p<0.05) bound purified VHSV while intelectin did not (p>0.05). In
addition, plasma ladderlectin but not intelectin was eluted from VHSV-conjugated
Toyopearl column using EDTA. Protein identification was confirmed with a polyclonal
antiserum used with slot immunoblot, 1-D SDS-PAGE and Western blot.
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2.2 Introduction
The innate immune system, either soluble or cell associated, is undeniably critical
in recognition of viral infection and orchestrating the initial response to infection. These
pattern recognition receptors (PRRs) are germline encoded, constitutively expressed and
identify potential pathogens based on stereotypic recognition of conserved molecular
patterns. In humans, who have relatively well characterised innate immune systems, cellassociated PRRs such as Toll-like receptors (TLRs), NOD-like receptors (NLRs) and
RIG-I-like receptors (RLRs) are of paramount importance for sensing both RNA and
DNA virus infections and initiating the adaptive immune response as well as interferon
(IFN) and Mx protein production (Akira et al. 2006). Soluble PRRs such as mannosebinding lectin (MBL), collectins and natural antibodies (NAbs) are critical for binding
and preventing major viral disease such as influenza (Kase et al. 1999, Jayasekera et al.
2007) and HIV (Saifuddin et al. 2000). In fish, the picture is less clear although
orthologous proteins for mammalian TLRs, NLRs, C-type lectins and complement
receptors have all been identified with multiple isoforms present for some TLRs, lectins
and complement components (Aoki et al. 2008). Fish RLRs have been cloned and overexpression results in protective induction of interferon and Mx proteins (Biacchesi et al.
2009).
Viral hemorrhagic septicemia virus (VHSV) genotype IVb has been a major
pathogen of multiple species of fish present in the Great Lakes ecosystem since 2005
(Bowser 2009). While VHSV genotype IV is of concern in North America as an emerging
pathogen, the majority of work to date in fish utilizes the European genotype I virus.
40

VHSV activates the innate immune system of fish as DNA vaccines for VHSV have
conferred high levels of Mx protein expression at the site of injection in rainbow trout by
7 d and lasting up to 21 d (Acosta et al. 2005). A DNA vaccine for VHSV conferred
short-term protection of rainbow trout (Oncorhynchus mykiss) from infection with
heterologous rhabdoviruses and the unenveloped nodavirus of turbot (Sommerset et al.
2003). Resistance was hypothesized to be due to the initial inflammatory response that is
likely to produce innate antiviral proteins such as interferon and Mx (Sommerset et al.
2003). Mx proteins are one of the major families of interferon-stimulated proteins
resulting from innate immune recognition of viral infection (Ellis 2001). More recently,
VHSV has been shown to stimulate multiple components of the innate immune system.
In gilthead seabream (Sparus aurata) VHSV has been shown to recruit and increase the
activity of nonspecific cytotoxic cells (NCC) (Esteban et al. 2008). Rainbow trout TLR9
was up-regulated at the site of injection of VHSV glycoprotein G in muscle, suggesting
the recruitment of dendritic cells to the site. In the head kidney and spleen there was
transcriptional increase of TNFα and IL-6 which are cytokines known to be up-regulated
by TLR9 activated by unmethylated CpG DNA (Ortega-Villaizan et al. 2009). As well,
both the RIG-I/MAVS pathway of double stranded RNA-stimulated interferon induction
has been documented in numerous fish species (Biacchesi et al. 2009) and Mx transcript
upregulation has been shown in rainbow trout (Acosta et al. 2005) in response to VHSV
infection. In Japanese flounder (Paralichthys olivaceus) VHSV infection upregulates the
hepatic expression of C3 and complement regulatory proteins (Byon et al. 2006). Lectins
are cell-associated or circulating proteins involved in recognition and binding of virions.
Human and recombinant human MBL bind to and prevent infection with influenza A,
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even in the absence of complement activation, and this binding interaction was prevented
by known inhibitors of MBL (Kase et al. 1999). In rodent models of influenza infection
both soluble mouse MBL and rat surfactant protein D inhibited replication of influenza A
unless lectin-inhibiting saccharide solutions were used to lavage the trachea and bronchi
(Reading et al. 1997). MBL has also been shown to bind HIV as both surface-associated
and soluble lectin, selectively identifying viral proteins displayed on the virion's surface
and binding was again blocked with known MBL inhibitors (Saifudden et al. 2000).
Indeed, a syndrome of increased susceptibility to viral and fungal infections is known in
MBL-deficient humans (Kase et al. 1999). In contrast to mammals, little evidence exists
for lectin-virus interaction in fish. Recently VHSV has been shown to stimulate rainbow
trout hepatic mRNA expression of the lectin SAA, a major acute phase reactant, via TLR
signaling (Rebl et al. 2009).
Ladderlectin and intelectin are two previously identified lectins in rainbow trout
(Young et al. 2007, Russell et al. 2008) implicated as PRRs since they bind bacterial and
chitin-containing pathogens. Immunohistochemical staining of healthy rainbow trout had
demonstrated that both ladderlectin and intelectin are found in leukocytes and mucosal
epithelia (Russell et al. 2009). In diseased fish, ladderlectin and intelectin were present in
the intercellular spaces surrounding colonies of Aeromonas salmonicida, fungal hyphae
and the protozoa Ichthyophthirius multifilis and Loma salmonae (Russell et al. 2009).
Based on this evidence for ladderlectin and intelectin having a strong role in
immunosurveillance, and broad pathogen recognition, it was hypothesised that rainbow
trout ladderlectin and intelectin would interact with VHSV IVb.
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2.3 Materials and Methods
2.3.1 Plasma Binding Assays
Rainbow trout plasma was derived in 2005 from subadult and adult rainbow trout
(Lyndon Hatcheries, New Dundee, Ontario, Canada) that were held in the Central Animal
Facility at the University of Guelph (Guelph, Ontario, Canada) in single-pass well water,
graded by size and maintained on standard commercial trout feed as per manufacturer's
directions (Martin Mills, Elmira, Ontario, Canada). Whole blood was collected from
terminal caudal venipucture into tubes treated with 18 mM sodium citrate buffer (9:1
whole blood:buffer) on ice. Whole blood was centrifuged that day (5000 g, 4 °C, 20 min)
and the plasma was decanted, pooled and frozen at –20 °C until required. Aliquoted
pooled plasma samples represent over a dozen fish. For use in assays, plasma was thawed
with approximately 30 IU heparin per 40 ml of plasma. Heparinised plasma was dialysed
in Spectrapore membrane tubing (Spectrum Medical, Los Angeles, CA) and incubated
overnight in 10 volumes of TBSCa2+ (50 mM Tris base, 50 mM NaCl, 5mM CaCl2, pH
7.6) at 4 °C. It was then decanted and centrifuged (5000 g, 4 °C for 20 min) to remove
any fibrinogen before syringe filtration (0.2 m, Nalgene Company, Rochester, NY,
USA) and use in assays.
VHSV IVb was isolated from freshwater drum (Aplodinotus grunniens) in Lake
Ontario in 2005 (CEFAS strain U13653, Lumsden et al. 2007). Virus was propagated as
previously described (Al-Hussinee et al. 2010) using EPC cells (ATCC CRL-2872) and
minimum essential medium with 2 mM L-glutamine, 100 units penicillin, 100 units
streptomycin, 2.5 µg of amphoteracin B and 10% [v/v] certified inactivated FBS
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(Invitrogen, Carlsbad, CA, USA) with pH adjusted to approximately 5.6, based on phenyl
red indicator in the media, using 7% NaHCO3. Cells were infected as per Al-Hussinee et
al. (2010). The cells were incubated at 15 ºC until complete CPE was noted in
approximately 5 d. The supernatant was centrifuged (5000 rpm, 4 ºC for 20 min) to
remove the cell pellet and then ultracentrifuged (130000 g, 4 ºC, 3 h) using a 5 ml 25%
v/v glycerol cushion in TNE (0.01 M NaCl, 0.05 M Tris-HCl, 0.001 M EDTA, pH 7.5).
The liquid was decanted and the viral pellet was resuspended in 200 µm TNE buffer and
frozen at –80 °C until needed.
2.3.2 Indirect Enzyme-Linked Immunoassay (ELISA) for Lectin Binding to VHSV
Plasma binding to VHSV was tested by coating the wells of two Nunc Polysorp
96 well plates (ThermoScientific, Rochester, NY, USA) with 200 µl of a 1:500 dilution of
glycerol-purified VHSV in coating buffer (1.59 g NaCO3, 2.94 g NaHCO3 , pH 9.5). This
was allowed to incubate overnight at 4 ºC. The next morning, wells were washed with 3
changes of 300 µl phosphate-buffered saline with 0.05% Tween 20 (PBS-T), pH 7.42.
Four replicate wells of two samples of dialysed rainbow trout plasma in PBS-T were
mixed 1:10 with a solution of 1 % skim milk powder in PBS-T; 200µl of the plasma
mixture was applied to each well and incubated at room temperature (RT) for 1 h. Two
replicate plates were used. A similar volume of PBS-T was added to negative control
wells. The plate was then washed as above and 5% skim milk powder w/v was mixed into
PBS-T and 200 µl was used to block each well and incubated for 1 h. Wells were washed
as above and 150 µl of a 1:8000 dilution of rabbit anti-rainbow trout ladderlectin PAb in
1% skim milk (w/v in PBS-T) was applied to the rainbow plasma (Young et al. 2007).
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After 1 h, wells were washed and 100 µl of a 1:20000 dilution of horseradish peroxidaseconjugated goat anti-rabbit immunoglobulin (Dako Denmark, Glostrup, Denmark) in
PBS-T with 1% skim milk powder was applied as above. The plate was incubated for one
h and then washed three times as above before peroxidase activity was detected with 1Step Ultra TMB-ELISA (Pierce, Rockford, IL, USA). After 30 min the reaction was
stopped with 100 µl of 1 M H2SO4. All incubations occurred at RT with gentle agitation.
Optical densities were read at 450 nm on the Ceres 900 EIA workstation (Bio-Tek
Instruments Inc., Winooski, VT, USA). Absorbance was corrected from blank wells.
Gaussian distribution was determined with a Kolmogorov-Smirnov test with DallalWilkinson-Lilliefor p value. Means, confidence intervals, coefficient of variation and
degrees of freedom were calculated and a Student's T-test was performed for significance
(p<0.05).
2.3.3 VHSV-Conjugated Toyopearl Column Assay
Approximately 40 mg of glycerol cushion-purified VHSV was coupled to 4 ml of
Toyopearl AF Amino 650M resin (Tosoh Biosciences LLC, Montgomery, PA, USA). The
gel resin was washed according to manufacturer's directions and then mixed with 30 mg
N-ethyl-N'-(3-dimethyl amino propyl) carbodiiamide hydrochloride and 10 mg VHSV
per ml of gel in TNE buffer all in 1M NaCl (pH 5.5) and incubated with gentle agitation
at RT for 48 h. After incubation, the gel suspension was washed gently with 1M NaCl to
remove unreacted ligand. As a control, a separate suspension of gel resin was treated as
above but without the addition of VHSV. Both preparations were blocked according to
manufacturer's directions with 0.2 M sodium acetate and 0.2 M acetic anhydride, washed
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with TBSCa2+ and packed according to manufacturer's directions into a 16 ml column
with TBSCa2+ and a pump (Peristaltic Pump P1, GE Healthcare, Mississauga, ON,
Canada) for 24 h. Dialysed plasma diluted in two volumes of TBSCa2+ was passed twice
through the column, washed in 200 ml of TBSCa2+ and 40 ml of a 300 mM EDTA
solution was used to elute protein bound to VHSV. Eluate was collected in 5 ml fractions
and later pooled for SDS-PAGE and Western immunoblots. Concentrated eluate and
washes had protein content determined as per manufacturer's directions using the EZQ
Protein Quantitation Kit (Invitrogen). Briefly, serial dilutions of 10 mg/ml ovalbumin are
made in a buffer containing DTT and applied to assay paper in a 96-well cassette. Similar
dilutions were made of eluates and protein was detected by fluorescence using the
Typhoon 9410 Imaging System (GE Healthcare Biosciences). Concentration of eluates
was determined by comparison of the dilution where the eluates lost fluorescence to the
ovalbumin standard. The VHSV-coupled Toyopearl column had an approximate protein
concentration of 0.05 mg/ml, the control column had no detectable protein using this
method. All washes were considered negative for protein except for the post-EDTA
Toyopearl-VHSV collection at 0.005 mg/ml.
2.3.4 One-Dimensional Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (1-D
SDS PAGE)
Whole rainbow trout plasma and VHSV-Toyopearl binding assays were
characterised using 12.5-15% SDS-PAGE (Laemmli, 1970) under reducing conditions
with the Bio-Rad Mini-PROTEAN electrophoresis system (Bio-Rad, Hercules, CA,
USA). Samples were diluted in 30 x sample buffer (0.2 M Tris-HCl pH 6.8, 8% SDS,
40% glycerol, 0.004% bromophenol blue, Bio-Rad) with the addition of 50 mM DTT
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before heating at 100 ºC for 5 min and centrifugation at 3000 g for 3 min. Gels were
stained overnight with SYPRO® Ruby (Invitrogen), destained as per the manufacturer's
instructions and imaged on the Gene Genius Bioimaging system (Syngene, Frederick,
MD, USA). Molecular masses were determined by comparison with a broad range
molecular weight marker (New England Biolabs, Pickering, ON, Canada).
2.3.5 Slot Immunoblot
Slot immunoblots were performed on pooled fractions collected from the VHS
Toyopearl column. Rainbow trout plasma and TBSCa2+ were used as positive and
negative controls. Protran BA 83 nitrocellulose membrane (0.2 µm, Whatman, Dassel,
Germany) was cut to length, wetted with TBSCa2+ and placed in a MiniFold II slot blot
apparatus (24 cm, Scleicher + Schuell, Keene, NH). Vacuum was used to transfer 200 µl
aliquots of pooled eluate and controls into the membrane. PBS-T was used as a buffer
and all incubation was conducted at RT with gentle agitation. A 1:5000 dilution of rabbit
anti-trout ladderlectin polyclonal antibody (PAb) in PBS-T was used for the primary
antibody, and a HRP-conjugated goat anti-rabbit immunoglobulin (Dako Denmark,
Glostrup, Denmark) diluted 1:20000 in PBS-T was used as a secondary antibody (Young
et al. 2007). Blots were developed with ECL-Plus Western Blotting Detection kit (GE
Healthcare Biosciences, Piscataway, NJ, USA) and were visualized on the Typhoon 9410
Imaging System. Rainbow trout intelectin was identified in an identical fashion except
for the use of polyclonal rabbit anti-rainbow trout intelectin antibody (Russell et al.
2008b, 2009) as the primary antibody.
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2.3.6 Western Immunoblots
Proteins separated by SDS-PAGE were electroblotted onto polyvinylidene
difluoride transfer membranes (Millipore Immobilon-PSQ, pore size 0.45 m, Millipore
Corporation, Bedford, MA, USA) in transfer buffer (192 mM glycine, 25 mM Tris, 25%
[v/v] methanol, pH 8.3) on the Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad)
as per Russell et al. (2008). Whole rainbow trout plasma was used as a control for
column fractions. Prestained broad range protein marker (New England Biolabs) was
used as a molecular weight marker. Blots were developed as described for slot
immunoblots.

2.4 Results
2.4.1 Indirect Enzyme Linked Immunoassay (ELISA) for Lectin Binding to VHSV
To determine if VHSV could be bound by rainbow trout plasma lectins, we
probed the plasma proteins bound to VHSV-coated wells with polyclonal rabbit antibody
to ladderlectin and intelectin. The VHSV indirect ELISA for plasma binding resulted in a
mean OD of 0.43 +/- 0.1 for rainbow trout ladderlectin (Fig. 2.1, A), 0.12 +/- 0.1 for
intelectin (Fig. 2.1, B) and 0.098 +/- 0.1 (Fig. 2.1, C) for control wells without coated
VHSV with two samples of pooled rainbow trout plasma representing over a dozen
individual fish. Coefficient of variation was used to exclude abberant ELISA readings.
Binding was significantly higher for ladderlectin than intelectin or control VHSV free
wells (T-test with Bonferroni correction, p<0.025) while the intelectin binding was not
significantly different than the control wells (T-test, p>0.05) indicating that intelectin
does not significantly bind to VHSV, at least under the conditions used.
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2.4.2 VHSV-Conjugated Toyopearl Column Eluate
2.4.2.1 Slot Immunoblot
Slot immunoblots were successfully used to quickly examine VHSV-Toyopearl
column eluate for the presence of rainbow trout intelectin and ladderlectin. The EDTAeluted plasma proteins bound to the VHSV-Toyopearl column from three different 5 ml
aliquots of eluate were applied to the slot blot apparatus and probed with rabbit
polyclonal antibody to rainbow trout intelectin and ladderlectin as well as whole plasma
controls. Intelectin was not detected in the column eluate on slot immunoblot but had a
strong positive signal in unbound whole rainbow trout plasma, indicating intelectin did
not bind the VHSV-Toyopearl column (Fig. 2.2), as expected from the indirect ELISA
results (Fig. 2.1). Slot immunoblots probed with anti-rainbow trout ladderlectin peptide
antibody were strongly positive in unbound whole plasma control as well as positive on
the three samples of EDTA eluate from the VHSV-Toyopearl column (Fig. 2.2) in
agreement with earlier ELISA results (Fig. 2.1). Eluate from a control Toyopearl column
lacking conjugated VHSV had no positives on slot immunoblot for either rainbow trout
ladderlectin or intelectin (data not shown).
2.4.2.2 One-Dimensional Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (1-D
SDS PAGE) and Western Immunoblot
SDS-PAGE demonstrated that multiple proteins were present in column EDTA
eluate. Numerous distinct bands were identified at 67, 58, 56, 50, 38, 28, 20 and 16 kDa
(Fig. 2.3 A). The faint 16 kDa band is consistent with the position of rainbow trout
ladderlectin monomer (Russell et al. 2008a). Eluate from the control column without
bound VHSV analyzed using SDS-PAGE had no protein bands present (data not shown).
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The blotted gel was probed with rabbit anti-rainbow trout ladderlectin PAb and two
distinct bands were detected at 16 and 28 kDa (Fig. 2.3 B), consistent with rainbow trout
ladderlectin's monomer and the 32 kDa form reported previously (Russell et al. 2008a).
The specificity of rainbow trout intelectin and ladderlectin PAb have been previously
described (Russell et al. 2008a,b, Young et al. 2007). Western blot (WB) analysis of
whole rainbow trout plasma and partially purified preparations from plasma with the
identical rabbit antiserum preparations used in this paper have been identified and
support the specificity of the polyclonal antibody preparations, yielding a 16 kDa band in
agreement with that isolated in this experiment (Figure 2.3). The 16 kDa band identified
as ladderlectin by this antibody has been sequenced on numerous occasions from both
one- and two-dimensional SDS-PAGE, described in Russell et al. 2008a and Young et al.
2007.
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Figure 2.1 Mean plasma absorbance of soluble rainbow trout ladderlectin and intelectin bound to
VHSV measured by indirect ELISA. Mean ELISA OD (gray bars) and standard deviation (vertical
bars) of rainbow trout ladderlectin (A) or intelectin (B) bound to VHSV and detected using PAbs
compared to control wells without VHSV (C). * indicates a significantly different absorbance from
background.
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Figure 2.2 Rainbow trout ladderlectin but not intelectin was detected in slot immunoblot of
successive fractions eluted from a VHSV-Toyopearl column. Rainbow trout ladderlectin (D-F) but
not intelectin (A-C) was detected in slot immunoblot of successive fractions eluted from a VHSVToyopearl (arrow, upper row) using rabbit PAbs to ladderlectin and intelectin, respectively. Whole
rainbow trout plasma (small arrowhead, lower row) was detected using rabbit PAbs to ladderlectin
and intelectin, respectively, for comparison.
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Figure 2.3 12.5% 1-D SDS-PAGE and Western blot of reduced rainbow trout plasma proteins
eluted from the VHSV-Toyopearl column. 12.5% 1-D SDS-PAGE (A) and Western blot (B) of
reduced rainbow trout plasma proteins eluted from a VHSV-Toyopearl column using EDTA.
Arrow (A) indicates a faint 16 kDa band consistent with rainbow trout ladderlectin monomer and
arrows (B) indicate bands at 16 and 28 kDa, similar to previous binding assays with rainbow trout
ladderlectin.
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2.5 Discussion
Our detection of ladderlectin binding to VHSV is consistent with ladderlectin's
previously demonstrated association with a broad range of pathogens (Young et al. 2007,
Russell et al. 2008a, b, Russell et al. 2009). Rainbow trout ladderlectin binds Aeromonas
salmonicida, A. hydrophila, Yersinia ruckeri and Pseudomonas sp. as well as chitin, a
component of the exterior of fungal, microsporidian and metazoan pathogens, presumbed
to be on the basis of conserved carbohydrate structures present on their surfaces (Russell
et al. 2008a). Using immunohistochemistry, ladderlectin is present within lesions of
diseased fish and is in intimate contact with A. salmonicida, Flavobacterium
psychrophilum, fungal hyphae and surrounding Ichthyophthirius multifiliis and Loma
salmonae (Russell et al. 2009).
While ladderlectin is typically detected as a 16 kDa monomer with SDS-PAGE
under reducing conditions (Hoover et al. 1998, Russell et al. 2008a), it is not uncommon
to find higher molecular weight bands of ladderlectin on Western blot, possibly
representing different oligomers of ladderlectin present in plasma (Russell et al. 2008a).
We did not alkylate EDTA eluate before running gels and the molecular weight marker
used in the WBs was later declared inaccurate on bis-tris acrylamide gels by the
manufacturer, especially around the 30 kDa range. Either could account for our finding of
a 28 kDa band rather than the 32 kDa band reported by (Russell et al. 2008a). Both
rainbow trout ladderlectin and intelectin require calcium for binding activity, which is
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why both are consistently eluted using the calcium-chelating agent EDTA (Russell et al.
2008a, b).
The ladderlectin bands detected by 1-D SDS-PAGE were faint, which is consistent
with the low plasma concentrations of ladderlectin in some populations of rainbow trout
(Young et al. 2007). The specificity of the polyclonal antibodies for ladderlectin and
intelectin, used in the present study were confirmed previously using WB and sequencing
(Young et al. 2007, Russell et al. 2008a, b). While the antibody used in this assay detects
both known isoforms of ladderlectin, not all detectable plasma ladderlectin binds
previously demonstrated ladderlectin targets (Russell et al. 2008a). On WB of rainbow
trout plasma from 2-D SDS-PAGE, five ladderlectin monomers were identified but on
binding assays for A. salmonicida only two of the five spots of ladderlectin monomer
were present, suggesting different monomers of ladderlectin have different binding
affinities (Russell et al. 2008a). Additionally, ladderlectin is found on the surface of and
within the cytoplasm of leukocytes and branchial and intestinal epithelial cells (Russell et
al. 2008a, 2009) and there may be cell- and tissue-dependent expression of isoforms,
consistent with known lectins such as murine mannose-binding lectin (Wagner et al.
2003) and human ficolin (Ohashi and Erickson 1998). The implications for the present
experiments are not presently known. Additionally, the identity of the numerous other
molecular weight bands identified on SDS-PAGE are not known. This is a consistent
finding in previous plasma binding assays using bacteria or chitin as targets (Young et al.
2007, Russell et al. 2008a, b) and demonstrates that rainbow trout may have multiple
plasma PRRs that could be involved in innate defense to VHSV.
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As VHSV enters rainbow trout by binding to gill epithelial cells and spreads in part
by macrophage phagocytosis (Brudeseth et al. 2008), ladderlectin's presence in gill
epithelial cells, leucocytes and in plasma (Russell et al. 2008a) ideally situate it for
interaction with viruses. Rainbow trout ladderlectin is known to have binding specificities
for glucose, GlcNac, mannose, fucose and maltose (Jensen et al. 1997) which suggests
that one or more of these sugars are present in carbohydrates on the glycoprotein outer
layer of VHSV. VHSV can also be purified using the plant lectin concanavalin-A, which
primarily recognizes mannose groups (Perez et al. 1998) but also binds agarose
(Bernhard & Avrameas 1971), a monosaccharide derivative of glucose. Rainbow trout
intelectin, by contrast, is known to bind mannose and GlcNac (Russell et al. 2008b).
Previous work with numerous animal and plant lectins has shown that galactose- and
galactosamine-specific lectins cannot specifically aggregate several isolates of VHSV
genotype 1 while another VHSV isolate was poorly bound by concavalin-A (Bernard et
al. 1985) suggesting that surface carbohydrate is highly strain specific and may influence
the ability of the innate immune system to recognise different isolates. Additionally,
neutralisation antibody sensitivity to viruses such as HIV-1 is influenced by the cell type
used for culture (Sawyer et al. 1994), so it is conceivable that VHSV could have different
lectin binding sensitivities if passaged through a rainbow trout origin cell line rather than
on a heterologous cell line. The glycoprotein of VHSV is known to have the peripheral
carbohydrates glucose, mannose, GlcNac, galactose, sialic acid and fucose (Coll 1995),
and these should offer opportunity for recognition by the CRD of either intelectin or
ladderlectin. As lectin binding is influenced by spatial arrangement of carbohydrate
groups it is possible that the carbohydrate groups are not present in the proper
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conformation for intelectin binding, that ladderlectin has higher affinity for VHSV, or that
the peripheral sugars required for intelectin binding are not present on the glycoprotein
layer in sufficient quantity for detectable binding activity of intelectin.
That ladderlectin binds to VHSV directly suggests it may have several potential
roles in defense. Direct binding of lectins to viruses has been reported to prevent
infection. Murine mannose-binding lectin (MBL) and bovine conglutinin, independent of
complement activation, inhibit the haemagglutinating ability of influenza viruses and
reduce plaque formation as well as infection of neighbouring cells by interfering with
attachment to cell surface targets (Kase et al. 1999) The effect can be neutralized by the
addition of MBL inhibitors such as EDTA, mannose or antibody to human MBL (Kase et
al. 1999). Lectins can also stimulate the lectin pathway of complement and directly
opsonize pathogens for phagocytosis (Ewart et al. 2001), upregulate transcription of
complement and complement regulatory proteins (Byon et al. 2006), and enhance NCC
recruitment and activation in seabream (Esteban et al. 2008). These mechanisms may
also be involved in immediate defense against VHSV infection. Salmon serum lectin
(SSL), closely related to rainbow trout ladderlectin, not only directly binds to Vibrio
anguillarum and A. salmonicida, but SSL increased phagocytosis and killing by
macrophages when co-incubated with those bacteria (Ewart et al. 1999, Ottinger et al.
1999).
Identification of the physiological significance of ladderlectin-VHSV binding is
difficult to elucidate. Ladderlectin is present in normal trout plasma at a low
concentration, making purification of significant quantities of the lectin for downstream
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functional assays difficult. Recombinant fish lectins have been attempted, but without
much success at functional protein production (Uribe 2010). Uribe (2010) attempted three
different protein expression systems to produce recombinant SSL, a C-type lectin with
high sequence similarity to rainbow trout ladderlectin, and did not produce functional
lectins with any of the systems. Additionally, Uribe (2010) showed that SSL lacks
necessary sequence to interact with complement components, making it unlikely that
rainbow trout ladderlectin has the necessary sequence, due to high sequence similarity
between the proteins. While downstream functions are yet to be determined, this offers
evidence that rainbow trout have a circulating lectin that is capable of direct binding to a
viral pathogen and this is a novel function for a teleost lectin.
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CHAPTER THREE
PLASMA PATTERN RECOGNITION RECEPTORS OF WALLEYE (SANDER
VITREUS M.)
3.1 Abstract
Walleye (Sander vitreus M.) are economically important fish found in the Great
Lakes ecosystem. Important disease agents affecting this species include Flavobacterium
columnare, fungal and metazoan pathogens and more recently viral hemorrhagic
septicemia virus. These agents or their structural components, along with Sepharose
resin, were chosen as targets for binding assays to identify soluble plasma pathogen
recognition receptors (PRR) in walleye. Bound plasma proteins were eluted and
identified using SDS-PAGE and mass spectrometry to identify partial amino acid
sequence, which were then compared with existing sequences in Genbank. A 22 kDa
protein that bound to F. columnare was identified that was similar to apolipoprotein A
from striped bass (Morone saxatilis). A 17 kDa chitin-binding protein was identified that
was similar to complement component 3 (C3) from bighead carp (Hypophthalmichthys
nobilis) and grass carp (Ctenopharyngodon idella). A 34 kDa VHSV-binding protein was
investigated as part of the innate antiviral response. Numerous bands produced sequences
that had poor or no matches in Genbank, indicating novel sequences for fish plasma
PRRs. PCR and 3' RACE-PCR was developed to confirm the identity these of PRRs.
Nucleotide sequence for C3 was not generated and its identity as a binding protein could
not be confirmed. Partial nucleotide sequence for walleye apolipoprotein was generated
and further confirmed its identity as a PRR for F. columnare. Partial nucleotide sequence
generated from the 67 kDa amino acid sequence recovered in eluate from the VHSV
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column was identified as MBL and the majority of amino acid sequences could be
aligned to the walleye 3' RACE-PCR product and rainbow trout MBL H2. This confirms
the identity of apolipoprotein and mannose-binding lectin as two walleye pathogen
binding proteins. Apolipoprotein in fish is characterised to interact with Gram-negative
bacteria, but virus-binding ability of teleost MBL has not previously been demonstrated.

3.2 Introduction
Walleye (Sander vitreus) are an important species for commerical and native
fisheries in Canada (Summerfelt 2004). Flavobacterium columnare, the cause of
columnaris disease, has emerged as a major pathogen of cultured walleye (Clayton et al.
1997, Summerfelt 2004). Cultured fingerlings stocked into lakes are exposed to
numerous parasites and fungal diseases, most of which contain exposed chitin (Poole &
Dick 1985, Muzzall & Hass 1998, Summerfelt 2004). In addition, walleye have recently
been involved in outbreaks of viral hemorrhagic septicemia (VHS) in Lake Huron
(Whelan 2009) and Conesus Lake (NY, USA) (Bowser 2009). Viral hemorrhagic
septicemia virus IVb (VHSV), a Novirhabdovirus, is found in the Great Lakes ecosystem
of North America where it affects numerous fish species. The virus targets leukocytes and
endothelium, giving rise to the characteristic hemorrhagic lesions (Lumsden et al. 2007).
The piscine innate immune system is important in the initial immune response,
particularly at temperatures that are not permissive for the adaptive immune system (Le
Morvan et al. 1998). Innate immunity involves an interplay of complement, lectins,
natural antibodies, Toll-like receptors (TLRs) and cellular components such as
macrophages and neutrophils (Whyte 2007). This provides broad pathogen detection
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across a range of temperatures (Le Morvan et al. 1998, Whyte 2007). The innate immune
system is germline-encoded and recognises, sans prior exposure, stereotypical conserved
pathogen-associated molecular patterns (PAMPs) by PRRs (Whyte 2007). The
heterogeneity of many teleost innate immune components due to presence of multiple
genes and isoforms, such as complement (Whyte 2007) and lectins (Forlenza et al. 2009),
are proposed to enhance pathogen recognition by allowing rapid protein diversification
and binding differences between isoforms.
Lectins are non-enzymatic non-antibody proteins that bind carbohydrate groups by
one or more carbohydrate recognition domains (CRDs) (Russell & Lumsden 2005).
Defense lectins are soluble and present in plasma (Russell & Lumsden 2005). Most often
involved in non-self discrimination are the C-type lectins, particularly the collectins such
as mannose-binding lectin, and pentraxins such as C-reactive protein ( Russell &
Lumsden 2005, Whyte 2007). Numerous lectins have been identified in teleosts but
relatively few have been shown to have functional significance with any pathogen
(Whyte 2007). In Chapter 2 of this thesis I demonstrated that rainbow trout ladderlectin, a
soluble C-type lectin, was capable of binding VHSV but that the downstream effects were
unknown. Like SSL (Uribe 2010), ladderlectin appears to lack necessary collagenous
domain sequence to interact with MASP (Russell et al. 2008a). There are many
circulating PRRs such as natural antibodies, apoliprotein, lysozyme, and the complement
cascade that would be expected to be present in walleye. The present study aimed to
identify plasma proteins of walleye that bind to a variety of known pathogenic organisms;
including whole F. columnare, chitin as a proxy for surface molecules of metazoans and
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fungus, and VHSV IVb as well as Sepharose, a complex of agarose previously identified
as a lectin target ( Ewart et al. 2001, Russell & Lumsden 2005).

3.3 Materials and Methods
3.3.1 Plasma Binding Assays
3.3.1.1 Plasma
Walleye plasma was derived from captive and wild sources. Captive adult walleye
were held in a recirculation system in the Hagen Aqualab at the University of Guelph at
11 °C and fed commercial trout pellets. Whole blood was collected by caudal
venipuncture into 18 mM sodium citrate buffer (9:1 whole blood:buffer) held on ice.
Blood was centrifuged on the day of collection (5000 g, 4 °C, 20 min) and the plasma
was decanted and frozen at -20 °C until used. Wild adult walleye from Manitoulin Lake
(Ontario, Canada) were collected once yearly and terminally bled by caudal venipuncture
or severance of a gill arch. Pooled blood was treated as above. For use, plasma was
thawed in 30 IU heparin for each 40 ml of plasma and was dialysed in Spectrapore
membrane tubing (Spectrum Medical, Los Angeles, CA) and incubated overnight in 10
volumes of TBSCa2+ (50 mM Tris base, 50 mM NaCl, 5 mM CaCl2 per litre, pH 7.6) at 4
°C to restore Ca2+ levels. Dialysed plasma was decanted and centrifuged (5000 g, 4 °C for
20 min) to remove any fibrinogen before being syringe filtered (0.2 m, Nalgene
Company, Rochester, NY, USA) and used in assays.
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3.3.1.2 Flavobacterium columnare
The strain B699-97 was isolated from a clinical case of branchial columnaris in
farmed rainbow trout from Ontario in 1997. Bacterial stock frozen in glycerol at -80 °C
was grown on cytophaga agar (Anacker & Ordal 1959) made using municipal tap water
(Peterson 1969) containing 0.05% (w/v) tryptone, 0.05% yeast extract, 0.02% beef
extract, 0.02% sodium acetate, 0.05% anhydrous calcium chloride (Hesami et al. 2008).
Two colonies were selected, grown in cytophaga broth and fixed in 0.05 % formalin v/v
in TBSCa2+ at 4 °C overnight before being washed in 10 volumes of TBSCa2+ for use in
assays (modified from Young et al. 2007).
3.3.1.3 Chitin
Artemia spp. cysts were used as a chitin source (Young et al. 2007) (M & M
Suppliers, Bothwell, WA, USA) and were incubated with 0.5% formaldehyde v/v in
TBSCa2+ overnight at 4 °C before centrifugation and washing as above. Walleye plasm
awas centrifuged to remove fibrin and diluted in 3 volumes of TBSCa2+. Walleye plasma
and the target were allowed to incubate overnight at 4 °C . The resulting target-protein
pellet was centrifuged to remove all excess plasma, and then washed in 10 volumes of
TBSCa2+ (modified from Young et al. 2007, Russell et al. 2008). Bound protein was
eluted from the target by incubating the pellet with 40 mM EDTA. The eluate was filtered
as above and concentrated (Amicon MWCO 5000 kDa, Millipore, Carrightwohills, Co.
Cork, Ireland) for resolution on reducing 1-D SDS PAGE.
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3.3.1.4 Viral Hemorrhagic Septicemia Virus Toyopearl Column
VHSV IVb was isolated from freshwater drum in Lake Ontario in 2005 (Lumsden
et al. 2007). Virus was cultured as described (Al-Hussinee et al. 2010) using EPC cells
(ATCC CRL-2872). Viral supernatant was then purified as per Chapter 2 (2.3.1) using a 5
ml 25% v/v glycerol cushion in TNE (0.05 M Tris-HCl, 0.01 M NaCl, 0.001 M EDTA,
pH 7.6). The liquid was decanted and the viral pellet was resuspended in 200 µm TNE
buffer and frozen at -80°C until needed.
As per Chapter 2 (2.3.3) approximately 40 mg of glycerol cushion-purified VHSV
was coupled to 4 ml of Toyopearl AF Amino 650M resin (Tosoh Biosciences LLC,
Montgomery, PA, USA). The column packing, washing and plasma binding are described
in Reid et al. (2011) with the exception that dialysed walleye plasma was used. 40 ml of
EDTA solution as above was then used to elute protein bound to VHSV.
3.3.1.5 Sepharose Column
To identify Sepharose binding plasma proteins, Sepharose CL-6B (6% agarose, GE
Healthcare, Piscataway, NJ, USA) was washed according to manufacturer's directions
with TBSCa2+ and packed into a 30 ml column with a peristaltic pump (P1, GE
Healthcare). Walleye plasma diluted with two volumes of TBSCa2+ was passed twice
through the column, which was then washed with 200 ml TBSCa2+ followed by 40 ml of
40 mM EDTA to elute bound proteins.
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3.3.2 One-Dimensional Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (1-D
SDS PAGE)
Whole walleye plasma and eluates from bacteria, chitin, Sepharose and VHSVToyopearl binding assays were characterised using 12.5 or 15% SDS-PAGE (Laemelli,
1970) under reducing conditions as per Reid et al. (2011). Concentrated eluate protein
content was determined as per 2.3.3 using the EZQ Protein Quantitation Kit (Invitrogen).
F. columnare and walleye plasma and F. columnare and TBSCa2+ EDTA elutions had
approximately 0.1 mg/ml of protein. The chitin and walleye plasma and chitin and
TBSCa2+ eluates had 0.1 mg/ml and 0.05 mg/ml respectively. The VHSV-Toyopearl
coupled column and the Toyopearl control column EDTA eluate had 0.025 mg/ml and 0.0
mg/mL respectively. The Sepharose column with plasma EDTA eluate had 0.1 mg/ml. All
washes before and after EDTA elutions had between 0.0 and 0.05 mg/ml as EDTA eluate
was often incompletely collected. Proteins were visualised with SYPRO® Ruby
(Invitrogen). Molecular weight was determined by comparison with a broad range
molecular weight marker (New England Biolabs). Initially, gels were run with a
prestained broad range marker P7710 (Figs 3.1-3.4) but New England Biolabs later
announced it was not accurate for bis-tris acrylamide gels. Subsequently, gels were run
with P7702 (remaining figures). Bands of interest were excised and sent to Queen's
University (Kingston, Ontario, Canada) for mass spectrometry to determine partial amino
acid sequence and potential homologous proteins were identified using GenBank BLAST
search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al. 1999).
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3.3.3 Mass Spectrometry
The gel slices of eluted plasma protein of interest were de-stained with 50 mM
ammonium bicarbonate in 50% acetonitrile and air dried. The proteins were then reduced
by adding 30 l of 10 mM DTT in 50 mM ammonium bicarbonate to each gel plug with
incubating for 1 h at 56 ºC. After cooling to RT, the DTT solution was removed and the
gel slices were treated with the same volume of 100 mM iodoacetamide in 50 mM
ammonium bicarbonate. After 60 min incubation at ambient temperature, in the dark, the
gel slices were washed with 30 µl of 50 mM ammonium bicarbonate for 15 min and then
dehydrated with 100% acetonitrile. After 10 min the liquid phase was removed and the
gel slices were completely dried in air. The proteins were then subjected to in-gel
digestion; 0.015 µg of trypsin in 30 l of 50 mM ammonium bicarbonate solution
containing 10% acetonitrile was added to each gel plug and these were incubated at 37 ºC
overnight. The digested proteins were desalted and concentrated using a C18 ZipTip
(Millipore) prior to ESI MS/MS analysis, and the peptides were finally eluted in 8 µl of
50% aqueous acetonitrile containing 0.2% formic acid. All protein digests were analyzed
by a quadrupole time of flight mass spectrometer (QStar XL, Applied Biosystems Inc.,
ON, Canada) with a nanoES source. Capillary voltage was typically 1.2-1.6 kV and cone
voltage was 50-100 V. Mass spectra in time of flight MS and MS/MS mode were in a
mass range 50-1800 m/e with a resolution of 8000 full-width at half maximum height.
Nitrogen was used as the collision gas.
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3.3.4 Western Immunoblots
Proteins separated by SDS-PAGE were electroblotted onto polyvinylidene difluoride transfer membranes (Millipore Immobilon-PSQ, pore size 0.45 µm, Millipore
Corporation) in transfer buffer (192 mM glycine, 25 mM Tris, 25% [v/v] methanol, pH
8.3) on the Mini Trans-Blot Elecrophoretic Transfer Cell (Bio-Rad) as per Russell et al.
(2008). Prestained broad range protein marker (New England Biolabs) was used as a
molecular weight standards. Initially, WBs used prestained broad range marker P7710
(Fig 3.6, A) but after these experiments had started New England Biolabs announced it
was inaccurate on bis-tris gels and subsequent figures used P7708. Whole walleye plasma
was run on 12.5% acrylamide gels. Sepharose and VHSV-Toyopearl column fractions
were run on 15% acrylamide gels. Blots were developed and imaged as per Chapter 2
(2.3.6). Rabbit polyclonal antibodies (PAbs) to two amino acid fragments of walleye PRR
generated from the SDS-PAGE by mass spectrometry, the 34 kDa NLLSKSLVPLHLP
(hereafter PAb 34) and the 67 kDa GLHLLIGDSRFQSAGK (hereafter PAb 67) (Table
3.1), were raised by Pacific Immunology (Ramona, CA, USA). The synthetic peptide
fragments had a terminal cysteine added and were coupled to keyhole limpet
hemocyanin. Rabbits were bled pre-inoculation as well as at the halfway point and end of
the immunisation protocol. All inoculations were spaced three weeks apart. The initial
inoculation was in complete Freund's adjuvant and subsequent immunisations were in
incomplete Freund's adjuvant. Also used were two polyclonal rabbit antibodies that were
previously raised to rainbow trout ladderlectin and intelectin (Russell et al. 2008a,b).
These two rainbow trout antibodies had been previously characterised by WB and
immunohistochemistry of healthy and diseased trout tissues (Russell et al. 2008a,b).
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3.3.5 PCR and 3' RACE-PCR
Primers for PCR reactions were based on partial amino acid sequence generated by
mass spectrometry. Amino acid sequences were reverse translated using Sequence
Manipulation Suite (http://www.bioinformatics.org/sms2/rev_trans.html) using a walleye
codon database found at http://www.kazusa.or.jp/codon/ and primer sets were designed
using Geneious Pro (Biomatters Inc, Auckland, New Zealand). Walleye RNA was
isolated with the RNA Easy Mini Kit (Qiagen, Mississauga, ON, Canada). cDNA was
generated using the High Capacity cDNA Reverse Transcriptase Kit (Applied
Biosystems, Burlington, ON, Canada). Briefly, 10 µl of supplied master mix containing
dNTP mix, random primers, reverse transcriptase, RNase inhibitors in reaction buffer was
mixed with an equal volume of prepared walleye RNA and cycled at 25 ºC for 10 min,
37 ºC for 120 min and 85 ºC for 5 min before storage of cDNA at -20 ºC. Platinum Taq
DNA polymerase, 10x PCR buffer, 50mM MgCl2, 10mM dNTP mix and DEPC H2O
were obtained from Invitrogen (Burlington, ON, Canada). All primers were
manufactured by Sigma-Aldrich Canada. Primer sequences and annealing temperatures
are given in Table 3.2.
Carp ß-actin (5'AGAGCTATGAGCTGCCTGCCTGACG3',
5'GAGGGCTGTGATCTCCTTCTG3', 64°C) was used as a positive control. cDNA
template-less amplification mix served as a negative control. A list of all primers
designed to generate partial walleye nucleotide sequence are given in Table 3.2. All
apolipoprotein, C3 and VHSV primer pairs designed were tested as the forward and
reverse reaction for a particular amino acid sequence fragment as well as between
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different fragments from a particular target. Initial testing of all primers to generate any
sequence used 3' RACE-PCR as well as gradient PCR. Gradient PCR used the Tm of
each primer set as a midpoint and ranged to 10°C higher or lower, with cDNA
amplification occurring approximately every 1.5°C along the gradient. Apolipoprotein
was amplified using (5'GCCGCTATGGATGTGTACCT3',
5'GAACAGACTCCACCATGGGCATCAG3', 60°C). 3'RACE-PCR for the VHSV PRR,
eventually designated walleye MBL, used a primer designed from the 67 kDa fragment
(5'CGCAGCAGCCTGAACCATCGC3' and 5'AAAAAAAAAAAAAAABN3', 75°C). To
amplify C3, walleye primers were designed using Geneious to the 17 kDa amino acid
fragments, which were located in the conserved region of C3, using either walleye
sequence-specific primers or primers designed using sequence in GenBank such as
rainbow trout (accession AAB05029.1) and common carp sequence (accession
BAA36623.1). With carp, multiple isoforms of C3 are present so the H1-isoform with
highest similarity to the partial amino acid sequence generated from the eluted protein
bound to chitin was used to generate walleye primers, targeting an area conserved
between isoforms that our walleye partial amino acid sequence overlapped.
Amplification occurred in a thermocycler (Eppendorf Canada, Mississauga, ON,
Canada) using 35 cycles of 94 °C for 1 min, a primer-specific temperature for 30 s and 72
°C for 1 min. Products were then run on a 1% agarose gel (Biorad), and the PCR products
were extracted from the gel using Direct-Gel SpinTM DNA Recovery Kit (Lambda
Biotech, St. Louis, MO, USA), polyA-tailed by incubating with dATP (Roche) at 70 °C
for 30 min and ligated into a pGEM®-T Easy vector (Promega, Madison, WI, USA) as
69

per manufacturer's directions with DH5α E.coli for sequencing by Laboratory Services at
the University of Guelph (Guelph, ON, Canada). Strong bands were sequenced directly
after gel extraction. All products were sequenced in the forward and reverse direction and
compiled into a consensus sequence. Successful PCR products were sequenced twice to
confirm identity, as was the case with MBL and apolipoprotein, or to confirm nonidentity,
as was the case in the failure to isolate C3 nucleotide sequence.

3.4 Results
3.4.1 1-D SDS-PAGE from Plasma Binding Assays:
1-D SDS-PAGE from plasma binding assays demonstrated that walleye had
numerous plasma proteins that successfully bound walleye PRRs. Two distinct 22 and 14
kDa bands were eluted from the F. columnare and plasma pellet (Fig. 3.1, A) that were
not present in the TBSCa2+ and F. columnare control pellet eluate (Fig. 3.1, B) and partial
amino acid sequence was obtained for the 22 kDa band by ESI MS/MS (Table 3.1). By
contrast, there were numerous distinct bands at 158, 97, 90, 67, 52, 50, 45, 37, 33, 26, 24,
22, 20 and 17 kDa eluted from chitin and plasma pellet eluate (Fig. 3.1, C) not present in
the chitin and TBSCa2+ control pellet eluate (Fig. 3.1, D). Partial amino acid sequence
was obtained from bands at 37, 34 and 17 kDa (Table 3.1). Higher molecular weight
bands likely to be immunoglobulin heavy chains or bands not sufficiently separated from
each other were not sent for sequencing. Other bands were deemed too faint for adequate
analysis, in one case had keratin contamination, or more frequently no sequence was
obtained due to low protein content. This was also true for the other binding assays
described below. The washes were performed to ensure that no walleye protein was
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spontaneously releasing from targets or that no excess unbound plasma protein remained
to contaminate the EDTA eluate, although the EDTA eluate was incompletely collected
(Fig 3.2). F. columnare and chitin pellets that had been bound by walleye plasma had less
protein visible in the pre-EDTA wash collection.
There were several plasma proteins that were eluted from VHSV that produced
bands using SDS-PAGE at 67, 57, 55, 37, 33, 32, 27, 19, 16 and 14 kDa (Fig. 3.3, A) and
partial amino acid sequence was obtained for the 67, 37 and 34 kDa bands (Table 3.1). A
faint 67 kDa band was detected from walleye plasma eluted from a Toyopearl column
without conjugated VHSV (Fig. 3.3, B). Pre- and post-elution washes are shown in Fig.
3.4. While EDTA eluate was incompletely collected there was no background loss of
protein from the columns that would have contaminated the EDTA elution.
There were also several plasma proteins (Fig. 3.5, A) approximately 220, 150, 120,
76, 67, 57, 43, 36 and 20 kDa that were eluted from the Sepharose matrix in a calciumdependent manner. Amino acid sequence was obtained for the 67, 57, 37 and 20 kDa
(Table 3.1, Fig. 3.5, A). Sepharose may be bound by lectins that have affinity for agarose,
including Atlantic salmon (Salmo salar) serum lectin (SSL) (Ewart et al. 1999) and
ladderlectin of rainbow trout (Oncorhynchus mykiss) (Jensen et al. 1997) but partial
amino acid sequences obtained in these experiments did not match known fish lectins.
The washes that were performed to ensure that little protein was present before and after
plasma binding and elution had few bands to ensure that plasma proteins in the eluate
were truly bound to the Sepharose matrix (results not shown).
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3.4.1.1 GenBank Sequence Analysis of Plasma Binding Assays
Overall, few walleye partial amino acid sequences had matches in GenBank from
BLAST searches. Only four of eleven sequences identified had matches of high similarity
in databases (Table 3.1). The 22 kDa protein that bound F. columnare was similar to
apolipoprotein A-1 from striped bass (Morone saxatilis) (E = 6ex10-4). The 37 kDa
protein that bound to chitin was similar to an unnamed black spotted puffer fish protein
(Tetraodon nigroviridis) (E = 2ex10-8). The 17 kDa chitin-binding protein was similar to
C3 from numerous carp species; and was most similar to the C3 S-isoform of common
carp (Cyprinus carpio) (E = 7ex10-7) and to bigheaded (Hypophthalmichthys nobilis) and
grass carp (Ctenopharyngodon idella) C3 (E = 2ex10-7). A 34 kDa VHSV-bound protein
weakly matched rainbow trout putative intelectin (E = 4ex10-3). Accession numbers for
GenBank sequences are given in Table 3.1.
3.4.2 Western Immunoblots
Western blots (WB) demonstrated that walleye PRRs bound to VHSV had multiple
bands. WB of whole walleye plasma revealed that both PAb 34 and PAb 67 identified
molecular weight bands at 80, 67, 57, 47, 44, and 27 kDA at primary antibody
concentrations of 1:5000 and 1:20000 respectively (Fig.3.6, A & B). There were slight
differences in migration on SDS-PAGE due to differences in gel running time and
acrylamide content but were consistent relative to the molecular weight marker. This is
strongly suggestive that these antibodies to two different molecular weight amino acid
sequences, 34 and 67 kDa, are from one protein that reduces to numerous lower
molecular weight bands under reducing SDS-PAGE. Eluate from the Sepharose column
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when probed with the rabbit polyclonal antibody raised to the 34 kDa peptide sequence
had bands at 80, 67, 57, 47 and 27 kDa (Fig. 3.6, C). Antisera to rainbow trout intelectin
and ladderlectin did not identify plasma proteins in WB of whole walleye plasma (results
not shown). From this, it was concluded that walleye did not have plasma proteins with
that shared epitopes with either rainbow trout lectin.
3.4.3 PCR and 3' RACE-PCR Results for Walleye PRRs
PCR and 3'RACE-PCR were successfully used to generate nucleotide sequence for
walleye PRRs. Primers designed from the walleye apolipoprotein partial amino acid
sequence generated a 570 bp product. (Fig 3.7, C). This nucleotide sequence had 66%
sequence similarity to 570 bp striped bass apolipoprotein (accession ACH90228.1) (Figs
3.7 & 3.9). Primers based on the 67 kDa walleye VHSV-PRR partial amino acid sequence
yielded a 439 bp product by 3' RACE-PCR (Fig 3.8, C) that had 45% identical sequence
to the 762 bp mannan-binding lectin (MBL) H2 (accession NP_001153952.1) from
rainbow trout (Kania et al. 2010) (Figs 3.8 & 3.10). After identification of the similarity
to rainbow trout MBL H2, primers published in Kania et al. (2010) and the same
sequence translated into walleye codon usage were used (Table 3.2) but failed to generate
a full length product. C3 primer sets had four products between 368 and 1296 bp in
length, but none generated sequence matches on either NCBI BLAST searches blastn
(nucelotide query) or blastx (translated protein query) (Table 3.2). Translated amino acid
sequences were aligned with GenBank results using Clustal-W alignment in Geneious
Pro (Thompson et al. 1994, Chenna et al. 2003). Additionally, walleye apolipoprotein
sequence was compared to that of common carp (AJ308993), silver carp
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(Hypophthalmichthys molitrix) (HM124749), Korean doty barbel (Hemibarbus mylodon)
(FJ170104), rare minnow (EU327775) and sand goby (HM137237.1)in addition to
striped bass for overall nucleotide sequence similarity (Table 3.3). Included outgroups
were apolipoproteins from humans (Homo sapiens) (NM_000041.2), domestic mice
(Mus musculus) (NM_009693.2) and domestic chickens (Gallus gallus) (NM_205525.4).
Walleye MBL was compared to zebrafish (AF227738.1), common carp (AF227737.1),
goldfish (AF227739.1), and lamprey (AB195797.1) MBLs in addition to rainbow trout
MBL isoforms H1, (NM_0060479.1), H2 (NM_0060480.1) and H3 (NM_0060481.1)
(Table 3.4). Outgroups used domestic cattle (Bos taurus) (NM_174107.2), human
(NM_000242.2) and domestic chicken (NM_204349.2) MBLs. Additionally, walleye
MBL was compared to rainbow trout MBL H2 in the neck, collagenous domain and CRD
(Fig 3.10).
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Figure 3.1 15% SDS-PAGE of Flavobacterium columnare and chitin EDTA elutions of bound
walleye plasma and TBSCa2+ controls, stained with SYPRO® Ruby. Molecular weight markers
are indicated. A, walleye plasma and F. columnare; B, TBSCa2+ and F. columnare; C, walleye
plasma and chitin; D, TBSCa2+ and chitin. Bound plasma proteins indicated (-), as are proteins for
which amino acid sequence was obtained (arrow head). A, 22 kDa; C, 17, 33 and 37 kDa.
Numerous bacterial proteins are present in lanes A & B and protein from chitin is present in lane
C&D.
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Figure 3.2 15% SDS-PAGE of Flavobacterium columnare and chitin pre- and post-EDTA
elution of bound walleye plasma and TBSCa2+ controls. Gel was stained with SYPRO® Ruby.
Molecular weight markers are indicated. A, walleye plasma and F. columnare pre-EDTA elution
TBSCa2+ ; B, TBSCa2+ and F. columnare pre-EDTA elution TBSCa2+ ; C, walleye plasma and
chitin pre-EDTA elution TBSCa2+ ; D, TBSCa2+ and chitin pre-EDTA elution TBSCa2+ ; E:
walleye plasma and chitin post-EDTA elution TBSCa2+ ; F: TBSCa2+ and chitin post-EDTA
elution TBSCa2+; G: walleye plasma and F. columnare post-EDTA elution TBSCa2+; H:
TBSCa2+ and F. columnare post-EDTA elution TBSCa2+. Lanes A and C show that there was no
background loss of walleye plasma protein that could have contaminated the EDTA eluate while
lanes G and E show that the EDTA eluate was incompletely collected.
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Figure 3.3 12.5% SDS-PAGE of walleye plasma proteins eluted from viral hemorrhagic
septicemia virus-conjugated Toyopearl column with EDTA. Gel was stained with SYPRO® Ruby.
Molecular weight markers are indicated. A, eluted walleye plasma; B, walleye plasma eluted from
Toyopearl column without conjugated VHSV. Bound plasma proteins are indicated (-) at 67, 57, 55,
37, 34, 32, 27, 19, 16 and 14 kDa. Proteins for which amino acid sequence was obtained (arrow
head) in lane A are at 34, 37 and 67 kDa.
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Table 3.1. Peptide fragment approximate size and binding target of walleye plasma proteins with
most similar proteins identified from Genbank. Line breaks indicate discontinuous sequence.
Periods indicate when hydrogen spectra were detected.
Binding
Target
F.

Approx.
size
(kDa)
22

columnare
Chitin

Amino acid sequence

ALDQLDDTEYK

E Value

6ex10-4

apolipoprotein A-I
Striped bass
(Morone saxatilis)
ACH90228.1

2ex10-8

Unnamed protein

PIVEELR
37

RHR

Protein matches in
Genbank with
accession number

Green spotted pufferfish

LLLR

(Tetraodon nigroviridis)
LVCLLRPGDHQH

CAF89959.1

HGAALR
Chitin

33

NNVSAQ...R

0.26

Unnamed protein
(Tetraodon nigroviridis)
CAF99810.1

Chitin

17

2ex10-7

AVISSLPR

C3 Bigheaded carp
(Hypophthalmichthys
nobilis)
ACO51139.1

GSLILYLDK
MHK

Grass carp
(Ctenopharyngodon
idella)
AAQ74974.1
VHSV
Toyopearl

34

NLLSKSLVPLHLP
IDEADEAIEFSATSLAKK
ADRGAATMGADTAHHAAG
GGGILESVQEGAK
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4ex10-3

Putative intelectin
(Oncorhynchus mykiss)
AAG30025.1

Binding
Target

VHSV

Approx.
size
(kDa)

37

Amino acid sequence

EQGKVVGIVEQK

E Value

19

Protein matches in
Genbank with
accession number
Unnamed protein
(Tetraodon nigroviridis)

Toyopearl

CAG00631.1

VHSV

67

Toyopearl

FGSSVHSLSVVV

3ex10-2

uncharacterized protein
LOC692278
(Danio rerio)
NP_001038716.1

4.3e1x0-1

Unnamed protein

CQLSAMLTEVR
GLHLLIGDSRFQSAGK
ATAMDTVESK

Sepharose

20

TGDVGLVDSLGR

(Tetraodon nigroviridis)
CAF95123.1
Sepharose

37

K.QKPQNAQALETDTIKFLLK 1.8ex10-1

Unnamed protein

.S

(Tetraodon nigroviridis)
CAG01845.1

Sepharose

57

K.ETVDRVPPSNIR.V

3ex10-5

Fibrinogen beta chain
precursor
(Larimichthys crocea)
ABJ98546.3
(Paralichthys olivaceus)
ABQ41317.1

Sepharose

67

TVLVTDGPADLR

2ex10-2

Unnamed protein
(Tetraodon nigroviridis)

NVLDQLKAGK

CAG04933.1
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Figure 3.4 15% SDS-PAGE of walleye plasma proteins and viral hemorrhagic septicemia virusconjugated Toyopearl columns after walleye plasma passage, pre- and post-EDTA elution.
Molecular weight markers are indicated. Gel is stained with SYPRO® Ruby. A, pre-EDTA eluted
VHSV-Toyopearl column; B, pre-EDTA Toyopearl column without conjugated VHSV; C, postEDTA eluted VHSV-Toyopearl column; D, post-EDTA Toyopearl column without conjugated
VHSV. C demonstrates that bound plasma protein was incompletely collected in the EDTA
fraction, but that no significant protein was detectable in washes before elution in either column or
after elution of the Toyopearl column without conjugated VHSV.
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Figure 3.5 12.5% SDS-PAGE of walleye plasma proteins bound to blocked Sepharose. Molecular
weight markers are indicated. Gel is stained with SYPRO® Ruby. Bound plasma proteins are
indicated (-) at approximately 220, 150, 120, 76, 67, 57, 37, 36 and 20 kDa, as are proteins for
which amino acid sequence was obtained (arrow head) at 67, 57, 37 and 20 kDa.
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Figure 3.6 WB of 15% SDS-PAGE of reduced whole walleye plasma (A and B) and 12.5% SDSPAGE of walleye plasma proteins bound to Sepharose (C). Arrows indicate bands recognized by
antibody. Molecular markers are indicated. Lanes A and C were incubated with a 1:5000 dilution of
the PAb to the 34 kDa band from the VHSV-Toyopearl column. Lane B was incubated with a
1:20000 dilution of the PAb to the 67 kDa band from the VHSV-Toyopearl column. Lanes A and
B: bands at 80, 67, 57, 47, 44 and 27 kDa. Lane C: bands at 80, 67, 57, 47, and 27 kDa.
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Table 3.2 Primers designed and tested to generate nucleotide sequence to walleye PRR. All
apolipoprotein and C3 pairs were tested among themselves as well as in each set. Each set of
walleye PRR primers designed to a particular amino acid fragment was tested in combination with
all other walleye PRR primer sets designed from other fragments from that target. All primer sets
for C3, apolipoprotein and walleye binding proteins were additionally tested with 3' RACE-PCR.
Primer
Description

Reverse Primer
Sequence

Tm°C

GAGGGCTGTGA
TCTCCTTCTG

64/64

Walleye actin

Bass
GCCGCTATGGATGT TGTGCTTGTCGA
apolipoprotein GTACCT
TGACTTCC
with a fragment
of walleye
apolipoprotein

63.8/63.9

Walleye
apoliprotein

Bass
apolipoprotein

ATCTCGCACCCAA
GCAGGTTCAG

GAACAGACTCC
ACAATGGGCAT
CAG

72.3/71.5

No

Apolipoprotein
degenerate
primer

YTNGAYGAYACNG NCKNARYTCYT
ARTAYAA
CNACDATNGG

46.8/49.6

No

GCAAAGAACGC
TATATTCAGAAA

63.8/61.1

No

Rainbow trout TGGGATATACCTGT GGCATTCAGGA
with a fragment GACAGACG
AGATTGGTG
of walleye C3

63.6/64.3

No

70.8/65

No

61.1/61.9

No sequence
match

66.1

No sequence
match

62.5/59.7

No

Carp ß-actin

Forward Primer
Sequence
AGAGCTATGAGCT
GCCTGCCTGACG

Carp sequence TTGCACAGGCGAT
with a fragment ACAGC
of walleye C3

Rainbow trout
C3

AACTCGAAGCTGG ATACCTGGCAGT
GCAGAACATAC
GATGTCAACAG

Walleye C3
sequence

CTGATCCTGTACCT TTTCGGATGAA
GGACAAG
AAAATTTGGT

Walleye C3
sequence

CTTGGGGTGGAAG
AACTTGGT

C3 degenerate
primer

MTGSTKCCRTCSTT CARCCACTTGAS
CCGCWT
RGCRSTRC
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Product

(F/R)

Primer
Description

Forward Primer
Sequence

Reverse Primer
Sequence

C3 degenerate
primer

GTGMTCTGYASYG GMCTGTGTGGW
CYSTCAA
KCCRKAWCC

C3 degenerate
primer

Tm°C

Product

(F/R)
55.3/58.4

No

ARCCACTTGASR
GCRSTRC

56.6

No

VHSV PRR 67
kDa

TTTCCGGATTATGG
CAAATTGAACTGG
TGTTTAGCGCGAC
C

AAAGAACCGAC
CGCGAGCTTTG
TGCTGGAAATTA
AAGGCTATGATC
CGTTT

83.7/85.7

No

VHSV PRR 67
kDa

CAGGAAGATGCGG
CGCTGAACGGCAT
TGTGCCGCTGCTG
CAG

CAGGAAGATGC
GGCGCTGAACG
GCATTGTGCCGC
TGCTGCAG

94.2/94.2

3' RACE-PCR:
Same bands as
below

VHSV PRR 67
kDa

CGCAGCAGCCTGA CGCCATAACCTG
ACCATCGC
AGCAGCCGC

76.2/74.7

3' RACE-PCR:
MBL

VHSV PRR 67
kDa

GGCCTGAGCCCGG
ATTTGCGGGCTTTA
TGAGCGAACTGGA
T

GATCTGGAAAG
CATGTTTGGCGC
GTATGATCCGAG
CCTGGGC

87.7/88.8

3' RACE-PCR:
Same bands as
above

VHSV PRR 67
kDa

TTTGGCAGCACGT
GCATAGCCTGAGC
GTGGTGGTG

GTGGTGGTGAG
CCTGAGCCATGT
GAGCAGCAGCG
GCTTT

88.8/87.4

No

VHSV PRR 67
kDa

GCGACCGCGATGG AAAAGCGAAGT
ATACCGTGGAAAG GACCGATATGGC
CAAA
GACCGCG

82.9/82.1

No

VHSV PRR 34
kDa

AACCTGCTGAGCA CCGCTGCATCTG
AAAGCCTGGTGCC CCGGTGCTGAG
GCTGCATCTGCCG CAAAAGCCTGC
TGAAC

90.4/90

No

RT MBL

CTATATCTCACACA ACTTTGGGTCTC
CGATATAGG
TGTGTTC

54.5/56.5

No

RT MBL using
walleye codons

TGCCCGGACAGAC CGTCGGGGACC
CGAGGAG
TTGGGCTCT

74.2/73.7

No
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Figure 3.7 1% agarose gel image of PCR for walleye apolipoprotein. Lane A has an approximately
250 bp band for β-actin. Lane B is a negative amplification control. An approximately 550 bp band
in Lane C was identified to be walleye apolipoprotein.
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Figure 3.8 1% agarose gel image of 3' RACE-PCR for walleye VHSV PRR. Lane A has an
approximately 250 bp band for β-actin. Lane B is a negative amplification control. Lane C has an
approximately 700 bp band for walleye VHSV PRR, as well as fainter bands at 1100, 1000, 650
and 600 bp.
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Figure 3.9 Reverse translated nucleotide sequence alignment of Morone saxatilis apolipoprotein aligned with partial nucleotide sequences of
walleye apolipoprotein and reverse translated partial amino acid sequence. Walleye nucleotide sequences generated from reverse translated
partial amino acid sequences from walleye plasma protein eluted with EDTA from chitin binding assay and generated PCR product.
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Figure 3.10 Nucleotide sequence comparison of Oncorhynchus mykiss mannan-binding lectin H2 sequence from (Kania et al. 2010) aligned
with walleye partial nucleotide sequences. Walleye nucleotide sequences generated from reverse translated partial amino acid sequences from
VHSV-bound, EDTA-eluted walleye plasma protein and 3' RACE-PCR product. Non-overlapping portions of annotated rainbow trout MBL
H2 omitted (Kania et al. 2010).
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Table 3.3 Comparison of apolipoprotein nucleotide sequence from several teleosts, domestic mouse, human and chicken sequences to the
partial walleye sequence generated by PCR. Black boxes indicate identical sequences, white boxes highly dissimilar sequences and
increasing depth of gray shade indicates increasing moderate similarity. Sequence similarity given as a percentage of identical nucleotide
sequence.
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Table 3.4 Comparison of mannose-binding lectin nucleotide sequence from several fish species, domestic mouse, human and chicken
sequences to the partial walleye sequence generated by 3' RACE-PCR. Black boxes indicate identical sequences, white boxes highly
dissimilar sequences and increasing depth of gray shade indicates increasing moderate similarity. Sequence similarity given as a percentage
of identical nucleotide sequence.
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3.5 Discussion
This study confirmed that walleye have numerous soluble proteins that can bind to
an array of targets on potential pathogens such as Gram-negative bacteria, fungus,
metazoan parasites and RNA viruses. Many of the proteins were not highly similar to
published fish protein sequences. This was not surprising since walleye are evolutionarily
quite divergent from common teleost models such as salmonids and cypriformes (Li et
al. 2007) and teleosts are known to exhibit rapid rates of protein sequence evolution
(Ravi and Venkatest 2008).
Based on sequence homology to striped bass apolipoprotein A1, the 22 kDa F.
columnare-binding protein from walleye plasma is likely to be a walleye apolipoprotein.
This was confirmed by nucleotide sequence generated that has 65% similarity to reverse
translated apoliprotein nucleotide sequence from striped bass and 73 & 77% similarity to
our original amino acid sequences when reverse translated into nucleotide sequence (Figs
3.9 & Table 3.3). Our walleye apolipoprotein is rather more than typical compared to
other innate immune components such as lectins and cytokines, with sequence
similarities of 54-66% to the sequence in other teleosts. As would be expected, the more
related the fish are the more similar the apolipoprotein sequence. The cyprinids (common
carp, silver carp and doty barbel) and the perciformes (striped bass and walleye) are more
similar within their taxonomic group than outside it (Table 3.3). The walleye sequence
(and other fish sequences) are less similar to the mammalian and avian apolipoproteins
with only 32-45% sequence similarity. This is the first report of a walleye apolipoprotein
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partial protein and nucleotide sequence. Similar to bovine apolipoprotein A1
(Brownawell 1996) the 22 kDa protein may also undergo calcium-dependent binding as it
was eluted with EDTA. Apolipoprotein A1 was identified to be an acute phase protein in
Atlantic halibut (Hippoglossus hippoglossus) vaccinated with pathogenic bacteria (Park
et al. 2005). Apolipoprotein A1 from common carp (Concha et al. 2004), striped bass
(Johnston et al. 2008) and rainbow trout (Villarroel et al. 2007) also have bactericidal
activity at low concentrations in vitro. In common carp, apolipoprotein-high density
lipoprotein complexes are also produced as a component of surface mucus (Concha et al.
2003). Since the mucus-covered epithelial surface is a primary site of colonisation for F.
columnare, it is a significant finding that walleye apolipoprotein will bind F. columnare.
Identification of walleye apolipoprotein as a binding protein for F. columnare lends
support to teleost apolipoprotein A1 as a circulating pattern recognition receptor with a
role in defense against bacterial pathogens.
The 34 kDa partial amino acid sequences obtained from VHSV binding plasma
protein matched the collagenous region of rainbow trout intelectin (Table 3.1, E=4ex10-3).
The GenBank search did not have high similarity as the E value was relatively high.
These sequences were investigated further as described in 3.3.5, along with other partial
amino acid sequences from the bands of VHSV-binding plasma proteins. It was
surprising that both PAb 34 and PAb 67, raised to separate 34 and 67 kDa fragments,
identified similar molecular weight bands in WB of reduced whole plasma. This was the
basis for predicting that all the fragments identified at various molecular weights
identified by our antibodies were from a single protein. While there were differences
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observed between bands sequenced from the VHSV-Toyopearl eluate and those identified
on WB, this is likely due to the use of a broad range marker that was discovered in
hindsight to no longer be considered accurate on our SDS-PAGE gels that use bis-tris
acrylamide in their formulation.
It is probable, given the consistent findings of bands at 47 and 44 kDa, that they are
the bands sequenced from SDS-PAGE at approximately 37 and 34 kDa. This also may
explain the slightly different patterns between PAb 34 and PAb 67 between WBs of whole
plasma. Despite this uncertainty in molecular weight, the pattern of bands identified by
the two PAbs on WB was similar. This pattern of identification with PAb 34 was further
bolstered by the finding that a partially purified walleye protein bound to Sepharose had
the same sequence of bands except for the 44 kDa band. It is possible the missing 44 kDa
band was not in sufficient concentration in the Sepharose eluate as walleye MBL plasma
concentration is not known. The 34 and 37 kDa bands from the VHSV-Toyopearl column
were not identified by WB of whole plasma and Sepharose eluate and this is likely due to
inconsistencies in the molecular marker used to run the VHSV-Toyopearl eluate gel.
VHSV eluate gels were inconsistent even between two different gels (data not shown)
likely due to molecular weight marker error. The strongly consistent pattern of bands was
seen in multiple repetitions of WB, and multiple bands in reduced plasma SDS-PAGE
and WB are commonly identified with lectins.
Lectins are well known to be heterogeneous, with different molecular weight
isoforms occurring in plasma and with differences in ability to bind specific targets,
which may help explain the pattern of multiple bands seen with walleye MBL (Russell et
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al. 2008, Lu et al. 1990, Yokota et al. 1995). Other fish lectins are well known to have
many molecular weight bands identified in plasma by WB (Jensen et al. 1997, Ewart et
al. 1999). Human MBL occurs in two isoforms that differ not only in binding affinities
but in their ability to form multimeric assemblages (Hansen et al. 2000). Jackson et al.
(2007) gives evidence that different genes for MBL in zebrafish have different binding
affinities, which is a property that is consistent in defensive lectins even in invertebrates
and plants (Mishra et al 2004, Zento et al. 2000).
The nucleotide sequence generated by 3' RACE-PCR and the alignment of back
translated walleye VHSV-PRR amino acid sequence (Fig 3.10) demonstrates that a
mannose-binding lectin-like protein of walleye as a PRR for VHSV. Walleye MBL
nucleotide sequence is 44.7 % similar to rainbow trout MBL isoform H2 (Kania et al.
2010) and all the partial amino acid sequences generated from plasma protein bound to
the VHSV-Toyopearl column are 47-87% similar to the generated PCR product (Fig 3.10
& Table 3.4), confirming the suspicion that both our antibodies recognize the same
protein. Walleye MBL-like protein has 44.6% sequence homology to rainbow trout MBL
in the neck region, 45.5% similarity in the collagenous region and 41.7% similarity in the
CRD. Our walleye MBL-like protein has 10 EPN amino acid motifs present in the
collagenous domain, similar to the 13 found by Kania et al. (2010) in rainbow trout
MBLs. Table 3.4 gives the similarity of our walleye PCR product to other fish MBLs. As
would be expected, closely related cyprinid fish have more similar sequences, but overall
similarity even among related fish is lower than for apolipoprotein. Fish diversity evolves
rapidly, with an approximate 100 million years and a whole genome duplication event
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separating perciform fish from cyprinids and salmonids (Li et al. 2007). Additionally,
protein sequence evolves rapidly in fish due to multiple copies of each gene (Ravi &
Venkatest 2008). Indeed, Kania et al. (2000) found the CRD of the rainbow trout MBL
isoforms were only 22-48% similar to that of other fish, chickens and humans. This is
consistent with the 44.7 % similarity between our walleye MBL-like protein and RT
MBL isoform H2. Similarities to other tested fish are 32-36% similar. As Kania et al.
(2010) found with the rainbow trout MBL isoforms, our walleye MBL-like protein is
only 31-33% similar to mammalian and avian sequences. Zhang et al. (2011) describe
mannose-binding lectin of channel catfish and found that it had 30-43% identity with
MBL protein sequences of rainbow trout, zebrafish, common carp, and goldfish and 3035% similar to chicken, rat, mouse, domestic cattle and human sequences.
Walleye MBL-like protein has multiple bands in plasma at 80, 67, 57, 47, 44 and 27
kDa under reducing conditions (Fig 3.5). Other MBLs in teleosts have multiple isoforms,
such as in rainbow trout (Kania et al. 2010), common carp (Nakao et al. 2006) and
zebrafish (Jackson et al. 2007). Walleye MBL-like protein is likely to have multiple MBL
isoforms that could be capable of binding VHSV. MBL in mammals is well known to
bind to diverse viruses; it prevents replication of influenza A and prevents attachment of
HIV (Reading et al. 1997, Saifudden et al. 2000). Plasma MBL deficiencies in humans
predispose to high rates of viral and fungal infections (Kase et al. 1999). In domestic
chickens (Gallus gallus) MBL is protective against infection with the herpesvirus
infectious laryngotracheitis by activating the lectin pathway of complement and the
concentration of MBL upon infection is inversely related to antibody formation (Juul95

Madsen et al. 2003). Other fish MBL molecules have been reported to have a molecular
mass of 66 kDa (Ourth et al. 2007), similar to our consistent finding of 67 kDa bands
with both antibodies.
The 17 kDa chitin-binding protein is likely to be a walleye C3 but we could not
draw conclusions based on lack of nucleotide sequence. Our failure to amplify walleye
C3 nucleotide sequence is not necessarily indicative of failure to identify C3 by binding
assay. There were many steps in deciphering mass spectrometry data, reverse translating
into nucleotide sequence and primer design where error in sequence could cause a lack of
specific amplification of C3. In addition, the small amount of amino acid sequence
obtained precluded much choice in primer design, and a lack of matches to generated
PCR product made it difficult to refine primers further. In common carp, C3
predominantly activates the alternative pathway (Nakao et al.1989) and 8 different C3
isoforms have been identified in this species (Nakao et al. 2000). The C3-S isoform
differs in that it has serine residues in place of conserved catalytic histidine residues
common to other vertebrates and also undergoes non-catalysed thioester covalent
activation (Nakao et al. 2000). The presence of this atypical teleost C3 isoform may
indicate that walleye will have multiple isoforms as well, including one with the catalytic
histidine residues common to all other known vertebrates (Nakao et al. 2000).
Confirmation of C3 as a binding protein of walleye failed as no nucleotide sequence
could be generated to confirm this identity. This is likely due to multiple factors including
inaccuracies in amino acid sequence and therefore primer design, presence of multiple
isoforms and evolutionary divergence of walleye from other common teleosts. In
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mammals, chitin is known to increase plasma levels of C3 by activating the alternative
pathway (Minami et al. 1998) and this may also be true in walleye. As well, C3 isoforms
in sea bream (Sparus aurata) and rainbow trout have differential binding sensitivities
(Sunyer et al. 1998), supporting the possibility that multiple isoforms of complement
components may broaden pathogen recognition.
With the rapidly-increasing body of literature on fish innate immunity, the
importance and complexity of the fish innate immune system is becoming ever-apparent.
We identified two PRRs of walleye, apolipoprotein and MBL-like protein. Walleye MBLlike protein was further characterised by generation of two polyclonal rabbit antibodies
against the 34 and 67 kDa partial amino acid sequences, which lead to the finding it had
multiple molecular weight bands in plasma. While determination of the identity of all
partial amino acid sequences of putative walleye PRRs is beyond the scope of this thesis,
expansion of this work to further characterise some of these binding proteins of walleye
is necessary to better understand their tissue distribution and roles in innate defense.
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CHAPTER FOUR
WALLEYE MANNOSE-BINDING LECTIN-LIKE PROTEIN PLASMA
CONCENTRATION, BINDING AFFINITIES, ACUTE PHASE RESPONSE,
IMMUNOHISTOCHEMISTRY AND PURIFICATION

4.1 Abstract
Mannose-binding lectin (MBL)-like protein has been identified as a pattern recognition
receptor (PRR) of walleye that binds viral hemorrhagic septicemia virus (VHSV). As
only one other teleost lectin is known to bind VHSV this finding warranted further
investigation to characterise its role in infection. It was hypothesised that walleye MBLlike protein would be an acute phase reactant and that would vary in constitutive
expression between populations and age classes. It was predicted walleye MBL-like
protein would be able to bind different viruses and different VHSV strains with different
binding affinities, and that walleye MBL-like protein would be distributed in
immunologically relevant tissues. To fufill these predictions, a VHSV-walleye MBL-like
protein indirect ELISA was developed to confirm that two antibodies raised to partial
MBL amino acid sequence identified MBL-like protein bound to VHSV. After
confirmation of VHSV binding, a standard curve for MBL-like protein peptide was
generated and used to estimate plasma MBL-like protein concentration in adult and
juvenile walleye. Binding affinity of MBL was tested for multiple strains of VHSV and
different viruses found in Ontario, with significant differences in binding affinity between
VHSV strains and to other viruses (ANOVA, p<0.0001). MBL-like protein plasma
concentrations were measured in adult and juvenile walleye and determined to be
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approximately 7.5 ng/ml. Plasma concentration varied between northern and southern
walleye populations in the Great Lakes. MBL-like protein was increased in plasma in
naïve juvenile walleye infected with waterborne VHSV (107 pfu) and in sham-exposed
controls. The increases in plasma concentration were not significantly different between
treatments. Plasma concentration did not significantly increase in recovered walleye that
were reinfected with VHSV IP (107 pfu) compared to previously sham-infected fish
(Mann-Whitney U, p<0.00132). The rate of MBL-like protein increase was different
between waterborne and IP infected fish but not significantly different from each other.
Immunohistochemistry was performed on healthy walleye as well as fish infected with
VHSV and sampled at time points where plasma MBL-like protein levels were baseline,
peak and returning to baseline. Walleye MBL was widely distributed in epithelial
surfaces, including skin, oropharynx, gill and pseudobranch, gastrointestinal system,
nephrons within the renal kidney, connective tissue and germinal layers of gonad, as well
as in plasma. There was no difference in tissue expression between infected and shaminfected fish and MBL-like protein was not associated with VHSV lesions in infected
fish. Immunopurification of MBL was attempted through coupling rabbit anti-MBL PAb
to Toyopearl Amino 650M matrix and eluting protein bound from whole and reduced
walleye plasma with EDTA. Walleye MBL-like protein is capable of recognition of
ssRNA, dsRNA and dsDNA viruses, both enveloped and unenveloped. It is not a major
acute phase protein but investigation of tissue-specific forms would be of merit in
immune defense against a broad array of viruses in walleye.
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4.2 Introduction
In previous studies investigating putative pattern recognition receptors (PRRs) of
walleye (Sander vitreus) using plasma assays, it was discovered that mannose-binding
lectin (MBL)-like protein, a circulating lectin involved in innate immunity, was capable
of binding viral hemorrhagic septicemia virus (VHSV) (Chapter 3). MBL is known to be
extremely important in innate immunity with a syndrome of increased susceptibility to
fungal and viral diseases seen in MBL-deficient humans (Kase et al. 1999). MBL, like
other soluble defense lectins, recognises conserved polysaccharide pathogen-associated
molecular patterns (PAMPs) common to many pathogens through a carbohydrate
recognition domain (CRD) (Ip et al. 2009). More recently, MBL was demonstrated to
influence immune cell homeostasis and to recognise altered self antigens, leading to
autoimmune states with abnormal cell death and disease states that predispose to chronic
inflammation (Turner & Hamvas 2000, van Kooyk & Rabinovich 2008). Recent work
has shown MBL is not only a circulating PRR but also co-localises on the phagosome to
act as a co-receptor for TLR signaling and may mediate spatial coordination of the innate
immune response and further amplify and synchronise downstream innate immunity (Ip
et al. 2009).
In mammals, MBL circulates as oligomers. Tetramers to hexamers appear to be the
effective protein form that is capable of binding polysaccaride targets with high affinity
and complement activation, though dimers and trimers are also present in circulation (Lu
et al. 1990, Yokota et al. 1995). Different isoforms appear to have different abilities to
form higher molecular weight oligomers (Hansen et al. 2000). MBL in humans has been
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shown to bind an extraordinary range of bacteria, viruses and fungi through the CRD in
the presence of Ca2+ and undergo subsequent conformational changes that allow it to
interact with complement, TLRs and other downstream components (Neth et al. 2000, Ip
et al. 2008). MBL may also act as a direct opsonin for phagocytosis (Ogden et al. 2001).
In mice, MBL constitutive production is tightly regulated within an individual but may
increase 2-3 fold in the acute phase response (Hansen et al. 2000). In poultry, high
circulating levels of MBL are correlated with clinical protection against some viral and
bacterial agents ( Juul-Madsen et al. 2007, Norup et al. 2009). By contrast, high levels of
MBL in mice can increase mortality with infection models of specific diseases, such as
pandemic H1N1 and high pathogenicity H9N2 influenzas (Ling et al. 2012).
In fish, many MBL homologues have been identified but it is unknown if they
function in viral defense. Homologues have been identified in rainbow trout, common
carp, zebrafish, goldfish, shishamo smelt, Japanese eel and sea lamprey (Vitved et al.
2000, Tasumi et al. 2000, Zhang et al. 2000, Mistry et al. 2001, Fujiki et al. 2001,
Hosono et al. 2005, Endo et al. 2006, Ourth et al. 2008). Activity to date has only been
characterised by binding affinities of four MBL isoforms in zebrafish with differential
protection of MBL haplotypes to virulent Listonella anguillarum (Jackson et al. 2007).
Walleye MBL requires further characterisation for its biological significance as
information on antiviral lectin activity in fish is lacking. The first hypothesis of this
chapter was that MBL would be an acute phase reactant, with the objective determining
plasma levels of walleye MBL with infection and reinfection with VHSV. I also
hypothesised that constitutive expression may vary, with the objective of assaying plasma
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MBL-like protein levels from four walleye populations. It was also predicted that MBLlike protein would recognise an array of viruses, with the objective of testing multiple
viruses and strains of VHSV. The last hypothesis was that MBL would be distributed in
tissues as well, with the objectives of examining immunologically relevant tissues for
presence of MBL and examine tissue distribution changes during infection. A further
objective was immunopurification to further identify and characterise walleye MBL-like
protein and to have partially purified MBL-like protein for further assays.

4.3 Materials and Methods
4.3.1 Walleye Mannose-Binding Lectin Enzyme-Linked Immunosorbent Assays
Two ELISAs were devised to confirm binding of walleye MBL-like protein to
immobilised VHSV as detected by rabbit polyclonal antibodies (PAb) anti-MBL 34 and
67 kDa. The plasma concentration was estimated using a synthetic peptide derived from a
portion of the MBL-like protein 34 kDa and the rabbit PAb anti-MBL 34 kDa. All steps
were performed with gentle agitation at room temperature (RT) for 1 h unless otherwise
noted. All ELISA samples were replicated in quadruplicate on two plates. All washes
consisted of three changes of 300µl phosphate-buffered saline with 0.05% Tween-20
(PBS-T).
4.3.1.1 VHSV Enzyme-Linked Immunosorbent Assays
Polyclonal antibodies as well as purified (99.9%) synthetic peptide was ordered
from Pacific Immunology (Ramona, CA, USA). Sequence was chosen using the most
immunogenic of the amino acid fragments in Table 3.1. Antibody and synthetic peptide
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were manufactured to the 34 kDa amino acid fragment NLLSKSLVPLHLP (Table 3.1)
from MBL of walleye, with keyhole limpent hemocyanin conjugate coupled to a Cterminal cysteine residue to improve antigenicity. A second polyclonal antibody was
prepared to the 67 kDa fragment GLHLLIGDSRFQSAGK (Table 3.1) from MBL of
walleye (hereafter referred to anti-MBL 67 kDa antibody). Pre-immune serum was
collected before the rabbits were immunised to control for potentially pre-existing cross
reacting antibodies to walleye proteins.
Nunc Polysorp 96 well plates (ThermoScientific, Rochester, NY, USA) were coated
with 200 µl of a 1:500 dilution of glycerol-purified VHSV (2.3.1) in coating buffer (1.59
g NaCO3, 2.94 g NaHCO3 per L, pH 9.5) as per 2.3.2. This was allowed to incubate
overnight at 4 ºC. The next morning, wells were washed. 200 µl of 1:10 dilution of
dialysed walleye plasma in PBS-T was applied and incubated at RT. A similar volume of
PBS-T was added to negative control wells. The plate was then washed and 5% skim
milk powder w/v was mixed into PBS-T and 200 µl was used to block each well. Wells
were washed as above and 150 µl of a 1:2000 dilution of rabbit anti-MBL 34 or 67 kDa
PAb in 1% skim milk (w/v in PBS-T) were applied to the wells. After 1 h, wells were
washed and 150 µl of a 1:8000 dilution of horseradish peroxidase-conjugated goat antirabbit immunoglobulin (Dako Denmark, Glostrup, Denmark) in PBS-T with 1% skim
milk powder was applied as above. The plate was incubated and then washed three times
as above before peroxidase activity was detected with 1-Step Ultra TMB-ELISA (Pierce,
Rockford, IL, USA). After 3 min the reaction was stopped with 100 µl of 1 M H2SO4.
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Optical densities were read at 450 nm on the Ceres 900 EIA workstation (Bio-Tek
Instruments Inc., Winooski, VT, USA). Absorbance was corrected from blank wells.
4.3.1.2 MBL-like Protein Peptide Binding ELISA to Estimate Plasma Concentration
A protocol for estimating plasma concentration of a soluble protein was adapted
from Young et al. (2007.) To estimate plasma concentration, a standard curve was
generated with the 34 kDa peptide from Pacific Immunology as a proxy with known
concentration, as per Young et al. (2007). Three serial 10-fold 200µl dilutions of peptide
from 1, 3, 5, or 8x10-4g ml-1 to 1, 3, 5, or 8 x10-7g ml-1 in a 96 well Nunc Immunosorp
plate (ThermoScientific, Rochester, NY, USA) were used to generate the standard curve.
To estimate plasma concentration, quadruplicate 200 µl samples of a 1:10 dilution of
dialysed pooled walleye plasma in coating buffer were used and incubated at 4ºC. The
next morning wells were washed. 300 µl of a solution of 5% skim milk powder in PBS-T
was added and incubated to block. Wells were washed and 200 µl of a 1:2000 dilution of
anti-MBL 34 kDa PAb in 1% skim milk powder in PBS-T was added to each well and
allowed to incubate. Wells were washed and 200 µl of a 1:2000 dilution of horseradish
peroxidase-conjugated goat anti-rabbit immunoglobulin (Dako Denmark, Glostrup,
Denmark) in PBS-T with 1% skim milk powder was applied as above. After 1 hr, wells
were washed and 150 µl of 1-Step Ultra TMB-ELISA (Pierce, Rockford, IL, USA) was
added to detect peroxidase activity. After 3 min the reaction was stopped with 100 µl of 1
M H2SO4. Optical densities were read at 450 nm on the Ceres 900 EIA workstation (BioTek Instruments Inc., Winooski, VT, USA). Absorbance was corrected from blank wells.
For the standard curve, absorbance was plotted against peptide concentration and a model
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was fit to describe the relationship using ZunZun Online Curve Fitting (zunzun.com//).
The equation was solved for the peptide concentration and used to determine the plasma
protein concentration of MBL.
To determine if there was a difference between plasma concentrations in males,
females and unsexed juveniles, plasma was collected from adult female walleye (n=5)
and adult male (n=3) walleye bled by terminal exsanguination from gill arches from a
spawning run at Bluejay Creek OMNR Fish Station, Tehkummah, ON, Canada in April
2010. Juveniles from the same location from the 2009 spawning run were housed at the
Hagen Aqualab at the University of Guelph, Guelph, ON, Canada at the same time. These
were bled for plasma by terminal caudal venipuncture and samples were pooled, due to
small body size (n=6).
To test for differences in plasma MBL-like protein concentration between
populations, juvenile walleye were obtained in 2010 from two different Canadian
populations and two different American populations, all within the Great Lakes walleye
metapopulation. Canadian strains were from Bluejay Creek OMNR station (Bluejay
Creek strain) and White Lake OMNR station, Sharbot Lake, ON (White Lake strain).
American walleye were from Little Bay de Noc, Lake Michigan, Inter-tribal Fisheries
and Assessment Program (Sault strain) and Big Bay de Noc, Lake Michigan, Michigan
Department of Natural Resources (Escanaba strain). All juveniles had plasma collected
as described above and pooled with 2-3 fish in a single sample for ELISA due to small
body size.
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4.3.1.3 MBL-like Protein Binding Affinity to Multiple Viruses and Strains of VHSV
To determine if there was a difference in MBL-like protein binding affinity to
different viruses, the clinical VHSV freshwater drum isolate (CEFAS strain U13653) was
compared against several other clinical VHSV isolates from largemouth bass (LMB)
(Micropterus salmoides) (CEFAS strain 5579), smallmouth bass (SMB) (Micropterus
dolomieu) (CEFAS strain 5464), bluegill (Lepomis macrochirus) (CEFAS strain 5469), a
subclinical isolation by the Fish Health Laboratory of an untyped aquareovirus from
Chinook salmon (Oncorhynchus tshawytscha), the iridoviruses frog virus 3 (FV3) (stock
#061405) and spotted salamander virus (SsMV) (stock #61199), spring viremia of carp
virus (SVCV) from common carp in Ontario (CEFAS strain EF194065), and the VHSV
drum isolate passaged through walleye cell line WECF11f . All viruses were cultured in
epithelioma papulosum cyprini line (EPC) cells (ATCC CRL-2872) as described in 2.3.1,
except VHSV freshwater drum in WECF11f, at their optimal temperature (15ºC for
VHSV, 22ºC for aquareovirus and SVCV, 24ºC for wild type FV3 and SsMV). All
viruses were cultured at a low passage number, purified and concentrated on a glycerol
cushion as described in 2.3.1. Plaque assays for each cultured virus were conducted in 48
well plates with 1% methyl cellulose (Invitrogen) in MEM overlays until plaques were
visible and then stained with 0.1% crystal violet (Fisher Scientific) in 10% neutralbuffered formalin. As all viruses had different titres by plaque assay so plaque forming
units (pfu) were diluted to be the equivalent to a 1:500 dilution of glycerol cushionpurified VHSV, which has an approximate titre of 5x1010 after glycerol cushion
centrifugation. Before glycerol cushion purification, VHSV LMB had a titre of 5.8x108,
VHSV SMB had a titre of 3.8x108, VHSV bluegill had a titre of 4x107, SVCV had a titre
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of 2.3x108, FV3 had a titre of 2.3x107 and SsMV had a titre of 4.9x107 by plaque assay;
the VHSV drum isolate passaged through WECF11f had a titre of 3 x 109 by TCID50 . The
VHSV-binding ELISA was adapted, coating each individual virus strain or species to the
plate and then incubated with plasma as described in 2.3.2.
4.3.2 Viral Hemorrhagic Septicemia Virus Infection and Reinfection Trial
Juvenile Lake Ontario walleye were obtained from the Ontario Ministry of Natural
Resources. Walleye were held in a recirculation system in the Hagen Aqualab at the
University of Guelph at 11 °C and fed commercial trout pellets. Ten fish were confirmed
virus negative by virus isolation on EPC, rainbow trout gonad (RTG-2) and chinook
salmon embryo (CHSE-214) cell lines (Fish Health Laboratory, University of Guelph)
prior to infection. Five hundred and forty juvenile walleye were randomly sorted into
fifteen 60 L round flow through tanks with water turnover at 2 L/min at 12°C, with 12 h
light, 12 h dark and allowed to acclimate for 5 d. Ten tanks were randomly assigned to be
waterborne infected and five were designated sham-infected controls.
Low-passage VHSV was grown at 15 °C in EPC cells from a clinical isolate from
Lake Ontario drum in 2005 (CEFAS strain U13653) as described in 2.3.1. Cells were
harvested when complete CPE were noted and the supernatant was centrifuged to remove
the cell pellet. Plaque assay as per 4.2.1.3 determined the viral titre to be 5.8x108. Cellfree supernatant was stored at -80 °C until use. In the initial waterborne infection trial,
walleye were incubated at 12°C in 6 L of 107 pfu VHSV or the equivalent volume of
sterile cell culture medium for control fish for 2 h before being returned to tanks. For all
trials, tanks were monitored three times daily for dead or moribund fish. Walleye with
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clinical VHSV had a reduced fright response with visible lesions that included moderatesevere exophthalmia, petechial hemorrhages involving fins, coelomic enlargement, loss
of righting ability, pallor or darkening, and excess mucous production.
Fish were sampled at 0, 3, 12, 24, 36, 48, 72, 96, 168, 264 & 366 h post infection
(PI) as well as at 3 and 7 weeks for virus isolation. Plasma was collected and frozen at
-20°C. Gill, liver, head kidney and spleen samples were collected at in RNAlater (7.44 g
EDTA, 5.88 g sodium citrate, 700 g ammonium sulfate and 935 mL DEPC water, pH 5.2)
and incubated for 24 h at RT before storage at -80°C. Whole fish were opened along the
ventral coelom and fixed in 10% formalin. Plasma ELISAs as described in 4.3.1.2 were
used to measure plasma concentrations of MBL at the start and throughout the IP
infection trial. Fish were monitored for virus shedding for seven weeks p.i. using
waterborne shedding cell culture assays from Hershberger et al. (2010). Briefly, tank
water was filtered through a 0.45µm syringe filter into an equal volume of 2xMEM with
40% FBS and then immediately overlain on EPC cells in plaque assays until CPE was
noted and wells were stained. When tank water was no longer positive by plaque assay,
two sham-exposed control fish and three infected fish were euthanised at the seven week
time point. The fish collected at seven weeks, as well as four control fish and four
euthanised VHSV exposed fish collected at seven d, were sent for virus isolation.
VHSV-exposed and sham-exposed fish were negative by virus isolation at seven
weeks and treatment groups were pooled into two large groups in 600 L circular tanks
under the same conditions and held for five months before reinfection (trial 2). Fish were
then divided into four groups of 30 previously exposed fish and 2 groups of 30 previously
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sham-infected controls in six 60 L round tanks with waterflow at 2 L/min at 12 °C. Fish
were lightly anaesthetised with benzocaine and were IP injected with 107 pfu VHSV.
Tissue, plasma and whole fish samples as above were collected at 0, 3, 24, 48, 72, 84, 96,
108, 168, 216, 264 & 336 h post infection. Plasma ELISAs as described in 4.3.1.2 were
used to measure plasma concentrations of MBL at the start and throughout the IP
infection trial. Mortality was corrected in all trials as per Martin, Meek & Willeberg
(1987)
[total mortality / (initial number at risk - half withdrawls)] x100

4.3.3 Immunohistochemistry
IHC was conducted using the rabbit anti-MBL 34 and 67 kDa PAbs described above
and a Histostain-Sp kit for rabbit primary antibody (Invitrogen, Burlington, ON, Canada)
according to manufacturer's protocol. After deparaffinization tissue sections were
irradiated in 0.1 M citric acid by microwave for 5 min and incubated in a humidified
chamber at RT for several min to cool (Evensen & Olesen 1997). Sections were washed
three times in PBS for 2 min and overlaid with blocking solution for 10 min followed by
anti-MBL 34kDa PAb diluted at 1:2000 in phosphate-buffered saline (PBS) for 1 h. The
same dilution of pre-immune rabbit serum or PBS were used as negative controls.
Briefly, sections were washed three times with PBS for 2 min and then incubated with
biotinylated goat anti-rabbit IgG for 30 min. After washing, a streptavidin–peroxidase
conjugate was added to each section for 10 min, sections were washed again and 3amino- 9-ethylcarbazole (AEC) chromagen was added for 10 min. All tissues were rinsed
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in distilled water and counterstained with Mayer's haematoxylin for 5 min. The protocol
was repeated for tissue sections stained with the polyclonal anti-MBL 67kDa antibody.
IHC was conducted to determine normal tissue expression in healthy walleye as well as
during trials to determine if tissue expression changed in infected fish compared to
control fish sampled at the same time point.

4.3.4 Purification of Walleye MBL-like Protein
Purification of walleye MBL-like protein was attempted to allow for further assays,
including carbohydrate inhibition and confirmation of antibody specificity. To
accomplish this, 25 ml of Toyopearl AF Amino 650M resin (Tosoh Biosciences LLC,
Montgomery, PA, USA) was coupled with rabbit serum containing polyclonal anti-MBL
34 kDa antibody according to manufacter's directions. Briefly, the gel resin was washed
according to manufacturer's directions and then mixed with 30 mg N-ethyl-N'-(3dimethyl amino propyl) carbodiiamide hydrochloride and 10 mg plasma protein per ml of
gel in TNE buffer all in 1M NaCl (pH 5.5) and incubated with gentle agitation at RT for
48 h. After incubation, the gel suspension was washed gently with 1M NaCl to remove
unreacted ligand. As a control, a separate suspension of gel resin was treated as above but
with the addition of pre-immune rabbit plasma, which lacks antibody to walleye MBLlike protein 34kDa peptide. Both preparations were blocked according to manufacturer's
directions with 0.2 M sodium acetate and 0.2 M acetic anhydride, washed with TBSCa2+
and packed according to manufacturer's directions into two 16 ml columns with TBSCa2+
utilising peristaltic pumps (Peristaltic Pump P1, GE Healthcare, Mississauga, ON,
Canada) for 24 h. Dialysed plasma diluted in two volumes of TBSCa2+ was passed twice
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through the column, washed in approximately 6 L of TBSCa2+ until wash aliquots did not
contain detectable protein using a Nanodrop 2000 spectrophotometer (Fisher Scientific)
protein A280 nm setting. Then 40 ml of a 300 mM EDTA solution was used to elute
protein bound to the column with conjugated rabbit polyclonal anti-MBL 34 kDa
antibody. Eluate was collected and pooled for SDS-PAGE and WBs. As the initial assay
indicated that walleye plasma bound the Toyopearl matrix, it was repeated as previously
described except that the walleye plasma was reduced using 50 mM dithiothreitol (DTT)
with heating at 100 ºC for 30 min. Dialysis in four daily changes of 4 L of TBSCa2+ was
then performed to ensure the DTT was removed before the reduced plasma was filtered
(0.45 um) and then applied to the column as previously described. With unreduced
plasma, concentrated eluate from the antibody-coupled column was 0.133 mg/ml and the
control column had 0.106 mg/ml. With the reduced plasma, concentrated eluate from the
antibody-coupled column was 0.076 mg/ml and the control column had 0.0001 mg/ml. 10
μl of eluate was run on 12.5% acrylamide gel as previously described to visualise protein
bands and WB.

4.3.5 Statistical Methods
GraphPad Prism 5 was used as statistical software. Means, confidence intervals,
coefficient of variation and degrees of freedom were calculated for all data collected.
Coefficient of variation was used to exclude abberant ELISA readings. Due to small
sample sizes, all data was assessed with a Kolmgorov-Smirnov Test with a DallalWilkinson-Lilliefor p value (Neal 1996). For two group comparisons, a paired T test was
performed for parametric data or Mann-Whitney U tests for nonparametric data (Weiß
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2005). When more than two groups were compared, data was assessed with a KruskalWallis test with a post hoc Dunn's multiple comparison test as most data was
nonparametric (Weiß 2005). Comparisons of multiple parametric groups used a one-way
ANOVA and post hoc Tukey's multiple comparison test (Miller 1997, Altman 1991). X2
tests were used to test differences in mortality during infection trials (Kenney & Keeping
1951).

4.4 Results
4.4.1 MBL-like Protein-VHSV binding by Indirect ELISA
Walleye MBL-like protein significantly bound VHSV as measured by our indirect
ELISA described in 4.3.1.1. With the rabbit anti-MBL 34 kDa antibody, the mean
absorbance and standard deviation was 0.8294 ± 0.01499. This was significantly different
from background (Mann-Whitney U, p<0.0003). With the rabbit anti-MBL 67 kDa
antibody, the mean absorbance and standard deviation was 0.3801 ± 0.03077. This was
significantly different from background (Mann-Whitney U, p<0.0001).
4.4.2 Mean plasma concentration of MBL-like Protein
Mean and standard deviation was calculated for the MBL-like protein peptide and
plasma ELISA and coefficient of variation was used to exclude aberrant ELISA readings.
A standard curve was generated as described by the equation (Fig 4.1) and solved for
peptide concentration to estimate the plasma MBL-like protein concentration of walleye:
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Plasma concentration (ng/ml) = y = [( -0.76622315476843328 + 161.08002236919305*x
+ -7968.2438997395229*x2) / (1.0 + 81.687458106581943*x +
-26196.803443368684*x2) + 0.83340413103143329] * 1000
In this function, y is absorbance as read from the ELISA and x is peptide concentration in
a plasma sample. Mean plasma concentrations of MBL-like protein from Blue Jay Creek
walleye were determined to be 7.5 ng/ml females, 7.5 ng/ml for males and 7.5 ng/ml for
juveniles, which were not significantly different from each other (Mann-Whitney U,
p=0.668). For population differences, the mean plasma MBL concentration was
determined to be 7.4 ng/ml from Blue Jay Creek, 7.5 ng/ml from White Lake, 7.8 ng/ml
from Escanaba and 7.7 ng/ml from Sault. Comparing populations, there was a significant
difference between strains (Kruskal-Wallis, p<0.001). All strains were significantly
different from each other in pairwise comparison (Dunn's p<0.05) with the exception of
White Lake and Sault and Escanaba and Sault, but American strains had significantly
higher plasma MBL levels than Canadian strains (Dunn's, p<0.05). Bluejay Creek
juvenile walleye did not have a significant difference in plasma MBL level between 2009
and 2010 hatch years (Mann-Whitney U, p=0.7).
4.4.3 MBL-like Protein Binding to Multiple Viruses by Indirect ELISA
There was a significant difference in binding affinity of MBL-like protein to all
viruses (ANOVA, p<0.0001) tested. Mean absorbance and standard deviation for each
virus tested in the ELISA was: VHSV drum 0.1570±0.02411; VHSV LMB
0.1423±0.02295; VHSV SMB 0.1029±0.01205; VHSV bluegill 0.1113±0.007536; VHSV
walleye 0.02586±0.004488; aquareovirus 0.0300±0.006908; FV3 0.1234±0.02386;
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SsMV 0.0880±0.01207; SVCV 0.07086±0.01640. Results of the Tukey's multiple
comparison test are given in Table 4.1. MBL had significantly different binding affinities
between VHSV drum and VHSV smallmouth bass, bluegill, walleye-passaged, FV3,
SsMV, and SVCV. All comparisons were significantly different from each other by
Tukey's (p<0.05) except for affinities between VHSV drum and VHSV LMB, VHSV
LMB and FV3, VHSV SMB and VHSV bluegill, VHSV SMB and FV3 or SsMV, VHSV
bluegill and FV3 and SsMV, VHSV walleye-passaged and SsMV, and SVCV and SsMV.
4.4.4 Waterborne and Injection VHSV Infection and Reinfection Trial
Walleye were successfully infected with VHSV by waterborne and IP routes. Fish
infected via waterborne exposure and IP injection that died during the first three weeks of
trials 1 and 2 with clinical signs (Figs 4.2 & 4.3) were confirmed to be VHSV positive by
virus isolation from pooled tissues (Fish Health Laboratory, University of Guelph).
VHSV was isolated from mixed tissues at 1/50 and 1/100 dilutions on EPC and CHSE214 cell lines. All sham-infected control fish were confirmed to be VHSV negative. All
infected fish that died had grossly visible ascites. Fish from the IP infection had more
severe signs of hemorrhage in viscera, muscle and serosa along with bilateral
exophthalmia and scleral hemorrhage. Histopathology revealed typical signs of VHSV
infection; hemorrhage in spleen, liver, kidney and the retrobulbar parenchyma were most
common lesion but other lesions were variably present including mild multifocal
myocardial necrosis, gill hemorrhage and multiorgan vasculitis (Fig 4.4).
In the waterborne infection trial (trial 1), mortality (1.3%) of waterborne infected
fish was not significantly different than controls at (0%; X2, p<0.001) (Fig 4.5).
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Mortality began on d 14 and ending d 30 p.i. In trial 2 (IP reinfection), previously
exposed fish had 4.74% mortality while previously sham-infected and now VHSV IP
infected fish had 32.5% mortality (X2, p<0.001) (Fig 4.5). Mortality began on d 6 and
ceased on d 24 p.i.
For trial 1, the tank water plaque assay described by Hershberger et al. (2010) was
used to calculate virus shedding by fish from the equation
Shedding rate = (waterborne virus titre × flow rate) / fish count
At four weeks virus shedding was determined to be 3.4x103 (pfu fish–1d–1) in waterborne
exposed fish though there had been no mortality in any treatment tanks for 7 d. At seven
weeks virus shedding was not detectable by cell culture of tank water in either infected
or control fish.
Plasma concentration of MBL-like protein was significantly increased over baseline
both in sham- and VHSV waterborne exposed fish (Fig 4.5), but were not significantly
different from each other (Mann-Whitney U, p>0.7). The peak MBL-like protein plasma
concentration occurred at 3 d p.i. at 7.8 ng/ml at for infected fish and 4 d p.i. at 8.9 ng/ml
for sham-infected fish, before declining to pre-trial levels at d 11. MBL-like protein
plasma concentration then declined slightly below baseline at 14 d to 7.1 ng/ml in
infected fish and 7.2 ng/ml in sham-infected fish (Fig 4.6).
In the IP reinfection trial (trial 2), fish previously exposed to VHSV did not have a
significant change in MBL-like protein plasma levels when injected with a high titre of
virus. Both groups of fish had plasma MBL-like protein levels of 7.2 ng/ml pre-infection
(Fig 4.7). After infection, previously uninfected fish had increased plasma MBL-like
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protein but this time the plasma concentration trends upwards slowly and is still elevated
at the end of 14 d (Fig 4.7). Plasma MBL-like protein concentration was significantly
higher after 9 d p.i. 8.4 ng/ml (Mann-Whitney U, p<0.00122) and at 14 d p.i. 8.7 ng/ml
(Mann-Whitney U, p<0.0013) in previously uninfected fish than reinfected fish, who did
not have a statistically significant alteration in plasma concentration (Fig 4.7).
4.4.5 Immunhistochemistry of Walleye Tissues
IHC was performed on tissue sections from healthy walleye and on infected and
control trial fish. Immunopositive tissues had a red stain over background blue tissue
stain. Similar immunopositive tissues were seen with both anti-MBL 34 kDa and antiMBL 67 kDa. When fixed tissues were autolytic or paraffin-embedded slides were over
one year of age, degeneration of binding quality was observed with some nuclear,
nervous, collagen and muscle positive staining. Otherwise for both anti-MBL 34 kDa and
67 kDa antibodies the following tissues were negative for MBL immunostaining in both
infected and uninfected tissues : brain, eye, cartilage, bone, scales, muscle, fascia, liver,
head kidney parenchyma, erythrocytes, leukocytes, splenic parenchyma, swim bladder,
mesentery, pancreas, heart. The following tissues were positive for MBL immunostaining
with both antibodies in both infected and uninfected tissues: epidermis, gill epithelium,
pseudobranchial epithelium, oropharyngeal epithelium, gastric and intestinal epithelium,
ovary, testis, renal tubules and glomeruli and the nares. Connective tissue was only
strongly positive in the gonads and was lightly and occasionally positive in other tissues.
Renal interstitium was occasionally lightly positive. With anti-MBL 67 kDa antibody
alone, sections of plasma in blood vessels were positive. There was no difference in
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intensity of immunopositive straining between the two antibodies against walleye MBL.
All pre-immune serum and PBS treated slides were negative for both anti-MBL-like
protein antibodies. IHC was also performed on whole blood smears and no leukocytes,
thrombocytes or erythrocytes were immunopositive for MBL with either PAb.
4.4.5.1 Epidermis
All stratified squamous epithelial cells in the cutaneous epidermis had finely
stippled to granular immunopositive staining MBL-like protein that was generally more
intense at the at the apical surface (Fig 4.8). Goblet cells and melanomacrophages in skin
sections were immunonegative for MBL-like protein. In thinner areas of skin the whole
epidermis was uniformly positive while in thicker areas the apical surface was
preferentially stained. Connective tissue was lightly positive.
4.4.5.2 Gill epithelium
All gill epithelial cells were moderate to intensely immunopositive for MBL-like
protein antigen. In the thin, flat epithelial cells and the pillar cells of the lamellae, MBLlike protein antigen staining was intense and uniform (Fig 4.9). In the larger epithelial
cells covering the filament, MBL-like protein antigen staining was more moderate and
finely stippled (Fig 4.9). No chloride, mucus or cartilage cells were immunopositive for
MBL (Fig 4.9). When PAb 67 was used, plasma was immunopositive for MBL-like
proteinin the branchial vasculature.
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4.4.5.3 Pseudobranchial epithelium
Similar to the gill epithelium, the cytoplasm of the pseudobranchial epithelial cells
were uniformly moderately immunopositive for MBL-like protein in a finely stippled
pattern (Fig 4.10). The cartilage was immunonegative (Fig 4.10).
4.4.5.4 Oropharyngeal epithelium
Consistent with external epidermal surfaces, the oropharyngeal stratified
squamous epithelial cells were immunopositive for MBL-like protein. There was intense,
uniform staining of the apical squamous epithelium, and more moderate finely stippled
staining of the basal aspect and lightly in the mucosa (Fig 4.11). No goblet cells were
stained and all structures associated with teeth were not stained (Fig 4.11). MBL-like
protein antigen staining extends from the most rostral aspect of the oral cavity back to the
esophagus and was continuous with the staining of the gastrointestinal tract.
4.4.5.5 Gastric and Intestinal Epithelium
The gastric and intestinal columnar epithelium had moderate to strong finely
stippled immunopositive staining of all sections examined for MBL-like protein.
Generally staining was most intense at the lumenal aspect with more moderate staining
towards the basal aspect of the epithelium (Fig. 4.12). The staining was uniform from the
tips of the epithelial folds to the bases. The submucosa and connective tissue were
occasionally lightly immunopositive with a finely stippled pattern. The gastric glands
were lightly immunopositive. The goblet cells were not immunopositive (Fig 4.12).
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4.4.5.6 Ovary
The mesovarium and germinal epithelium were immunopositive for MBL-like
protein. The connective tissue of the mesovarium had uniform moderate staining,
whereas the germinal epithelium was only occasionally lightly stained in a finely stippled
pattern (Fig 4.15). The oocytes in any developmental stage(s) were not positive for MBLlike protein antigen. In females, this was the only tissue with strongly immunopositive
connective tissue. Smooth muscle and vascular endothelium were immunonegative for
MBL-like protein. This pattern was seen in juvenile walleye with immature ovaries as
well as in sexually mature non-breeding female walleye.
4.4.5.7 Testis
The connective tissue of the tunica albuginea was moderately immunopositive and
the germinal epithelium was occasionally lightly immunopositive for MBL-like protein in
a finely stippled pattern (Fig 4.13). In males, this was the only tissue in which connective
tissue was strongly immunopositive for MBL-like protein antigen. Smooth muscle and
vascular endothelium were not stained (Fig 4.13). The spermatogonia and spermatocytes
were immunonegative for MBL-like protein antigen although connective tissue and
intravascular plasma between spermatic cords were immunopositive (Fig 4.13) This
pattern was seen in juvenile walleye with immature, non-sperm producing testis as well
as in sexually mature non-breeding males.
4.4.5.8 Renal Tubular and Glomerular Epithelium
All epithelial surfaces in the nephron were immunopositive for MBL-like protein,
although this is much more pronounced in the posterior kidney than in the anterior kidney
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due to nephron distribution within the kidney. The parenchyma of the head kidney was
not stained. MBL-like protein antigen is present in the tubular epithelium in a
predominantly finely stippled pattern, although sometimes moderately granular staining
was also seen (Fig 4.14). Larger collecting ducts exhibited the same staining pattern.
Degenerate or autolytic tubules sometimes had nuclear staining and the cellular
condensation of degenerate tubules appears to concentrate the MBL-like protein antigen,
resulting in an intense and more uniform stain (Fig 4.14). The glomeruli were also
positive for MBL antigen (not shown), with moderate staining seen in the apical surface
of visceral epithelial cells and only light stippling of the remaining epithelial cells. All
renal interstitial cells and capillary endothelial surfaces were immunonegative (Fig 4.14).
4.4.5.9 Intravascular Plasma
Plasma staining for MBL-like protein antigen was only observed with anti-MBL
67 kDa antibody, and only in sections where plasma was evident inside vasculature.
These vessels were observed sporadically in the dermis of the oral cavity, in head kidney,
in hepatic, gonadal, branchial and intestinal serosal vessels. Plasma was moderately to
strongly positive for MBL-like protein antigen with an irregular finely stippled to
moderately granular pattern (Fig 4.15). Leukocytes, thrombocytes, eythrocytes or the
vacular endothelium were immunonegative (Fig 4.15).
4.4.5.10 Tissue Differences between VHSV-Infected and Sham-Infected Walleye
Samples were taken over the course of VHSV infection to see if the changes in
plasma concentration had a corresponding change in tissue concentration. Sections of
walleye were examined pre-infection (0 d), three and four d after infection when peak
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plasma concentrations were detected and at seven d when plasma concentration returned
to the same level as pre-infection. While all tissues described above were immunopositive
for MBL antigen throughout the time series, there was no detected difference between
infected and uninfected walleye in terms of staining intensity or distribution with either
antibody. There was also no detected difference throughout the sampling times over the
course of infection and reinfection. While VHSV lesions in infected walleye were
typically mild, no staining for MBL-like protein antigen was detected in the lesions
attributable to VHSV, such as those in the myocardium or in vessel endothelium. No
tissues described as immunonegative for MBL antigen became immunopositive through
the times tested.
4.4.5.11 Purification of Walleye Mannose-Binding Lectin-like Protein
Three attempts were made to purify walleye MBL-like protein using an PAb 34coupled Toyopearl column in comparison to a control column coupled with pre-immune
rabbit plasma. After whole walleye plasma was applied to the column, eluted bands
included a prominent 67 kDa band and faint bands at 158, 130, 97, 90, 80, 57, 47 and 27
kDa (not shown). Identical bands were identified in the eluate from the control column.
As bands higher than 80 were not identified in prior WBs of reduced walleye plasma, it is
unknown if these higher molecular weight bands were truly MBL-like protein or crossreacting plasma proteins that had not been identified in previous whole plasma
preparations. On WB 80, 67, 57, 47, 44 and 27 kDa bands were noted in both antibodycoupled and control Toyopearl columns (not shown). As the columns were washed
thoroughly until no detectable protein was found in the wash waste, at least part of the
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MBL-like protein eluted must have come from MBL-like protein bound to the Toyopearl
matrix. That was the rationale for repeating the assay twice with reduced plasma, as the
rabbit anti-MBL PAb also recognised bands in reduced plasma on WB. Two bands noted
at 67 and 27 kDa were prominent in the antibody-coupled Toyopearl column eluate (Fig
4.16, A). The 67 and 27 kDa bands were weakly evident in the control Toyopearl column
using SDS-PAGE (Fig 4.16, C). Only the 67 kDa band was present on WB in both PAb
34-coupled and control Toyopearl columns (Fig 4.16, B & D).
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Table 4.1. Results of comparison of binding efficiency of walleye MBL-like protein to different
strains of VHSV and different viruses. Binding affinity is compared using a Tukey's multiple
comparison test. Means difference is given. * indicates significant difference in binding affinity
(p<0.05)

VHSV

VHSV

VHSV

VHSV

VHSV

VHSV

aquareo- wtFV3

drum

LMB

SMB

bluegill

walleye

virus

0.014710 0.05413* 0.0458*

0.1311*

0.1270*

0.03363* 0.06900* 0.08614*

0.03104* 0.1164*

0.1123*

0.01891* 0.05429* 0.07143*

X

SsMV

SVCV

drum
VHSV

0.014710

X

0.0394*

LMB
VHSV

0.05413* 0.0394*

X

-0.00838 0.07702* 0.07288* -0.02050 0.014880 0.03202*

SMB
VHSV

0.0458*

0.03104* -0.00838

X

0.08539* 0.08125* -0.01213 0.023250 0.04039*

0.1311*

0.1164*

0.07702* 0.08539*

aquareo- 0.1270*

0.1123*

0.07288* 0.08125* -0.00414

bluegill
VHSV

X

-0.00414 -0.09752 -0.0621* -0.0450*

walleye
X

-0.0934* -0.0580* 0.04086*

virus
wtFV3

0.03363* 0.01891* -0.02050 -0.01213 -0.09752 -0.0934*

SsMV

0.06900* 0.05429* 0.014880 0.023250 -0.0621* -0.0580* 0.03538*

SVCV

0.08614* 0.07143* 0.03202* 0.04039* -0.0450* 0.04086* 0.05252* 0.017140
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X

0.03538* 0.05252*

X

0.017140

X

Figure 4.1 Standard curve generated from a synthetic peptide from walleye 34 kDa amino acid
fragment and rabbit anti-MBL 34 kDa PAb. Plasma concentration (ng/ml) = y = [(
-0.76622315476843328 + 161.08002236919305*x + -7968.2438997395229*x2) / (1.0 +
81.687458106581943*x -26196.803443368684*x2) + 0.83340413103143329] * 1000, where x is
the peptide concentration in μg/ml and y is absorbance from the ELISA.
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Figure 4.2 Ascites and mild hemorrhage in a waterborne VHSV infected (107 pfu) walleye 11 d
p.i. The clinical presentation of fish that died in trial 1 was quite subtle with mild serosanguinous
ascites and lack of significant hemorrhage.
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Figure 4.3 An IP VHSV infected (107 pfu) walleye at 8 d p.i. with severe bilateral hemorrhagic
exophthalmia, serosanguinous ascites and multifocal hemorrhage. The fish that died in trial 2 had
clinical signs consistent with VHS including severe serosanguinous ascites, severe retrobulbar
hemorrhage and petechial hemorrhages in the serosa, muscle and viscera.
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Figure 4.4 An IP VHSV infected (107 pfu) walleye at 8 d p.i. with severe multifocal to coalescing
splenic hemorrhage. There is some scattered necrosis of leukocytes. Hemorrhage disrupts the
normal architecture of the spleen. Multi-organ hemorrhage was the most common
histopathological sign seen in infected fish.
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Figure 4.5 Mortality curves for waterborne exposed and IP 107 VHSV walleye. 'A' Trial 1
Waterborne VHSV infection (107 pfu). Mortality was extremely low in waterborne VHSV infected
fish (1.3%) and was not significantly different from sham-infected fish (X2, p>0.05). Mortality
ceased by 32 d p.i. 'B' Trial 2 IP VHSV infection (107 pfu). Previously unexposed control fish had
a high mortality rate (32.5%) by 26 d p.i. that was significantly different from fish that were
previously waterborne exposed to VHSV (4.74%) (X2, p<0.001). Mortality ceased on d 27 p.i.
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Figure 4.6 Trial 1: plasma concentrations of MBL-like protein in waterborne VHSV
exposed (107 pfu) naïve walleye and sham-exposed walleye. In trial 1, peak plasma
concentrations were seen between 72-96 h p.i. and had returned to baseline by 168 h p.i.
before dipping slightly below initial levels at 264 h p.i. Plasma levels were not
significantly different between infected and uninfected fish (Mann-Whitney U, p=0.7).
Standard error bars are indicated by vertical lines.
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Figure 4.7 Trial 2: plasma concentrations of MBL-like protein in IP VHSV injected (107 pfu)
naïve walleye and walleye previously exposed to waterborne VHSV (107 pfu). In trial 2, MBL in
naïve fish had a different pattern, with a more gradual increase in plasma concentration over 168 h
p.i. to the same peak seen in the initial waterborne infection. The MBL-like protein concentration
in naïve walleye is significantly different from reinfected walleye by 336 h p.i. (Mann-Whitney U,
p=0.0013). Standard error bars are indicated by vertical lines.
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Figure 4.8 IHC of uninfected adult walleye skin using rabbit anti-MBL 34 kDa PAb
representative of all walleye examined. All squamous epithelial cells in the epidermis had finely
stippled to granular immunopositive staining for MBL-like protein, which was most intense at the
apical surface on thicker skin areas. Goblet cells and melanomacrophages (not shown) were not
stained. Inset: Pre-immune rabbit serum replaced rabbit anti-MBL 34 kDa PAb.
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Figure 4.9 IHC of waterborne infected walleye gill tissue using rabbit anti-MBL 34 kDa PAb
representative of all walleye examined. All gill epithelial cells were moderate to intensely
immunopositive for MBL-like protein antigen. Epithelium and pillar cell staining was intense and
uniform on lamellae compared to epithelial cells covering the filament where staining was more
light and finely stippled. No chloride, mucus or cartilage cells were immunopositive for MBL-like
protein antigen. Inset: Pre-immune rabbit serum replaced rabbit anti-MBL 34 kDa PAb.
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Figure 4.10 IHC of waterborne infected walleye pseudobranch 4 d p.i. waterborne VHSV using
rabbit anti-MBL 34 kDa PAb. Pseudobranch is not in all fish sectioned but this image is
representative of all examined pseudobranch. Pseudobranchial epithelial cells were uniformly
moderately immunopositive for MBL-like protein antigen with a finely stippled pattern. The
cartilage was not stained. Inset: Pre-immune rabbit serum replaced rabbit anti-MBL 34 kDa PAb.
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Figure 4.11 IHC of healthy juvenile walleye peridontal mucosa using rabbit anti-MBL 34 kDa
PAb. All examined walleye had similar distribution. Stratified squamous epithelial cells exhibited
immunopositive staining for MBL-like protein. There was intense, uniform staining at the apical
squamous epithelium, and more moderate finely stippled staining towards the basal aspect. No
goblet cells were stained for MB-like proteinL antigen, and all structures associated with teeth
were not stained. Inset: Pre-immune rabbit serum replaced rabbit anti-MBL 34 kDa PAb.
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Figure 4.12 IHC of representative juvenile uninfected walleye stomach using rabbit anti-MBL 34
kDa PAb. The columnar epithelium had moderate to strong finely stippled immunopositive
staining for MBL-like protein antigen, with most intense staining at the lumenal aspect and more
moderate staining towards the basal aspect of the mucosa. The staining for MBL-like protein
antigen was uniform from the tips to the bases of the epithelial folds. The submucosa, gastric
glands and connective tissue were sparsely immunopositive. Goblet cells were immunonegative.
There is mild nuclear staining due to age of paraffin-embedded tissues before IHC was performed
Inset: Pre-immune rabbit serum replaced rabbit anti-MBL 34 kDa PAb.
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Figure 4.13 IHC of sexually mature uninfected walleye testis using rabbit anti-MBL 34 kDa PAb,
representative of mature and immature sections of testis examined. The connective tissues of the
tunica albuginea was moderately immunopositive for MBL-like protein antigen and the germinal
epithelium was occasionally lightly immunopositive for MBL-like protein antigen with a finely
stippled pattern. Smooth muscle, vascular endothelium, spermatogonia and spermatocytes were
not stained. Inset: Pre-immune rabbit serum replaced rabbit anti-MBL 34 kDa PAb.
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Figure 4.14 IHC of uninfected walleye posterior kidney using rabbit anti-MBL 34 kDa PAb
representative of renal tubules examined. MBL-like protein antigen was present in the tubular
epithelium in a finely stippled to moderately granular pattern. Larger collecting ducts exhibited the
same staining pattern. Renal interstitial cells were occasionally lightly positive for MBL-like
protein antigen. Capillary endothelium was not stained. Inset: Pre-immune rabbit serum replaced
rabbit anti-MBL 34 kDa PAb.
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Figure 4.15 IHC of uninfected walleye plasma in ovarian vessels using rabbit anti-MBL 34 kDa
PAb. Plasma (arrows) was moderately positive for MBL-like protein antigen with an irregular
finely stippled to moderately granular pattern. This appearance was representative for all plasma
examined in all tissues; not all sections had plasma visible in section. Leukocytes, thrombocytes,
eythrocytes and vascular endothelium were not stained. Ovarian tissue is also immuopositive as
previously described. Inset: Pre-immune rabbit serum replaced rabbit anti-MBL 34 kDa PAb.
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Figure 4.16 1D SDS PAGE and Western Blot of eluate from rabbit anti-MBL 34 kDA PAbcoupled Toyopearl column and control column with reduced walleye plasma. Lane A: SDSPAGE. Bands were identified at 27 kDa and faintly at 67 kDa, indicated by central (-). Lane B:
SDS-PAGE. Identical bands identified from eluate from control pre-immune rabbit serum coupled
column. Lane C: WB of eluate from antibody-coupled column by rabbit anti-MBL 34 kDa PAb at
67kDa indicated by the central (-). Lane D: WB. An identical band to Lane C was identified by
Western blot from control column eluate by rabbit anti-MBL 34 kDa PAb.
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4.5 Discussion
I confirmed that both rabbit PAbs raised to partial amino acid sequence from
walleye MBL eluted from a VHSV-Toyopearl column did bind walleye MBL-like protein
bound to immobilised VHSV in a highly significant manner in an ELISA assay. This
assay confirms my finding that walleye MBL-like protein is a PRR for VHSV.
Modification of the ELISA protocol demonstrated that walleye MBL-like protein is
capable of binding multiple viruses with different affinities. As surface carbohydrate is
virus-strain specific and passage through different cultured cells can change the
glycoprotein coat on viruses (Bernard et al. 1985, Sawyer et al. 1994) it was expected
that while MBL would identify the viruses tested there would be differences in binding
affinity solely due to differences in viral protein recognition as cell-derived envelope
protein should be consistent. I showed this by using the same cell line for all the viruses
and by standardising the plaque forming units of each tested virus. The exception was
comparison of VHSV passaged through EPC and walleye-origin cell lines, which had
markedly lower recognition of walleye-passaged VHSV. Differences in binding affinity
may have differences in clinical disease for walleye if the walleye are less likely to
quickly respond and prevent cellular infection and replication. It was an interesting
finding that walleye MBL had strong differences in binding affinity for closely related
viruses, such as the VHSV strains and SVCV isolate, and that MBL-like protein binding
affinity for pathogenic viruses (the VHSV strains from Ontario) was greater than to
SVCV, which is not known to be a pathogen of wild walleye. Similarly, the VHSV drum
isolate that had been passaged through a walleye WECF11f primary cell line was bound
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less by MBL-like protein than the same VHSV drum isolate grown using EPC and used
in the other experiments in this thesis. It is difficult to extrapolate data from in vitro
results to in vivo infections due to the controlled and isolated conditions used in the
laboratory, but this may suggest that walleye exposed to VHSV from conspecifics or
prey, or organs infected during a secondary viremia may not be able to rely on plasma
MBL-like protein as a first-line PRR for immune defense. In humans, variation in MBL
alleles that lead to MBL deficiencies and decreased humoral binding of pathogens lead to
increased susceptibility to infection and severity of clinical disease in HIV infection and
increased risk of sepsis and death after development of pneumococcal pneumonia
(Garcia-Laorden et al. 2008, Tan et al. 2009)
I also demonstrated that walleye MBL-like protein plasma concentrations were
different between different populations. There were significant differences between both
Ontario strains and between the Ontario and Michigan strains. This is likely reflects low
exchange of alleles, as walleye are more likely to disperse only several kilometres around
their natal site, an effect pronounced in large lakes that will influence haplotypes of adults
returning to spawn (Parsons & Pereira 1997). A larger sample size and more strains,
especially strains from extreme geographic edges of the walleye range, could be used to
determine true population variation in MBL-like protein levels. This could be relevant to
identify populations of walleye with greater or lesser resistance to VHSV or other
pathogens, as is the case from channel and blue catfish (Ictalurus furcatus). Ourth et al.
(2007) found that blue catfish, which have higher MBL levels than channel catfish, are
more resistant to Edwardsiella ictaluri than are channel catfish, and that the resistance of
141

bluexchannel hybrids could be predicted by the plasma MBL levels. Grice (2012)
infected the same four walleye strains used in this thesis from the same hatch year and the
plasma level of MBL-like protein did not seem to correlate to VHSV susceptibility. The
small juvenile walleye strains in a VHSV trial to test strain susceptibility were infected
with a high dose of VHSV (1.4x108 IP) and experimental trial findings may not be
predictive of a naturally acquired infection.
Overall, the plasma concentration of MBL-like protein identified in walleye was
consistently lower than that previously reported in catfish. Channel catfish have been
reported to have 6 μg ml−1 of MBL in plasma (Ourth et al. 2007). In humans, a similar
MBL ELISA has been validated as a sensitive method for detecting changes in plasma
MBL for diagnosis of clinical deficiencies (Förster-Waldl et al. 2003). The consistently
low walleye plasma levels may indicate that this PRR is not a primary means of defense
for VHSV viremia. Defense against VHSV infection has been shown to depend on
neutralising antibody, complement activation, cellular activation and interferon
production (LaPatra et al. 2004, Purcell et al. 2012). Alternatively, techniques used in this
thesis may only have detected one isoform of walleye MBL-like protein, as walleye
MBL-like protein is undoubtedly present in multiple isoforms as found in other teleosts
and demonstrated by the multiple bands present in Western immunoblots. Additionally,
low plasma levels could be explained by identification of a walleye MBL-like protein
that is not the direct orthologue of the human MBL that interacts with complement. It is
possible there is a similar lectin to mammalian MBL in fish. Other walleye lectins with
mannose-binding affinity may be present in serum in higher concentrations. While
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walleye MBL-like protein had low plasma levels, it was identified in tissues by IHC and
its function to maintain barriers to infection may be a more critical role.
Walleye plasma MBL-like protein is a PRR for VHSV and its role in tissues as
identified in IHC may yet be important in preventing infection, but once walleye are
infected it is likely it is not important in the innate immune response, as seen by its low
plasma concentration and minor increases in plasma concentration through the infection
trial. While MBL-like protein did increase with primary infection by either waterborne or
IP injection in naïve fish, reinfection of previously exposed fish produced no significant
change in MBL levels in plasma. Walleye MBL-like protein did not meet the criteria of a
25% increase in plasma concentration post-stimulus set by Bayne & Gerwick (2001) to
qualify as an acute phase protein but may still have a role due to its minor increase in
concentration. While it is not likely to be the major means of responding to VHSV,
infected fish showed a peak sooner and at a lower plasma level than did sham-infected
fish, and declined below baseline slightly more quickly. This could be indicative of a
degree of consumption of circulating MBL-like protein but a larger sample size is needed
to determine if this is a true phenomenon. Unexpectedly, both VHSV-infected and shamexposed fish showed an earlier increase in levels of plasma MBL-like protein in trial 1
compared to trial 2. It is possible stress also influenced the expression of immune
proteins in walleye, as has been shown in channel catfish, gilthead seabream, sea bass
and Atlantic salmon (reviewed in Tort 2011). Waterborne infection requires net handling
of unanesthetised walleye and they are maintained in crowded conditions during
exposure, both of which are likely to induce stress. In mammals, psychological stress is
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known to act on several neurologic pathways to increase cortisol levels in plasma and
produce an inflammatory state (Black 2002). In fish, anaesthesia significantly decreases
stress associated with handling for procedures by preventing cortisol release and
crowding of fish is known to induce physiological stress that predisposes to disease
(Strange & Schreck 1978, Wedemeyer 1976). The difference in handling between
unanesthetised waterborne exposure and the minimal handling of anaesthetised walleye
for IP injection may partly explain the different MBL-like protein plasma levels in the
acute phase response between the two infection techniques.
The pattern of MBL-like protein in epithelial surfaces seen by IHC could be
consistent with a role in defense against infection with VHSV. Immunohistochemistry for
VHSV antigen has been described in infected fish. Brudeseth et al. (2002, 2005)
describes VHSV antigen in skin epithelium of waterborne-exposed fish which is
consistent with replication of VHSV in the skin (Yamamoto et al. 1992, Quillet et al.
2007). Our findings of MBL-like protein antigen in skin epithelium places it in the front
line of natural VHSV infection. Similarly, VHSV has been identified to enter through gill
epithelium (Chilmonczyk & Monge 1980, Neukirch 1984, Brudeseth et al. 2002) and the
abundant MBL-like protein antigen noted in this tissue may have a role in preventing
natural primary infection or replication and infection of distant tissues. Although strictly
gastrointestinal lesions are not common with clinical VHSV, the systemic vasculitis may
include vessels in the gastrointestinal tract. Consumption of infected prey may be a route
of infection (Snow & Cunningham 2000) as is the case with cyprinid herpesvirus 3 and
the pharyngeal peridontal mucosa (Fournier et al. 2012). MBL antigen is present from
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the commisure of the mouth through the entire length of the gastrointestinal tract, making
it ideally situated to prevent infection from food items. Al-Hussinee et al. (2011)
described VHSV antigen in renal tubules and gonadal connective tissue despite an
absence of lesions (Al-Hussinee et al. 2011), suggesting the abundant immunopositive
staining for MBL-like protein in the gonads and nephrons could be important in
preventing VHSV from infecting these tissues or propagating efficiently in them. AlHussinee et al. (2011) also found widespread vascular necrosis consistent with VHSV
replication in vascular epithelium; circulating MBL-like protein could still have a minor
role in prevention of systemic spread of the virus despite my proposal that tissue forms
have a more prominent role in defense.
The finding of no detectable difference in the degree of MBL-like protein antigen
immunopositive staining between infected and sham-infected walleye at times when the
plasma concentration was up or down regulated may be explained by the lack of
sensitivity of IHC. Mucosal washes or mucus scrapes may have been a more sensitive
way to detect changing MBL-like protein concentrations. Multiple MBL isoforms are
identified in rainbow trout and common carp (Nakao et al 2006, Kania et al. 2010) and
they are highly likely to have different binding specificities and tissue distributions. The
common carp MBL has differences in primary carbohydrate affinity, with one binding
mannose and the other galactose (Nakao et al 2006). Kania et al. (2010) conducted IHC
for trout MBL using a MAb to MBL H3 and found staining of the vascular endothelium,
mucus of the cutaneous and intestinal epithelium, intrahepatic bile ducts, renal
parenchyma, gill pillar cells and the splenic capsule. While this is quite different than the
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distribution that was found for walleye MBL-like protein, only one trout isoform was
tested and it is not known how many isoforms walleye have. If they have multiple
isoforms, as suggested by the presence of multiple bands on Western blot, it is unknown
if these PAbs recognise some or all of them.
The rabbit PAb against walleye MBL-like protein 34 kDa fragment identifies VHSV
by ELISA, identifies its own peptide with high fidelity by ELISA assay, and identifies the
same molecular weight bands in reduced walleye plasma as rabbit anti-MBL 67 kDa
fragment, suggesting they are both binding one protein consistently. The walleye VHSV
PRR amino acid sequences have sequence similarity to rainbow trout MBL H2 (Kania et
al. 2010) indicating our walleye VHSV PRR sequences are highly likely to be walleye
MBL. Attempts to purify walleye MBL-like protein resulted in finding MBL-like protein
in eluate from both the blocked uncoupled Toyopearl Amino AF-650M resin as well as
the PAb 34-coupled column on WB. Walleye MBL-like protein at least partially bound
the Toyopearl Amino AF-650M resin or a component in rabbit plasma coupled to the
resin. Reduced walleye MBL-like protein still had partial binding ability.
While I have demonstrated PAbs 34 and 67 were specific for similar molecular
weight bands on WB, that walleye MBL-like protein binds VHSV by ELISA assay, and
that tissue distribution by IHC identifies MBL-like protein antigen in tissues consistent
with a putative defense lectin, there were extremely high molecular weight bands
identified by SDS-PAGE and WB of these columns in Chapter 4 suggesting MBL-like
protein bound the Toyopearl matrix used for immunopurification differently than the
VHSV column used to isolate walleye PRRs. High molecular weight bands are consistent
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with other fish collectins. Trout ladderlectin ranges up to 2000 kDa and SSL occurs in
multimers over 200 kDa (Jensen et al 1997, Ewart et al. 1999). Other C-type lectins
involved in epithelial defense often have high molecular weight isoforms, such as the two
mucus cell galactose-binding lectins of Japanese eel (144 kDa) and the fucolectins of
puffer fish (over 160 kDa) (Mistry et al. 2001, Tsutsui et al. 2005). Mammalian MBL is
well known to circulate in heterocomplexes with other proteins (Ma et al. 2011).
Mammalian MBL is typically complexed to either MASP or the pentraxins PTX3 or SAP
(Ma et al. 2011). It is possible this is the basis for our higher molecular weight bands
identified in these column eluates. There are no walleye antibodies for other molecules
that could be complexed to walleye MBL-like protein that would be required to identify
heterocomplexes of walleye MBL-like protein being bound to the rabbit anti-MBL 34
kDa PAb Toyopearl column on WB. The inability to remove control column binding was
why purification using Toyopearl AF-650M resin was unsuccessful, not the presence of
high molecular weight antibody-labeled bands on WB. As well, the 67 kDa band was
consistently isolated, even when plasma was reduced with DTT. This is a consistent size
with other fish MBLs such as channel, blue catfish and various channelxblue hybrid
MBLs, which are between 62 and 66 kDa in size. DTT reduces disulphide bonds and
DTT was added in the same concentration recommended by the manufacturer, but it
could have either been insufficient for walleye plasma or that MBL associations between
monomers were not bound by disulphide bonds. Indeed, higher molecular weight bands
were reduced in column eluate when reduced plasma was applied to the column,
suggesting some MBL complexes bound by the rabbit anti-MBL 34 kDa PAb were
targeted by DTT. In conclusion, it was successfully determined that walleye MBL-like
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protein is a binding protein for VHSV but is not a major acute phase protein and has a
wide distribution in tissues, particularly epithelial surfaces, in keeping with its role as a
defense lectin.
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CHAPTER FIVE
DISCUSSION
This thesis has demonstrated that walleye have circulating PRRs, generating novel
sequence for new fish PRRs. Identification of apolipoprotein in walleye was consistent
with the known role of apolipoprotein in Gram-negative bacterial infections and is
worthy of future research for expanded role, tissue distribution and plasma concentration.
I found a protein with high similarity to C3 that binds chitin. Further experimentation is
necessary to gain adequate amino acid and nucleotide sequence to determine if this
protein was truly C3 and whether the alternative pathway of complement may be
involved in fungal and metazoan infections of walleye. While further exploring the roles
of apolipoprotein and the complement pathway in walleye would certainly be valid,
information about these proteins has been relatively well studied in teleosts. What is
novel for fish PRRs was our finding of viral recognition by two fish lectins in two
species, rainbow trout and walleye.
I have shown that two fish collagenous lectins, rainbow trout ladderlectin and
walleye MBL-like protein are capable of binding VHSV and thereby are likely to play a
role in the innate immune response to viruses. While the complete antiviral response for
these two fish are unknown, ladderlectin lacks an appropriate sequence known to interact
with a mannose-binding lectin associated serine protease (MASP) and downstream
complement components (Uribe 2010) suggesting it functions as an opsonin or
mechanical barrier to cellular infection. Walleye MBL has moderate sequence similarity
to rainbow trout MBL, which is a homologue to human MBL and is thought to act by
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activating complement as well as modulating the immune response to infection and
acting as an opsonin for phagocytosis through interaction with scavenger receptors
(Kania et al. 2010, Ip et al. 2009). Beyond sequence similarity to mammalian sequences,
I do not have evidence to suggest that these fish soluble defense lectins may act as an
opsonin for phagocytosis and as activators of complement in the antiviral response.
Downstream functional characterisation is lacking for both walleye MBL-like
protein and rainbow trout MBL (Kania et al. 2010). Lectins often have multiple isoforms,
and this seems to be particularly frequent with teleost fish. As examples, ladderlectin in
rainbow trout is known to have two isoforms and MBL in rainbow trout has at least three
(Russell et al. 2007, Kania et al. 2010). Zebrafish have at least three genes for MBL
(Jackson et al. 2007). Even humans and mice have at least two isoforms of MBL (Teillet
et al. 2005, Wagner et al. 2003). Walleye are highly likely to have more than one isoform
of MBL, as evidenced by multiple molecular weight bands on WB with both our
antibodies, and further investigation is required for gene copy number variation or
alternate splicing site through techniques such as full length sequence analysis, DNA
microarrays, expressed sequence tags or reporter gene assays. Undetected isoforms may
influence measured plasma levels if the assay antibody does not detect them all.
Alternately, I may have identified a lectin with high sequence similarity to the mannosebinding lectin but is not an orthologue for human MBL due to evolution and
diversification of sequences. Affinity purification should be reattempted to further
characterise walleye MBL-like protein amino acid sequence. Tan et al. (1996) developed
a technique using Sepharose 4B coupled to mannose and maltose and sequential
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carbohydrate elution that resulted in purification of human MBL. The authors also
describe a technique to co-purify MBL with MASP still bound, which would be useful to
try to characterise if walleye MBL-like protein truly is capable of complement interaction
like rainbow trout MBLs (Kania et al. 2010).
Size exclusion gel chromatography could also be used to try to purify multimeric
forms of walleye MBL-like protein. This could allow confirmation of identity of the high
molecular weight bands identified in our affinity chromatography. It is possible they were
novel high molecular weight forms seen only with this technique or that they were
heterocomplexes with other proteins as is known to occur with human MBL (Ma et al.
2011). While I did not detect these higher weight bands in Ch. 3, it could be attributable
to the difference in column length. I identified MBL-like protein as a VHSV PRR on a 4
cm long column in Chapter 3, whereas purification was attempted on a 25 cm long
column in Chapter 4, which has over six times the surface area and allows for greatly
increased recovery of bound protein. Column binding is undoubtedly a more minor
component of walleye MBL-like protein bound to the antibody-coupled column, since
only a faint 67 kDa band was identified in Chapter 3, but its presence does not mean that
walleye MBL is not a VHSV binding protein. Alternate techniques to purify MBL-like
protein would allow for further characterisation of the protein.
Purification of MBL-like protein would also aid in characterising binding affinities
of walleye MBL. Carbohydrate affinities of walleye MBL-like protein were not
determined in our study due to lack of purified product, aside from its ability to bind
agarose. Human MBL is known to bind a range of sugars including mannose, glucose,
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GlcNac and l-fucose (Tan et al. 1996) and walleye MBL is highly likely to recognise
more than just viral pathogens based on the broad recognition of pathogens demonstrated
by other fish lectins, such as rainbow trout ladderlectin binding chitin, bacteria (Russell
et al. 2009) and VHSV (Chapter 2). The ELISA assay for multiple viruses demonstrated
that walleye MBL-like protein was capable of recognising viruses not thought to be
pathogenic to walleye, including viruses they would not reasonably encounter in the wild,
such as SsMV. Mammalian MBL recognises numerous bacterial and fungal PAMPs as
well as apoptotic cells (Neth et al. 2000, IP et al. 2009) and walleye MBL-like protein
should be investigated for these binding affinities. Purification could also lead to
complete protein sequence, which would allow for production of recombinant protein and
investigation into activation of complement.
Kania et al. (2010) described rainbow trout MBL as localising to the lamina
propria of the intestine, the intestinal and epidermal mucus layers, the intrahepatic bile
ducts, renal stromal cells, the splenic capsule, gill pillar cells and most prominently,
vascular endothelium and associated circulating cells. Kania et al. (2010) also described
populations of cells, such as those in vessels, in the liver and in the spleen, of unknown
origin and type. While some of these tissues overlap with our findings for walleye, the
distribution is not similar. As an example, in the kidney, rainbow trout have staining in
the interstitium but not the nephron, whereas I found staining for walleye MBL-like
protein in the nephron but not strongly in the interstitium. Quite a marked difference was
noted in vasculature, where Kania et al. (2010) describes strong positive staining of
endothelium and circulating cells, while I found strong staining of plasma but not in any
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cells of the vascular system. Kania et al. (2010) use a monoclonal antibody produced to
trout MBL H3, which they state should overlap with MBL H2 but not MBL H1. As such,
the complete tissue distribution of rainbow trout MBL may not be known. Similarly,
determination as to whether the rabbit PABs raised to partial MBL-like protein sequence
detect one isoform or, in the case that walleye have multiple MBL-like protein isoforms,
detect some or all isoforms, in order to determine the full extent of MBL-like protein
distribution in walleye.
Co-localising immunohistochemistry (IHC) would also be a useful step in the
exploration of walleye MBL-like protein and VHSV interaction. From our assays, it
appears that circulating walleye plasma MBL concentrations are low and it was also not a
major acute phase protein after viral infection. With IHC, walleye were abundantly
immunopositive for MBL-like protein antigen at sites where VHSV is thought to infect
fish (skin, gill and gut epithelial surfaces). A series of immunoassays to identify viral
antigen and MBL-like protein antigen would be a method for assaying virus-MBL
interaction to determine if MBL-like protein could co-localise to VHSV infected tissues
that do not have overt lesions, since experimentally infected walleye often die with few
lesions, and if attachment and initial replication of the virus occurs in these tissues in
walleye. While I did not see overt dermal and gill lesions in my experimental fish
waterborne VHSV was likely to enter by these routes and it would be worthwhile to
determine if it is present in the same tissue types immunopositive for MBL-like protein.
Mild epidermal necrosis is described as a feature of VHSV infection. Since MBL-like
protein antigen did not localise to lesions in infected fish, it is possible the epithelialassociated MBL-like protein is more important for preventing infection, replication and
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cellular spread than the soluble MBL-like protein is for responding to infection. It is also
possible that IHC is not sensitive enough to detect a small change in MBL concentration.
Alternate techniques to measure MBL-like protein concentration, such as skin washes or
mucus scrapes or qPCR, is needed. As VHSV in rainbow trout is known to infect gill
epithelial cells and spreads in part by macrophage phagocytosis of infected cells
(Brudeseth et al. 2008) preventing entry and replication could significantly decrease
mortality. While I saw significant mortality with high dose 107 pfu IP injection of VHSV,
the same dose of waterborne VHSV produced an insignificant mortality rate. This
suggests that VHSV can not adequately infect and replicate to cause significant disease in
intact epithelial surfaces of healthy walleye. This is the case in common carp as cyprinid
herpesvirus 3 cannot attach to dermis covered in intact epidermal and mucus layers (Raj
et al. 2011). As the same effect of extremely low mortality from waterborne VHSV
infection was found repeatedly by Grice (2012) in walleye and Al-Hussinee (2010 and
unpublished data) in trout it is likely that preventing invasion by VHSV is a significant
factor influencing low morbidity and successful recovery by fish. The distribution of
walleye MBL-like protein in tissues may have a role in preventing infection even if our
evidence suggests plasma MBL-like protein plays only a minor role.
I have identified several binding proteins of walleye. Assays to characterise these
binding proteins may generate some immunological data about walleye populations for
potential management strategies in stock selection in managed areas. Partial
characterisation of walleye MBL-like protein offered insight into the interaction of a
relatively recently identified strain of VHSV with the innate immune system. The
antiviral activities of the fish innate immune system are poorly characterised, and lectin154

virus binding has not been previously demonstrated in fish. Even though its importance
as a plasma PRR may be minimal, walleye MBL-like protein is certainly well situated in
tissues to bind virus and prevent natural infection with VHSV. This is worthy of future
exploration in walleye.
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CONCLUSIONS
Chapter 2
1. Rainbow trout ladderlectin bound VHSV while rainbow trout intelectin did not.
2. When compared to WB of eluate from a VHSV-coupled Toyopearl column, a
VHSV indirect ELISA was a comparable assay of PRR-PAMP binding, which
was confirmed using antibodies to rainbow trout ladderlectin and intelectin.
3. This is the first report of a fish lectin binding a virus.

Chapter 3
1. Walleye apolipoprotein binds Flavobacterium columnare. This is the first report
of walleye apolipoprotein.
2. Walleye MBL-like protein binds VHSV IVb. This is the first report of a lectin
from walleye and the second report of a fish lectin binding VHSV IVb or any
virus.
3. Walleye MBL-like protein was clearly identified by two antibodies raised to two
different molecular weight amino acid fragments, supporting the finding that
MBL occurs at 80, 67, 57, 47, 44 and 27 kDa under reducing conditions in
plasma.

Chapter 4
1. Walleye MBL-like protein as a PRR for VHSV was confirmed by modification of
the VHSV indirect ELISA from Chapter 2, and MBL-like protein was capable of
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binding different isolates of VHSV and different viruses although binding affinity
varied. This is the first report of a fish lectin capable of recognising an array of
viruses.
2. Walleye MBL-like protein was present in plasma at a fairly constant level within a
population but varied between geographically distant populations.
3. Walleye MBL-like protein was a minor acute phase protein as it increased with
VHSV infection by either a waterborne or IP route.
4. Walleye MBL-like protein antigen was detected in epithelial surfaces of the skin,
gill, pseudobranch, oropharynx, gastrointestinal tract, gonad and in plasma. Tissue
distribution or intensity was not detectably changed after infection with VHSV.
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