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a b s t r a c t

Protein–carbohydrate interactions mediated by lectins have been recognized as key components of
innate immunity in vertebrates and invertebrates, not only for recognition of potential pathogens, but
also for participating in downstream effector functions, such as their agglutination, immobilization, and
complement-mediated opsonization and killing. More recently, lectins have been identified as critical
regulators of mammalian adaptive immune responses. Fish are endowed with virtually all components
of the mammalian adaptive immunity, and are equipped with a complex lectin repertoire. In this review,
we discuss evidence suggesting that: (a) lectin repertoires in teleost fish are highly diversified, and include
not only representatives of the lectin families described in mammals, but also members of lectin fami-
lies described for the first time in fish species; (b) the tissue-specific expression and localization of the
omplement activation diverse lectin repertoires and their molecular partners is consistent with their distinct biological roles
in innate and adaptive immunity; (c) although some lectins may bind endogenous ligands, others bind
sugars on the surface of potential pathogens; (d) in addition to pathogen recognition and opsonization,
some lectins display additional effector roles, such as complement activation and regulation of immune
functions; (e) some lectins that recognize exogenous ligands mediate processes unrelated to immunity:
they may act as anti-freeze proteins or prevent polyspermia during fertilization.
. Protein–carbohydrate interactions in animal–microbe
onsortia

Protein–carbohydrate interactions are critical in the establish-
ent and homeostasis of highly specific mutualistic associations

n complex animal–microbe consortia. The success of individual
onsortium components depends on either the maintenance of a
ightly regulated balance for mutual benefit (symbiosis or com-

ensalism), or host colonization beneficial to the microbe while

eading to loss of fitness in the host (pathogenic), the latter usu-
lly associated with host defense responses aimed at rejecting the
icrobe (Casadevall and Pirofski, 2000).
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The term “lectin” is commonly used sensu lato to encompass
a wide variety of carbohydrate-binding proteins and glycopro-
teins from virus, bacteria, fungi, protista, plants, and animals
(Mirelman, 1986; Vasta and Ahmed, 2008). A wide variety of
microbial pathogens, ranging from virus to protistan parasites, use
lectins that recognize the host cell surface glycans as coloniza-
tion factors (Mandlik et al., 2008). Among viral pathogens, the
best characterized of these are probably the influenza A hemag-
glutinins which bind to sialic acids on bird and mammalian cells
surface glycans in a species- and tissue-specific manner. Similarly,
specific adhesins that form part of heteropolymeric fibers such
as pili and fimbriae on the bacterial surface, mediate the interac-
tions between the bacterial pathogen and a cell-surface ligands on
specific host tissues. Furthermore, lectins function as host coloniza-
tion and virulence factors for several protistan parasites (Frederick

and Petri, 2005; von Itzstein et al., 2008). In turn, humoral and
membrane-associated lectins from the host are critical recogni-
tion molecules that may facilitate the establishment of favorable
mutualistic interactions with the colonizing microbes, or initiate

dx.doi.org/10.1016/j.dci.2011.08.011
http://www.sciencedirect.com/science/journal/0145305X
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nnate and adaptive responses against the potentially pathogenic
nes. In addition, host lectins also mediate downstream effector
unctions, such as agglutination, immobilization, and complement-

ediated opsonization and killing of potential pathogens (Vasta
t al., 2004a). Further, in vertebrates, lectins also function as home-
static regulators of adaptive immune responses, significantly
odulating embryonic development, cell differentiation, and acti-

ation of dendritic, B, and T cells (Rabinovich and Toscano, 2009).
his review will focus on the current knowledge of lectin reper-
oires in fish and their roles in the immune responses to infectious
hallenge.

. Structural and functional aspects of animal lectins

.1. Current classification of animal lectins
Animal lectins are usually covalently or non-covalently bound
ligomeric assemblages of peptide subunits characterized by the
resence of a carbohydrate recognition domain (CRD) (Taylor and
rickamer, 2003) (Fig. 1). The presence of conserved amino acid

ig. 1. Quaternary structure arrangements of animal lectins. Examples of oligomeric or
C) ficolins. (D) Examples of oligomeric fish F-lectins: AAA trimer, with 1 CRD per mono
E) Proto-type galectins (galectin 1, in blue) associate as non-covalently bound dimers th
ssociate through their amino–terminal domain to form oligomers that, in the presence o
tive Immunology 35 (2011) 1388–1399 1389

sequence motifs within the CRD, unique structural domains, and
distinct properties such as requirement of divalent cations or a
reducing environment for ligand binding, has lead to their clas-
sification in several major families (Table 1). More recently, the
structural characterization of selected family members has enabled
the identification of their structural folds (Fig. 2). It is notewor-
thy that in some lectin families, a lectin polypeptide subunit can
include multiple tandemly arrayed CRDs, or a CRD can be linked
to distinct functional domains, as in C-type lectins (CTLs) and F-
type lectins (FTLs) (Fig. 3). Through this structural diversity, a lectin
subunit whether soluble or membrane-associated, can display mul-
tiple biological activities (Zelensky and Gready, 2005; Odom and
Vasta, 2006).

2.2. Structural and functional diversity of the lectin repertoire in
invertebrates and vertebrates
In most animal taxa, highly diversified lectin repertoires that
comprise representatives of multiple lectin families have the
potential to greatly expand the range of carbohydrate ligands that

ganization of C-type lectins: (A) cruciform and bouquet collectins, (B) pentraxins,
mer, and MsaFBP32 trimer, with 2 tandemly arrayed related CRDs per molecule.

rough a hydrophobic interphase, whereas chimera galectins (galectin 3, in yellow)
f multivalent oligosaccharides, display binding cooperativity.
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Table 1
Animal lectin families.

Lectin families Cation Specificity Defining features

C-type Yes Man, Gal, Fuc (Variable) C-type sequence motif
Galectins No �-Galactosides S-type sequence motif
P-type (Man-6-P) Variable Man-6-P P-type sequence motif
I-type (siglecs) No Variable Ig-like domains
F-type Variable l-fucose F-type sequence motif
Calnexin Yes Glc1Man9 Calnexin sequence motif
M-type Yes Man8 M-type sequence motif
L-type Yes Variable L-type sequence motif
R-type No Variable R-type sequence motif
F-box No GlcNAc2 F-box sequence motif
Ficolin Yes GlcNAc, GalNAc Ficolin sequence motif
Chitinase-like (chilectins) No Chito-oligosaccharide Triose-phosphate isomerase (TIM) barrel-like structure

n-(SO
nose,

c
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p
c
d
t
u
(

F
H
A
L
c

Pentraxins Most PC/galactosides
Heparin-binding type No Heparin/hepari
Intelectins (X-type) Yes Gal, galactofura

an be recognized on endogenous and exogenous glycans. The
ssociation of multiple lectin and effector domains in the same
olypeptide subunit described above increases the functional effi-
iency of the system, and the presence of isoforms with subtle
ifferences in specificity within each lectin type further enhances

heir diversity in ligand recognition. However, unlike immunoglob-
lins and the recently identified variable lymphocyte receptors
VLRs) of agnathans (Pancer and Cooper, 2006), lectins do not

ig. 2. Structure of representatives from selected lectin families: PDB IDs are in square
uman galectin-3 [1KJL]; (C) P-type lectin: extracytoplasmic domain of the mannose 6
nguilla anguilla agglutinin [1K12]; (F) calnexin: Luminal domain of canine calnexin [1J
-type lectin: rat ERGIC-53 [1R1Z]; (I) R-type lectin: murine mannose receptor [1DQ0]; (
rab [1JC9]; (L) chitinase-like lectin: human cartilage glycoprotein (HCGP39) [1HJW]; (M
Multimeric binding motif
4)2− Basic amino acid clusters
pentoses Intelectin sequence motif

generate diversity in recognition by genetic recombination and are
“hardwired” in the germline. Therefore, the genetic basis of diver-
sification of lectin repertoires, including tandem gene duplications
and development of complex multigene families, their allelic varia-
tion, formation of chimeric structures by exon shuffling, additional

variability by alternative splicing, and the structural basis for the
potential “plasticity” of their carbohydrate binding sites is currently
an area of great interest (Vasta and Ahmed, 2008).

brackets. (A) C-type lectin: mannose-binding protein A PDB [2MSB]; (B) galectin:
-phosphate receptor [1M6P]; (D) I-type lectin: Siglec-7 [1O7V]; (E) F-type lectin:
HN]; (G) M-type lectin: Catalytic domain of human ER mannosidase [1X9D]; (H)
J) F-box lectin: murine Fbs1 [1UMI]; (K) ficolin: TL-5A CRD of Japanese horseshoe

) pentraxin: human C-reactive protein [1GNH].



G.R. Vasta et al. / Developmental and Comparative Immunology 35 (2011) 1388–1399 1391

Fig. 3. Domain architecture of C-type and F-type lectins. (A) Examples of chimeric C-type lectins (adapted from (Zelensky and Gready, 2005)): (1) lecticans, (2) Calx-� and
CTLD containing Protein (CBCP), (3) soluble protein containing SCP, EGF, EGF and CTLD domains (SEEC), (4) selectins, (5) the macrophage mannose receptor group, (6) the
tetranectin group, (7) polycistin; (B) examples of different arrangements of F-type lectins (adapted from (Odom and Vasta, 2006)): (1) tachylectin-4, eel agglutinin; (2) Morone
s laevis
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axatilis FBP32 and Danio rerio FBP38; (3) Xenopus tropicalis XtrIII-FBPL; (4) Xenopus

.3. Current approaches for assessing the structural and
unctional diversity of lectin repertoires

The dramatic increase in availability of genomic and EST pub-
ic databases for many organisms during the past two decades,
as greatly facilitated the search for lectin canonical sequence
otifs, and therefore have greatly facilitated the assessment of the

tructural diversity of their lectin repertoires. Moreover, the use
f forward and reverse genetic approaches in model organisms
menable to genetic manipulation has provided further insight
nto their functional aspects. A continuously expanding variety
f bioinformatic tools (BLASTP, ProfileScan, SwissProt and PfamA)
ave enabled not only the identification of lectins, but also lectin
omains present in complex mosaic proteins. For example, min-

ng of the zebrafish (Danio rerio) and pufferfish (Takifugu rubripes)
enomes has revealed the presence of greatly diversified lectin
epertories, with multiple members of the galectin, CTL, FTL, and
-type lectins (XTL) (Vasta et al., 2004b). The identification of com-
lex and diverse lectin repertoires in a single organism has led to the
evelopment of high throughput, in some cases automated, novel
echnologies for analyzing in detail the carbohydrate specificities of

he proteins of interest. Although techniques such as agglutination-
nhibition or binding-inhibition in solid phase are simple, inexpen-
ive, and reliable, the use of glycan microarrays or “glycochips” for
omparative analysis of lectin specificity has enabled the simulta-
Xl -FBL22; (5) Xl PXN120; (6) Drosophila “furrowed”-like receptor.

neous testing of large numbers of potential carbohydrate ligands
(Comelli et al., 2006). In addition, frontal affinity chromatography
(FAC) (Nakamura-Tsuruta et al., 2006) and methods based on sur-
face plasmon resonance (Biacore) (Smith et al., 2003) have allowed
the rigorous quantitative kinetic analysis of protein-carbohydrate
interactions with a relatively high throughput.

2.4. Lectins as recognition and effector factors in innate
immunity and modulators of adaptive immune responses

The various lectin types described above can be present in the
intracellular compartments mediating critical processes from RNA
splicing to protein folding and glycoprotein trafficking, or can be
released to the extracellular compartment and remain at the cell
surface or as soluble components in biological fluids. Lectins func-
tion as recognition and effector factors, as agglutinins, opsonins,
complement activating factors, LPS-binding molecules, signaling
receptors, and as key immune regulators of immune homeostasis
(Vasta and Ahmed, 2008). By recognizing endogenous or exogenous
ligands, lectins mediate multiple biological processes encompass-
ing cell–cell or cell–extracellular matrix interactions, leading to

lattice formation at the cell surface and activation of signaling
pathways that are key to innate and adaptive immune defense pro-
cesses (Vasta et al., 1999; Rabinovich et al., 2007). The instructive
roles of innate immunity on adaptive immunity have been widely
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ig. 4. Effector functions of C-type and F-type lectins. (A) Complement activation
icrobe by an F-type lectin (left) and a collectin (right) to a macrophage.

ecognized, and in recent years the functional interplay between
ectins and their receptors has been characterized in consider-
ble detail (van Kooyk and Rabinovich, 2008). Upon recognition of
otential pathogens, some humoral lectins, such as collectins, ficol-

ns and pentraxins, function as effector factors by promoting their
hagocytosis and activating the complement system (Fujita, 2002)
Fig. 4). This pathway can be initiated by the binding of a lectin,
uch as the mannose-binding lectin (MBL) or ficolin, to microbial
urfaces bearing non-self carbohydrate determinants, and subse-
uent association with a serine protease [MBL-associated serine
rotease (MASP)] which, by activating C3, can lead to either phago-
ytosis of the opsonized target via the complement receptor, or its
ysis via assembly of the membrane attack complex. Although ini-
ially described as mediators of developmental processes, galectins
ave been recently demonstrated to participate directly or indi-
ectly in immune functions (Vasta et al., 1999). Like CTLs, galectins
an function as recognition factors of microbial glycans (Vasta,
009; Stowell et al., 2010), or as regulators of multiple adaptive

mmune functions by modulating B cell development, inducing or
reventing T cell apoptosis, and modulating T cell responses and the
ctivity of macrophages, eosinophils, and neutrophils (Vasta et al.,
999; Rabinovich et al., 2007; van Kooyk and Rabinovich, 2008;
ayaraman et al., 2010; Sehrawat et al., 2010; Liu and Rabinovich,
010). Other lectin-like proteins, such as calnexin and calreticulin,
articipate in the processing of antigens by dendritic cells for pre-
entation in the context of MHC to the naïve T cells (Vasta and
hmed, 2008). Lectins and other pattern-recognition molecules
lso play critical roles in qualitatively and quantitatively modu-
ating other innate immune responses such as NK cell function,
nd adaptive immune responses through the requirement of co-
timulatory signals from cell surface proteins on antigen presenting
ells to naïve T lymphocytes, via CD28 receptors (van Kooyk and
abinovich, 2008). In summary, the functional interplay of various
umoral and cell-associated lectin types in the immune response
ontributes not only to quickly recognize and neutralize the micro-

ial challenge, but lead to an effective long term adaptive immunity.
he increasing environmental and economic relevance of viral, bac-
erial, fungal and parasitic infections in fisheries and aquaculture
Harvell et al., 1999) has greatly enhanced the interest in the role of
ding of a collectin to a microbial surface; (B) lectin binding and opsonization of a

lectins in innate immune responses as potential targets for inter-
vention.

3. The lectin repertoire in fish: genomic and structural
diversity

Virtually all components of the mammalian adaptive immune
response are present in elasmobranchs and teleost fish. However,
it is currently accepted that their innate immune responses carry
a substantial burden of the defense functions against infections
disease. Therefore, great interest has been generated in the past
few years on the structural-functional aspects of innate immune
components, particularly lectins, toll-like receptors, and comple-
ment. The recent identification of dendritic cells (DCs) in teleost
fish (Lugo-Villarino et al., 2010) opens the possibility that simi-
lar lectin endocytic receptors, antigen presentation mechanisms,
and instructional activity of DCs on T and B cells are operative
in this taxon. Early evidence about the presence of lectins of
teleost fish, particularly in plasma and eggs, was obtained by the
application of serological approaches. More recently, implemen-
tation of biochemical and molecular approaches has contributed
with a more accurate appreciation of the complexity of the lectin
repertoires, not only in plasma and eggs, but also in skin mucus
(Anderson and Ingham, 2003) and gastrointestinal tract (Wittbrodt
et al., 2002), and their roles in innate immunity. Finally, struc-
tural approaches either by determination of the structures of fish
lectins or by homology modeling over structures determined in
other taxa have provided detailed information about the critical
amino acid residues that interact with the carbohydrate ligands
and their true recognition spectrum. Current evidence suggests that
among the highly diversified teleost fish taxa, the lectin repertoires
are ample and complex, with representatives from most lectin fam-
ilies described so far. Further, recent studies on teleost fish have
identified novel families of lectins (Fig. 5), some of them with mem-
bers present in other vertebrate and invertebrate taxa. In addition,

this lectin diversity is greatly amplified by the presence of isoforms
that exhibit subtle differences in sugar specificity, and presumably,
pathogen recognition (Suzuki et al., 2003; Bianchet et al., 2002).
The available genomes of tetraodontid pufferfish (Takifugu rubripes



G.R. Vasta et al. / Developmental and Comparative Immunology 35 (2011) 1388–1399 1393

F stripe
I

a
z
(
e
c
o
i
a
a
t
A

3

b
f
s
t
r
t
c
w
S
r
h
s
m
j
2
R
w
m
t
2
s
z
i

ig. 5. Structural folds of lectins unique to fish. (A) F-type lectin MsaFBP32 (trimer)
D: 2ZX4); (C) Congerin II of conger eel.

nd T. nigroviridis) (Aparicio et al., 2002) (www.genoscope.com),
ebrafish (Danio rerio)(Anderson and Ingham, 2003), and medaka
Oryzias latipes) (Wittbrodt et al., 2002) are expanding this view
ven further. In summary, the implementation of serological, bio-
hemical, structural, and genomic approaches has resulted in not
nly representatives of most lectin classes but also new lectin fam-
lies having been identified in teleost fish. It must be noted that
large number of reports describing fish lectins lack information

bout their primary structure and thus, the requisite evidence for
heir classification in any of the currently established lectin classes.
description of the lectin families identified in fish follows below.

.1. C-type lectins

CTLs (Fig. 1) are characterized by Ca2+ requirement, diverse car-
ohydrate specificity, and multiple structural domains sometimes
orming chimeric structures (Fig. 3A). CTLs have been classified in
everal groups comprising the collectins, proteoglycan core pro-
eins, selectins, endocytic receptors, and the mannose-macrophage
eceptor, some directly or indirectly involved in immune func-
ion (Vasta and Ahmed, 2008). The collectins include the MBLs and
onglutinin from serum and saliva, and the pulmonary surfactant,
ith critical roles in innate immunity against viruses and bacteria.

ome NK cell and macrophage receptors, and selectins are also CTL-
elated. Various types of CTLs of diverse carbohydrate specificities
ave been identified in various tissues, plasma, and skin mucus of
everal teleost fish species, including rainbow trout (Oncorhynchus
ykiss), catfish (Silurus asetus), carp (Cyprinus carpio), eel (Anguilla

aponica), fugu (Takifugu rubripes) and zebrafish (Zhang et al.,
000; Vitved et al., 2000; Tasumi et al., 2002; Singha et al., 2008).
ecent studies in rainbow trout revealed CTL domains associated
ith two extracellular immunoglobulin domains and cytoplas-
ic immunoreceptor tyrosine-based inhibition motifs (ITIMs) in

he “novel immune-type receptors” (NITRs) (van den Berg et al.,

004). In addition, selectin and macrophage mannose receptor gene
equences are present in the whole-shotgun genome assembly of
ebrafish and of fugu indicating that this receptor appeared early
n vertebrate evolution.
d bass; (B) rhamnose-binding lectin CSL3 of keta salmon (Oncorhynchus keta), (PDB

3.2. Galectins

Galectins are �-galactosyl-binding lectins that require a reduc-
ing environment for binding activity. Based on the primary
structure and polypeptide architecture of the subunits, galectins
are classified as “proto”, “chimera”, and “tandem-repeat” types
(Vasta and Ahmed, 2008). Although the biological roles of galectins
are not fully understood, they mediate cell–cell or cell–intercellular
matrix interactions in developmental processes and immunity.
Electrolectin, the first galectin identified and characterized, was
isolated from electric organs of the electric eel Electrophorus elec-
tricus (Teichberg et al., 1975). Since then, a substantial number
of galectins from the three structural types have been identified
and characterized in various tissues, plasma and mucus of elasmo-
branch and teleost fish (Vasta et al., 2004b; Ahmed et al., 1994;
Muramoto et al., 1999; Ahmed et al., 2004; Inagawa et al., 2001),
which show remarkable structural and binding specificity conser-
vation with the mammalian homologues (Ahmed et al., 2004). In
addition, a substantial number of galectin sequences from teleost
fish are available from GenBank.

3.3. F-type lectins

The FTLs, also known as fucolectins, constitute the most recent
lectin family to be identified and structurally characterized in
teleosts (Odom and Vasta, 2006; Bianchet et al., 2002, 2010). The
FTL family is constituted by a large number of proteins exhibit-
ing greater multiples of the F-type motif, either tandemly arrayed
or in mosaic combinations with other domains, including a puta-
tive transmembrane receptor, that suggests an extensive functional
diversification of this lectin family from prokaryotes to amphibians
(Odom and Vasta, 2006; Bianchet et al., 2002) (Fig. 3). Although
the European eel (Anguilla anguilla) agglutinin (AAA) possesses a
single F-type CRD, in most teleosts FTLs contain either duplicate

(Zebrafish, striped bass (Morone saxatilis), and fugu) or quadrupli-
cate (steelhead trout) tandemly arrayed domains yielding subunits
of variable sizes, even within a single fish species. It is notewor-
thy that the multiple duplicate tandem homologues present in

http://www.genoscope.com/
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odern teleost orders appear to be the product of independent
uplications (Odom and Vasta, 2006). Further, these tandem arrays
ay yield mosaic proteins by including pentraxin (X. laevis) or C-

ype domains (Drosophila melanogaster CG9095). In Xenopus spp.,
owever, these lectins are composed of either triplicate or quintu-
le tandem F-type domains (Odom and Vasta, 2006). The native
tructures of the European eel and striped bass agglutinins are
omotrimers (Bianchet et al., 2002, 2010), which suggests that

igand binding is enhanced through avidity. The striped bass FTL
MsaFBP32) consists of two non-identical F-type CRDs in tandem.
he structure of MsaFBP32 revealed a cylindrical trimer divided
nto two globular halves: one containing N-terminal CRDs (N-CRDs)
nd the other containing C-terminal CRDs (C-CRDs) (Bianchet et al.,
010). The resulting binding surfaces at the opposite ends of the
ylindrical trimer have the potential to cross-link fucosylated gly-
ans that are widely distributed in prokaryotes and eukaryotes
upporting the results that binary tandem CRD FTLs function as
psonins (Salerno et al., 2009) by cross-linking sugar structures
isplayed by microbial pathogens and glycans on the surface of
hagocytic cells from the host (Bianchet et al., 2010). Variability
f critical residues in the binding pocket and surrounding loops
n the multiple isoforms, as expressed in the Japanese eel FTL
Honda et al., 2000), suggests that alternative interactions with
erminal and subterminal sugar units may expand the range of
iverse oligosaccharides recognized by the lectin isoform reper-
oire (Odom and Vasta, 2006). Closely related FTLs have been
dentified and characterized in other teleost species (Cammarata
t al., 2007). Other fucose-binding lectins have been identified in
ighead carp (Aristichthys nobilis) (Pan et al., 2010) and Nile tilapia
Oreochromis niloticus L.) (Argayosa and Lee, 2009) (Oreochromis
iloticus), although the lack of full sequence information prevents
heir identification as members of the FTL family.

.4. Rhamnose-binding lectins

A novel family of rhamnose-binding lectins (RBLs) was iden-
ified in eggs of steelhead trout (Oncorhynchus mykiss), catfish
Silurus asetus), white-spotted char (Salvelinus leucomaenis), and
panish mackerel (Scomberomorous niphonius) (Tateno et al., 2002;
erada et al., 2007). These lectins, that bind l-rhamnose and sug-
rs possessing hydroxyls in the same configuration at C2 and C4,
uch as l-arabinose and d-galactose, are homologous to members
f the low-density lipoprotein receptor superfamily. Multiple RBLs,
ynthesized in liver and oocytes, are widely distributed in the adult
issues including spleen, thrombocytes, and blood leukocytes. The
rystal structure of the RBL CSL3 revealed that it is a homodimer of
wo 20 kDa subunits with a dumbbell-like overall shape, and forms
pseudo-tetrameric structure (Shirai et al., 2009). The gene organi-
ation of the RBL from snakehead Channa argus (SHL) suggests that
he RBL ancestral gene may have diverged and evolved by exon
huffling and gene duplication, producing functionally diversified
orms in different organisms. The structure of the SHL promoter
uggests that expression may be induced in response to inflamma-
ory stimuli, such as LPS, IL-6, and IFN-gamma (Jia et al., 2010).

.5. Pufflectins

Mannose-binding lectins (pufflectins) isolated from the skin
ucus and intestine of pufferfish, Fugu rubripes, are homod-

mers of non-covalently associated 13 kDa subunits (Zhang et al.,
010a). They show intriguing homology (about 30% identity) to
annose-specific lectins from monocotyledoneous plants (Zhang
t al., 2010a). Pufflectin genes are expressed in gills, oral cav-
ty wall, esophagus, and skin, as highly similar isoforms, with an
soform exclusively expressed in the intestine. Pufflectins differ
rom mannose-binding lectins purified from pufferfish plasma, and
tive Immunology 35 (2011) 1388–1399

recent work has revealed that they are widely distributed among
teleost fish families.

3.6. X-type lectins/intelectins

The X-lectin (XL) lectin family [reviewed in Vasta and Ahmed,
2008] was initially described as the Xenopus laevis oocyte cortical
granule lectin XL35. Since then, homologues have been identified
(designated “intelectins”) in protochordates, agnathans, fish, other
amphibian species, mouse (intelectins-1 and -2) and man (HL-1 and
HL-2 intelectins, omentin, and lactoferrin receptor). XL/intelectins
are Ca2+-dependent, soluble oligomers of 34–45 kDa glycosylated
subunits with a fibrinogen-like domain that functions as the CRD
with specificity for alpha-galactosides. Several XL35 homologs have
been identified in fish, including the rainbow trout (about 46% iden-
tical to the XL35 C-terminal region) expressed in liver, and the
grass carp (Ctenopharyngodon idella) intelectin gcIntL, about 55%
identical to HL-1 and expressed in multiple tissues including head
kidney, spleen, heart, gill, intestine, and brain [reviewed in Vasta
and Ahmed, 2008].

3.7. Pentraxins

Pentraxins, which includes C-reactive protein (CRP) and serum
amyloid P (SAP), are disc-shaped cyclic pentamers of identical sub-
units of Mr ranging from 20,000 to 30,000, non-covalently bound
in most examples (Bottazzi et al., 2010). CRP is a prototypical pen-
traxin that distinguishes self from non-self, opsonizes bacteria, and
activates complement. In addition to binding phosphocholine, it
exhibits lectin-like properties including binding to carbohydrates
and related structures, divalent cation requirements, overall molec-
ular structure and biological functions (Bottazzi et al., 2010). Some
pentraxins behave as acute phase reactants, rapidly increasing their
plasma concentration up to 1000-fold or more in response to stress,
injury or infection and modulating immune responses (Bottazzi
et al., 2010). Pentraxins constitute a highly conserved family and
distant species that exhibit a considerable level of structural sim-
ilarity, have been identified in several fish species including carp,
snapper (Pagrus auratus), common wolffish (Anarhichas lupus), cod
(Gadus morhua), halibut (Hippoglossus hippoglossus), and rainbow
trout (Szalai et al., 1992; Jensen et al., 1995; Lund and Olafsen, 1999;
Cartwright et al., 2004; Cook et al., 2005; Gerwick et al., 2007). How-
ever, the architecture of the native CRPs from the channel catfish
(Ictalurus punctatus) is different from the human prototype (Szalai
et al., 1992). SAP-like proteins have been isolated from serum of
rainbow trout (Jensen et al., 1995) and Atlantic salmon (Salmo salar
L.) (Lund and Olafsen, 1999).

3.8. Calnexin and calreticulin

Calnexin and calreticulin are ER lectins that function as molec-
ular sensors [reviewed in Vasta and Ahmed, 2008], recognizing
a non-reducing-end glucose residue in an N-linked oligosaccha-
ride precursor, Glc1Man9GlcNAc2, which ensure the proper folding
of newly synthesized glycoproteins. The N-terminus domain of
calnexin and calreticulin interacts with misfolded proteins and gly-
coproteins, and binds ATP, Zn2+ and Ca2+. Further, they have critical
roles in MHC class I-related immune functions. In spite of similar
sugar-binding specificity, calnexin and calreticulin bind to a variety
of distinct target proteins. Null mice for either calnexin or calreti-

culin are lethal, indicating that these proteins are not functionally
compensatory in development. These also suggest that calnexin
and calreticulin play distinct biological roles in the cell. Calretic-
ulin has been recently isolated in rainbow trout (Kales et al., 2004),
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hereas calnexin was identified in the channel catfish (Ictalurus
unctatus) (Fuller et al., 2004).

.9. Other proteins with lectin-like properties

Recently, lectin-like activity was identified in a TNF-alpha
omolog from carp (Cyprinus carpio), suggesting that these proteins
ight promote macrophage activation (Forlenza et al., 2009). Simi-

arly, lectin-like fucose-binding activity was identified in a C1q-like
rotein from the surfperch (Neoditrema ransonnetii); it is expressed

n liver, stomach and intestine, and is upregulated by bacterial
hallenge (Nakamura et al., 2009). Like the pufflectins, an intrigu-
ng homotetrameric protein (plumieribetin) from the fin stings
nd skin mucus of the scorpionfish (Scorpaena plumieri) reveals
tructural characteristics shared with the plant mannose-binding
-lectins, known for the roles in defense against pathogens. How-
ver, plumieribetin inhibits binding of �1�1 integrin to basement
embrane collagen IV in a Ca2+-independent, protein–protein

nteraction, weakening the cell–collagen contacts, and reducing cell
preading (de Santana Evangelista et al., 2009).

. Functional aspects of lectins in fish immunity

A. Innate and adaptive immunity in teleost fish Given that
xtant elasmobranch and teleost species display most hallmarks of
he antibody-based immune system, as most commonly described
n mammals, it has been proposed that the adaptive immune
ystem evolved very rapidly in the early stages of vertebrate evolu-
ion (Litman et al., 1999). Newly described immunoreceptor types
Criscitiello et al., 2006; Yoder et al., 2010), immunoglobulin classes
Zhang et al., 2010a), and immune cell functions (Li et al., 2006)
lso reflect the unique or specific adaptations of immune responses
lasmobranchs and teleosts, some of which have been con-
erved along the mammalian lineages. Like all jawed vertebrates,
eleosts are endowed with the capacity for randomly generating
n enormous diversity of binding sites on immunoglobulin recep-
ors through somatic gene recombination during development of
umoral lymphoid cells. However, in contrast to mammals and
irds, teleosts lack class switching between antibody isotypes that

s associated with specific effector responses, and IgM remains the
ominant isotype.

Unlike vertebrates, protostome and deuterostome invertebrates
ack a defense system based on immunoglobulin receptor adapt-
bility for pathogen recognition, but instead rely on “hard-wired”
esponses based on innate receptors such as Toll receptors, com-
lement components, lectins, and peptidoglycan receptor proteins
PGRPs). Evidence of the effectiveness of these receptors, how-
ver, is illustrated by their conservation in mammals, even in the
resence of an optimized adaptive immune system. The targets
f these receptors are molecules essential to the microbial sur-
ace or metabolism, and ubiquitous among microbes. Extensive
esearch on humoral and cell-associated lectins from invertebrates
as been carried out through the past few years, but much of the
urrent knowledge on the specific roles of animal lectins in immu-
ity has been obtained from mammalian models [reviewed in Vasta
nd Ahmed, 2008]. Although immunoglobulin-mediated immune
esponses endowed with affinity maturation and memory, prob-
bly constitute the most sophisticated internal defense system,
he fundamental role played by lectins in the mammalian inter-
al defense mechanisms against microbial pathogens, becomes
vident in the early childhood immunodeficiencies caused by

efective mutations in the collagenous tail of the MBL (Super et al.,
989). Although this critical role in immunity becomes apparent
t a developmental stage of human development when adaptive
mmunity is not yet mature, few studies have focused on the
tive Immunology 35 (2011) 1388–1399 1395

function of lectins in lower vertebrates such as teleosts. The aim
of the following sections is to discuss current evidence about the
role(s) of lectins in innate and adaptive immunity of teleost fish.

4.1. Roles of lectins in fish innate and adaptive immunity

Although defense responses mediated by lectins lack advan-
tages in adaptability typical of immunoglobulins, the swiftness
of the acute phase response and the wide spectrum of microbial
species recognized, clearly represents a compensatory advan-
tage that provides an immediate opportunity to eliminate the
pathogen, or at least limit the infection, prior to activation of
the full immune repertoire. When mammalian neutrophils and
macrophages respond to a local site of infection, they are induced
to secrete cytokines that regulate expression of multiple acute-
phase proteins and induce a systemic response in which collectins,
ficolins, pentraxins, and other lectins are released to body fluids
including plasma, saliva, alveolar fluid, and mucus. Lectins and
lectin-like receptors are expressed in a variety of tissues and cell
types, including NK cells (Lopez-Botet et al., 2001) but together
with several acute phase reactants, upon immune challenge the
mammalian MBL is expressed in the liver and released to the blood
stream. By binding to the microbial surface, lectins target potential
pathogens for immobilization, opsonization, and killing by comple-
ment components, and mediate downstream regulatory immune
functions. In the Japanese flounder (Paralichthys olivaceus) CTLs are
expressed in liver (Kondo et al., 2007) whereas in other fish species
the presence of lectins in skin and gut mucus has been particularly
intriguing with regards to their potential biological role(s) in exter-
nal defense against microbial pathogens. CTLs are present in skin
mucus of the Japanese eel (A. japonica) (Tasumi et al., 2002), and in
the conger eel (Conger myriaster) (Tsutsui et al., 2007). In the lat-
ter, conCL-s, a CTL is expressed in club cells of external and internal
mucosal tissues (Tsutsui et al., 2007). In the same species, also proto
type galectins (congerins) are present in the mucus and epidermis
of the skin (Kamiya et al., 1988). In the striped bass Morone sax-
atilis a prototype galectin is present in skin mucus and most tissues,
with the exception of the plasma, and agglutinates several bacterial
species, including fish pathogens (Henrikson, Ahmed, and Vasta,
unpublished). The rainbow trout ladderlectins RTLL1 and RTLL 2 are
expressed in kidney, intestine, gills, and skin (Russell et al., 2008).
An FTL from sea bass (Dicentrarchus labrax) is expressed in hep-
atocytes and intestinal cells, and the protein localizes in plasma
and the gut tissues (Salerno et al., 2009). In the sea bass hatch-
lings the FTL (DlFBL) is expressed in columnar and goblet cells of
the intestinal epithelium. A similar FTL localizes in the embryo’s
residual yolk sack, while related transcripts are present in eggs and
embryos (Parisi et al., 2010).

Like members of the collectin family, some pentraxins behave
as acute phase reactants in teleosts, rapidly increasing their plasma
concentration in response to stress, injury or infection whereas in
others, pentraxins are constitutive proteins present at high concen-
trations in the normal plasma (Lund and Olafsen, 1999). Similarly,
FTLs from striped bass appear to be present at substantial levels
in plasma of unchallenged individuals, with relatively moderate
increases upon Lipopolysaccharides (LPS) exposure (Odom and
Vasta, unpublished), while in hepatocytes of the Japanese eel (A.
japonica), FTLs are rapidly upregulated by infectious challenge, thus
behaving as true acute phase reactants (Tasumi et al., 2002). In this
species, expression of a mucus galectin was higher in individu-
als resistant to infection (Tasumi et al., 2004). In LPS-challenged
grass carp, intelectin (gcIntL) transcripts are induced in head kid-

ney, spleen, and intestine, and the protein can be detected in various
organs and tissues [reviewed in Vasta and Ahmed, 2008]. In con-
trast, the levels of the rainbow trout plasma ladderlectin remain
unchanged or undergo a moderate decrease upon experimental
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hallenge with live Aeromonas salmonicida or LPS (Young et al.,
009).

From the above, the diversity in spatiotemporal expression and
issue distribution of lectins in teleosts suggests that they carry
istinct functions in innate immunity, from the time when oocytes
re released and fertilized, the larval and juvenile stages, to the
dult. Complex lectin repertoires and their molecular partners are
resent in various body fluids of teleost fish, including plasma and
ucus that covers surfaces from skin and the gastrointestinal tract,

uggesting roles in both systemic humoral and mucosal immune
unctions.

Lectins from diverse families identified in fish recognize and
gglutinate virus, bacteria, fungi, and parasites. The diversity of
he lectin repertoire is further enhanced by the presence of iso-
orms. FTLs in the Japanese eel (A. japonica) are heterogeneous
roteins -at least seven isoforms can be identified- synthesized in
he liver, exocrine mucus cells in the gill and intestine (Honda et al.,
000). The structure of the eel agglutinin revealed that the highest
equence variability among isoforms resides in the areas that inter-
ct with the carbohydrate ligand, suggesting subtle differences in
ugar specificity that would expand the spectrum of potential sur-
ace ligands and thus, potential pathogens that could be recognized
Bianchet et al., 2002).

Among the fish CTLs, binding and agglutination of various virus,
acteria, yeast, and parasites, some of these specific fish pathogens,
as been well documented (Russell et al., 2008; Wei et al., 2010;
urth et al., 2007; Zhang et al., 2010b). Downstream effector func-

ions have also been reported for fish lectins. The mannose-specific
TL conCL-s from skin mucus of the conger eel (Conger myriaster)
psonizes yeast and Escherichia coli, possibly representing a skin
efense mechanism (Tsutsui et al., 2007). In the same species, the
alectin congerin expressed in skin and epithelia of the oral cavity
nd esophagus, agglutinates and opsonizes enteric bacteria, and it
as been proposed that it participates in innate immune responses

n skin and the gut mucosa (Nakamura et al., 2007). Similar observa-
ions have been reported for FTLs and other fucose-binding lectins,
onfirming their role in immune recognition (Salerno et al., 2009;
an et al., 2010; Argayosa and Lee, 2009). An FTL from serum of
he gilt head bream (Sparus aurata, SauFBP) binds to formalin-
illed Escherichia coli and enhances their phagocytosis by peritoneal
acrophages (Cammarata et al., unpublished). Although RBLs bind

gg yolk proteins and are developmentally regulated, they also rec-
gnize Gram-negative and Gram-positive bacteria and parasites in
rhamnose-inhibitable manner, suggesting a role in recognition of
otential infectious agents that may compromise egg viability dur-

ng development, or survival of the hatchlings (Tateno et al., 2002;
atanabe et al., 2008; Tsutsui et al., 2003, 2006a,b).
The specific binding, agglutination and opsonization of potential

icrobial pathogens, together with their capacity to activate com-
lement indicates that lectins are endowed not only of recognition,
ut effector functions as well. The lectin pathway for complement
ctivation characterized by MBLs and MBL-associated serine pro-
eases (MASPs) is well developed in protochordates and agnathans
Endo et al., 2006; Ourth et al., 2008), and clearly, teleosts inher-
ted and expanded this key component of innate immunity (Nonaka
nd Smith, 2000). Because the alternative pathway is characterized
y the participation of factor D, which is only found in teleosts
nd higher species, it should be assumed that like the classical
athway that is triggered by antibody/antigen complexes, the alter-
ative pathway represents an acquisition unique to the emergence
f jawed vertebrates (Dodds, 2002). The intriguing diversification
f C3 in teleosts (Sunyer et al., 1997), begs the question about

he existence of an equivalent diversification of its lectin-mediated
ctivation pathways, consistent with the complex lectin repertoires
resent in this taxon. Thus, the diversification of the lectin reper-
oire would not only be reflected in a wide recognition spectrum of
tive Immunology 35 (2011) 1388–1399

non-self ligands on potential pathogens, but would extend to their
effector functions aimed at their destruction and clearance. Mul-
tiple MBL isoforms have been identified in teleost fish including
salmonids, carp, and zebrafish as Ca2+-dependent opsonins as well
as activators of the complement system, and are expressed exclu-
sively in liver and spleen (Nikolakopoulou and Zarkadis, 2006).
MASPs and complement components have been well characterized
in carp (Nakao et al., 2006) and rainbow trout (Kania et al., 2010).

Some lectins show biological activities that suggest their
involvement in immune regulation and homeostasis. The tur-
bot CTL SmLec1 stimulates kidney lymphocyte proliferation and
enhance the killing of bacterial pathogen by macrophages, thereby
suggesting that SmLec1 has immunomodulatory activity (Zhang
et al., 2010b). In ayu, the interaction between the CTL receptor aCLR,
which is expressed in head kidney and peripheral blood leukocytes,
and the leukocyte cell-derived chemotaxin 2 (LECT2) has been pro-
posed as responsible for the chemotactic activity (Chen et al., 2010).
In the sea bass, nodavirus infection induces expression of a proto-
type galectin with anti-inflammatory activity (Poisa-Beiro et al.,
2009). The RBLs CSL1, 2 and 3, from chum salmon (Oncorhynchus
keta) bind globotriaosylceramide (Gb3) on the surface of peri-
toneal macrophage (RTM5) and fibroblastic-like (RTG-2) rainbow
trout cell lines and induce proinflammatory cytokines, including
IL-1beta1, IL-1beta2, TNF-alpha1, TNF-alpha2 and IL-8. In addition,
CSLs had an opsonic effect on RTM5 cells and this effect is signifi-
cantly inhibited by l-rhamnose, indicating that CSLs enhances their
phagocytosis by binding to Gb3 on cell surfaces (Watanabe et al.,
2009).

Most lectins appear to carry out multiple functions depending
on their spatiotemporal tissue/organ expression and localization
throughout the various developmental stages of the organism. The
RBLs in fish eggs have been proposed to participate in various
biological functions, ranging from recognition, opsonization, and
killing of bacterial pathogens to blocking polyspermy, formation
of the fertilization envelope, and apoptosis (Tateno et al., 2002).
Similarly, the XLs are functionally diverse [reviewed in Vasta and
Ahmed, 2008]. In the oocyte, XL-35 is mostly contained within the
cortical granules and released upon fertilization, participating in
the formation of the fertilization envelope that blocks polyspermy
while in the embryo it mediates cell adhesion. In fish, mouse, and
human, however, XLs have been proposed to function in innate
immune responses by binding to microbial pathogens [reviewed in
Vasta and Ahmed, 2008]. Further, the RBL from Asian catfish (Silu-
rus asotus) egg SAL induces early apoptosis via binding to surface
Gb3 (Nitta et al., 2007; Kawano et al., 2009). SAL also induces the
expression of HSP70, and by binding to Gb3 modulates the half-life
of membrane-bound HSP70 (Sugawara et al., 2009). Further, the
human HL-1/omentin functions as an adipocytokine and enhances
glucose transport. The galactose-specific egg lectin SEL24K of Chi-
nook salmon (Oncorhynchus tshawytscha) is released during the
cortical reaction and blocks polyspermy during fertilization (Yu
et al., 2007; Murata et al., 2007).

Taken together, these observations indicate that lectins are
clearly pleiotropic molecules that may bind both self and non-
self ligands and mediate diverse functions from fertilization and
embryogenesis to immune recognition. Given the wide distribu-
tion of complex glycans at the surface of pro-and eukaryotic cells,
with some oligosaccharide structures common to both, the ability
of these lectins to discriminate self-vs non-self probably resides not
only on the presence or absence of a particular carbohydrate moi-
ety in either surface but also in the architecture of the displayed
oligosaccharides, such as their density and particular topology.
Finally, some lectins may have been coopted in evolution to
carry out divergent functions. The type II antifreeze proteins (AFPs)
present in plasma of arctic teleosts, such as herring (Atlantic herring
(Clupea harengus), Pacific herring (Clupea pallasii)) and sea raven
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Hemitripterus americanus), are CTLs that have lost the capacity to
ind sugars, instead disrupting the growth of ice crystals (Loewen
t al., 1998). It has been recently proposed that the presence of AFPs
n distantly related species such as herring, smelt (Osmerus mordax)
nd sea raven is the result of lateral gene transfer (Graham et al.,
008). Although FTLs have not been identified beyond the amphib-

ans, the C1 and C2 domains of the human coagulation factor V
hCFV) not only share the FTL fold with the fish lectins, but also
ome of the key primary structure determinants that characterize
his lectin family (Odom and Vasta, 2006; Bianchet et al., 2002).
owever, none of the three critical basic amino acid residues that
ind carbohydrate is present in hCFV, which instead of binding sug-
rs binds membrane phospholipids (Zwaal et al., 1998). Thus, it is
empting to speculate that beyond ectothermic vertebrates, FTLs

ay have evolved to mediate different functions.
From the above it is clear that very little is known about func-

ional aspects of lectins in fish immunity, except that they are
xpressed in cells, tissues, or organs relevant to immune functions,
re up- or down-regulated by infectious challenge, bind poten-
ial pathogens, and participate in effector and regulatory immune
unctions. However, information about mechanistic and regulatory
spects of immune homeostasis lags far behind our current knowl-
dge in mammals. In this regard, genetically tractable fish models
ystems such as the zebrafish hold great promise for unraveling the
ontributions of the complex lectin repertoires to immune function
nd homeostasis, relevant not only to fish but also to mammals,
ncluding man.

. The zebrafish (D. rerio) as a model for glycoimmunology

A small number of fish species such as rainbow trout, channel
atfish, and nurse shark (Ginglymostoma cirratum) have been used
o examine specific aspects of their immune response, although
hey have serious limitations as model organisms. Recent advances
n the cell biology, and technical manipulations of zebrafish (D.
erio) make this model increasingly attractive for studies on immu-
ity, development, and oncology (Vasta et al., 2004b). As a model
ystem, zebrafish offers many advantages over mammalian mod-
ls. For example, its external fertilization, transparent embryos, and
apid development allow visualization the effects of genes involved
n developmental processes, such as cell migration, organogene-
is, etc. Moreover, gene expression can be disrupted in zebrafish
mbryos and the effect(s) can be analyzed easily. However, because
f the genome duplication that took place after the divergence of
eleost fish from the mammalian lineage, identification of zebrafish
rthologues of mammalian genes may require caution. Various
omatic cell lines (ZEM2S, ZF4, ZFL, SJD.1, AB.9) from zebrafish have
een established (American Type Culture Collection (ATCC), Man-
ssas, VA) and can be used for studying the expression of gene of
nterest and protein export at a cellular level. Further, germ-line
himeras can be produced when rainbow trout spleen RTS34st cells
re introduced into a host zebrafish embryo. Several unique exper-
mental approaches have been established in the zebrafish model
o address the role(s) of genes of interest in immune responses, and
nclude morpholino-modified antisense methodology, expression
f dominant negative or specific tissue/organ over expression of an
ctive protein, and the use of established mutants, combined with
xperimental infectious challenges. Therefore, the zebrafish model
hould constitute an ideal model to dissect both the ontogenic
nd mechanistic aspects of lectin functions in immune responses:
utagenesis screens and tilling can be implemented to examine
he genetic aspects of lectin-mediated disease resistance and sus-
eptibility.

By using various approaches (protein purification and char-
cterization, cloning, and in silico data mining), we identified
tive Immunology 35 (2011) 1388–1399 1397

and characterized the zebrafish galectin repertoire: six prototype
galectins (Drgal1-L1, Drgal1-L2, Drgal1-L3, Drgal1-L4, Drgal5 and
DrGRIFIN), two chimera type galectin (Drgal3-L1, Drgal3-L2), and at
least five tandem-repeat type galectins (Drgal4, Drgal8, Drgal9–L1,
Drgal9-L2 and Drgal9-L3 (Ahmed et al., 2004). All zebrafish
galectins characterized showed remarkable sequence similarities
with mammalian galectins, and this enabled their unambiguous
classification within the three well-established galectin groups.
The proto-type galectins expressed in the zebrafish notochord play
a key role in somatic cell differentiation and development, and
disruption of their expression causes defects in skeletal muscle
architecture (Ahmed et al., 2009), whereas the DrGRIFIN may func-
tion as a crystalline in the fish eye (Ahmed and Vasta, 2008). Further,
the prototype galectin Drgal1-L2 is induced by photoreceptor cell
death and secreted by stem cells and neuronal progenitors, and
regulates the regeneration of rod photoreceptors (Craig et al., 2010).

Expression patterns of seven zebrafish intelectins (zINTLs)
in various development stages, normal adults, and Aeromonas
salmonicida infected adults, have provided clues to the function
of this gene family. Interestingly, zINTL3 was expressed pre-
dominantly in the liver and highly upregulated upon infection,
suggesting its important roles in immunity. Further, a compara-
tive analysis with intelectins from various species revealed that
the XL/intelectin family may be unique to deuterostomes, and in
spite of their sequence conservation, expression patterns, quater-
nary structures and glycosylations are diverse among species (Lin
et al., 2009).

The zebrafish model has been useful to examine the spa-
tiotemporal expression patterns of complement components (C3,
C1r/s, C4, C6, Bf, MBL and MASP) in fish exposed to infectious
challenge, and has revealed that the system is well developed
in the hatched larvae (Wang et al., 2008). Mining the zebrafish
genome database has revealed a multi-gene family of Group II
immune-related, lectin-like receptors (illrs) whose members pos-
sess inhibiting and/or activating signaling motifs typical of Group V
NK receptors. Illr genes are differentially expressed in the myeloid
and lymphoid lineages, suggesting that they may play important
roles in the immune functions of multiple hematopoietic cell lin-
eages (Panagos et al., 2006). By adapting the Genomic Matching
Technique to define haplotypes of the MBL region in zebrafish, four
ancestral haplotypes were identified, with at least one of these
demonstrating a significant increase in resistance to L. anguillarum.
Genomic analysis of an MBL gene cluster suggests that duplication,
retroviral insertion, and possibly gene mutation and/or deletion
have been key factors in MBL evolution. These findings, together
with the extensive MBL polymorphism identified supports the
notion that unique MBL variants are likely to define the zebrafish
susceptibility/resistance to infection (Jackson et al., 2007).

Taken together, the selected studies above illustrate the great
potential of the zebrafish as a model system to address in great
detail the functional, structural, and evolutionary aspects of lectins
that are relevant to fish and mammalian innate and adaptive
immune responses.

6. Conclusions

Unlike immunoglobulins and the recently identified variable
lymphocyte receptors (VLRs) of agnathans, lectins do not generate
diversity in recognition by genetic recombination and therefore,
additional interest has arisen on the germline-encoded diversity
of the lectin repertoires, including their allelic variation or poly-

morphisms, presence of tandem gene duplications and multigene
families, formation of chimeric structures by exon shuffling, addi-
tional mechanisms for expanding the ligand recognition spectrum
by alternative splicing, and the structural basis for the potential
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plasticity” of their carbohydrate binding sites. Complex lectin
epertoires, including C-type, galectins, pentraxins and the newly
iscovered families of rhamnose-binding, pufflectins and FTLs,
ppear to reach a high level of diversification in teleost fish,
hereby enhancing the spectrum of ligands that can be detected on
otential pathogens by this carbohydrate-based recognition sys-
em. The association of multiple lectin and effector domains in
he same polypeptide subunit increases the functional efficiency
f the system, and the presence of isoforms with subtle differ-
nces in specificity within each lectin type further enhances its
iversity in ligand recognition. The multiple C3 forms present in
eleost fish also suggest that a diverse repertoire of complement
omponents may reflect a highly diversified lectin-mediated com-
lement activation pathway. It is expected that in the near future
he ongoing genome and transcriptome projects on representative
sh models will reveal not only the extent of the full lectin reper-
oire in teleost fish but a comprehensive view of their involvement
n defense functions, directly as recognition and effector factors in
nnate immunity, but indirectly as regulators of adaptive immune
esponses. Yet, the rigorous demonstration of the mechanisms by
hich each lectin or its isoforms accomplish their role(s) will only

merge from carefully designed experimental studies.

cknowledgements

Supported by grant MCB-00-77928 from the National Science
oundation, and grants 1R01GM070589-01 and 5R01GM070589-
6 from the National Institutes of Health to G.R.V.

eferences

hmed, H., Vasta, G.R., 2008. Unlike mammalian GRIFIN, the zebrafish homologue
(DrGRIFIN) represents a functional carbohydrate-binding galectin. Biochem.
Biophys. Res. Commun. 371 (3), 350–355.

hmed, H., Fink, N.E., Vasta, G.R., 1994. Elasmobranch and teleost fish contain thiol-
dependent beta-galactoside-binding lectins that are cross-reactive with those
identified and characterized in bovine spleen. Ann. N.Y. Acad. Sci. 712, 318–320.

hmed, H., et al., 2004. Biochemical and molecular characterization of galectins from
zebrafish (Danio rerio): notochord-specific expression of a prototype galectin
during early embryogenesis. Glycobiology 14 (3), 219–232.

hmed, H., Du, S.J., Vasta, G.R., 2009. Knockdown of a galectin-1-like protein in
zebrafish (Danio rerio) causes defects in skeletal muscle development. Glycoconj.
J. 26 (3), 277–283.

nderson, K.V., Ingham, P.W., 2003. The transformation of the model organism: a
decade of developmental genetics. Nat. Genet. 33 (Suppl.), 285–293.

paricio, S., et al., 2002. Whole-genome shotgun assembly and analysis of the
genome of Fugu rubripes. Science 297 (5585), 1301–1310.

rgayosa, A.M., Lee, Y.C., 2009. Identification of (l)-fucose-binding proteins from
the Nile tilapia (Oreochromis niloticus L.) serum. Fish Shellfish Immunol. 27 (3),
478–485.

ianchet, M.A., et al., 2002. A novel fucose recognition fold involved in innate immu-
nity. Nat. Struct. Biol. 9 (8), 628–634.

ianchet, M.A., et al., 2010. Structure and specificity of a binary tandem domain
F-lectin from striped bass (Morone saxatilis). J. Mol. Biol. 401 (2), 239–252.

ottazzi, B., et al., 2010. An integrated view of humoral innate immunity: pentraxins
as a paradigm. Annu. Rev. Immunol. 28, 157–183.

ammarata, M., et al., 2007. Isolation and characterization of a fish F-type lectin
from gilt head bream (Sparus aurata) serum. Biochim. Biophys. Acta 1770 (1),
150–155.

artwright, J.R., et al., 2004. Isolation and characterisation of pentraxin-like serum
proteins from the common carp Cyprinus carpio. Dev. Comp. Immunol. 28 (2),
113–125.

asadevall, A., Pirofski, L.A., 2000. Host–pathogen interactions: basic concepts of
microbial commensalism, colonization, infection, and disease. Infect. Immun.
68 (12), 6511–6518.

hen, J., et al., 2010. An interaction between a C-type lectin receptor and leukocyte
cell-derived chemotaxin 2 of ayu, Plecoglossus altivelis. Fish Shellfish Immunol.
28 (1), 245–248.

omelli, E.M., et al., 2006. A focused microarray approach to functional glycomics:
transcriptional regulation of the glycome. Glycobiology 16 (2), 117–131.

ook, M.T., et al., 2005. The opsonising activity of a pentraxin-like protein isolated

from snapper (Pagrus auratus, Sparidae) serum. Dev. Comp. Immunol. 29 (8),
703–712.

raig, S.E., et al., 2010. The zebrafish galectin Drgal1-l2 is expressed by proliferating
Muller glia and photoreceptor progenitors and regulates the regeneration of rod
photoreceptors. Invest. Ophthalmol. Vis. Sci. 51 (6), 3244–3252.
tive Immunology 35 (2011) 1388–1399

Criscitiello, M.F., Saltis, M., Flajnik, M.F., 2006. An evolutionarily mobile antigen
receptor variable region gene: doubly rearranging NAR-TcR genes in sharks.
Proc. Natl. Acad. Sci. U.S.A. 103 (13), 5036–5041.

de Santana Evangelista, K., et al., 2009. Plumieribetin, a fish lectin homologous
to mannose-binding B-type lectins, inhibits the collagen-binding alpha1beta1
integrin. J. Biol. Chem. 284 (50), 34747–34759.

Dodds, A.W., 2002. Which came first, the lectin/classical pathway or the alternative
pathway of complement? Immunobiology 205 (4–5), 340–354.

Endo, Y., Takahashi, M., Fujita, T., 2006. Lectin complement system and pattern
recognition. Immunobiology 211 (4), 283–293.

Forlenza, M., et al., 2009. Receptor-mediated and lectin-like activities of carp (Cypri-
nus carpio) TNF-alpha. J. Immunol. 183 (8), 5319–5332.

Frederick, J.R., Petri Jr., W.A., 2005. Roles for the galactose-/N-acetylgalactosamine-
binding lectin of Entamoeba in parasite virulence and differentiation.
Glycobiology 15 (12), 53R–59R.

Fujita, T., 2002. Evolution of the lectin-complement pathway and its role in innate
immunity. Nat. Rev. Immunol. 2 (5), 346–353.

Fuller, J.R., et al., 2004. Characterization of the molecular chaperone calnexin in
the channel catfish Ictalurus punctatus, and its association with MHC class II
molecules. Dev. Comp. Immunol. 28 (6), 603–617.

Gerwick, L., Corley-Smith, G., Bayne, C.J., 2007. Gene transcript changes in indi-
vidual rainbow trout livers following an inflammatory stimulus. Fish Shellfish
Immunol. 22 (3), 157–171.

Graham, L.A., et al., 2008. Lateral transfer of a lectin-like antifreeze protein gene in
fishes. PLoS ONE 3 (7), pe2616.

Harvell, C.D., et al., 1999. Emerging marine diseases – climate links and anthro-
pogenic factors. Science 285 (5433), 1505–1510.

Honda, S., et al., 2000. Multiplicity, structures, and endocrine and exocrine natures
of eel fucose-binding lectins. J. Biol. Chem. 275 (42), 33151–33157.

Inagawa, H., et al., 2001. Cloning and characterisation of tandem-repeat type galectin
in rainbow trout (Oncorhynchus mykiss). Fish Shellfish Immunol. 11 (3), 217–231.

Jackson, A.N., et al., 2007. Mannose binding lectin (MBL) copy number polymorphism
in zebrafish (D. rerio) and identification of haplotypes resistant to L. anguillarum.
Immunogenetics 59 (11), 861–872.

Jayaraman, P., et al., 2010. Tim3 binding to galectin-9 stimulates antimicrobial
immunity. J. Exp. Med. 207 (11), 2343–2354.

Jensen, L.E., et al., 1995. Isolation of a pentraxin-like protein from rainbow trout
serum. Dev. Comp. Immunol. 19 (4), 305–314.

Jia, W.Z., Shang, N., Guo, Q.L., 2010. Molecular cloning of rhamnose-binding lectin
gene and its promoter region from snakehead Channa argus. Fish Physiol.
Biochem. 36 (3), 451–459.

Kales, S., Fujiki, K., Dixon, B., 2004. Molecular cloning and characterization of cal-
reticulin from rainbow trout (Oncorhynchus mykiss). Immunogenetics 55 (10),
717–723.

Kamiya, H., Muramoto, K., Goto, R., 1988. Purification and properties of agglutinins
from conger eel, Conger myriaster (Brevoort), skin mucus. Dev. Comp. Immunol.
12 (2), 309–318.

Kania, P.W., et al., 2010. Evolutionary conservation of mannan-binding lectin (MBL)
in bony fish: identification, characterization and expression analysis of three
bona fide collectin homologues of MBL in the rainbow trout (Onchorhynchus
mykiss). Fish Shellfish Immunol. 29 (6), 910–920.

Kawano, T., et al., 2009. Globotriaosylceramide-expressing Burkitt’s lymphoma cells
are committed to early apoptotic status by rhamnose-binding lectin from catfish
eggs. Biol. Pharm. Bull. 32 (3), 345–353.

Kondo, H., et al., 2007. Identification of a novel C-type lectin gene in Japanese floun-
der, Paralichthys olivaceus. Fish Shellfish Immunol. 23 (5), 1089–1094.

Li, J., et al., 2006. B lymphocytes from early vertebrates have potent phagocytic and
microbicidal abilities. Nat. Immunol. 7 (10), 1116–1124.

Lin, B., et al., 2009. Characterization and comparative analyses of zebrafish int-
electins: highly conserved sequences, diversified structures and functions. Fish
Shellfish Immunol. 26 (3), 396–405.

Litman, G.W., Anderson, M.K., Rast, J.P., 1999. Evolution of antigen binding receptors.
Annu. Rev. Immunol. 17, 109–147.

Liu, F.T., Rabinovich, G.A., 2010. Galectins: regulators of acute and chronic inflam-
mation. Ann. N.Y. Acad. Sci. 1183, 158–182.

Loewen, M.C., et al., 1998. The ice-binding site of sea raven antifreeze protein is
distinct from the carbohydrate-binding site of the homologous C-type lectin.
Biochemistry 37 (51), 17745–17753.

Lopez-Botet, M., Llano, M., Ortega, M., 2001. Human cytomegalovirus and nat-
ural killer-mediated surveillance of HLA class I expression: a paradigm of
host–pathogen adaptation. Immunol. Rev. 181, 193–202.

Lugo-Villarino, G., et al., 2010. Identification of dendritic antigen-presenting cells in
the zebrafish. Proc. Natl. Acad. Sci. U.S.A. 107 (36), 15850–15855.

Lund, V., Olafsen, J.A., 1999. Changes in serum concentration of a serum amyloid
P-like pentraxin in Atlantic salmon Salmo salar L., during infection and inflam-
mation. Dev. Comp. Immunol. 23 (1), 61–70.

Mandlik, A., et al., 2008. Pili in Gram-positive bacteria: assembly, involvement in
colonization and biofilm development. Trends Microbiol. 16 (1), 33–40.

Mirelman, D., 1986. Microbial Lectins and Agglutinins: Properties and Biological
Activity. John Wiley & Sons, New York.

Muramoto, K., et al., 1999. Functional and structural characterization of multiple

galectins from the skin mucus of conger eel, Conger myriaster. Comp. Biochem.
Physiol. B: Biochem. Mol. Biol. 123 (1), 33–45.

Murata, K., Fisher, A.J., Hedrick, J.L., 2007. Crystallization and X-ray analysis of the
salmon–egg lectin SEL24K. Acta Crystallogr. Sect. F: Struct. Biol. Cryst. Commun.
63 (Pt 5), 396–398.



mpara

N

N

N

N

N

N

N

O

O

O

P

P

P

P

P

R

R

R

S

S

S

S

S

S

S

S

S

S

S

G.R. Vasta et al. / Developmental and Co

akamura, O., et al., 2007. Possible immune functions of congerin, a mucosal
galectin, in the intestinal lumen of Japanese conger eel. Fish Shellfish Immunol.
23 (3), 683–692.

akamura, O., et al., 2009. A novel C1q family member with fucose-binding activity
from surfperch, Neoditrema ransonnetii (Perciformes Embiotocidae). Fish Shell-
fish Immunol. 27 (6), 714–720.

akamura-Tsuruta, S., et al., 2006. Evidence that Agaricus bisporus agglutinin (ABA)
has dual sugar-binding specificity. Biochem. Biophys. Res. Commun. 347 (1),
215–220.

akao, M., et al., 2006. Lectin pathway of bony fish complement: identification of two
homologs of the mannose-binding lectin associated with MASP2 in the common
carp (Cyprinus carpio). J. Immunol. 177 (8), 5471–5479.

ikolakopoulou, K., Zarkadis, I.K., 2006. Molecular cloning and characterisation of
two homologues of mannose-binding lectin in rainbow trout. Fish Shellfish
Immunol. 21 (3), 305–314.

itta, K., et al., 2007. Regulation of globotriaosylceramide (Gb3)-mediated sig-
nal transduction by rhamnose-binding lectin. Yakugaku Zasshi 127 (4), 553–
561.

onaka, M., Smith, S.L., 2000. Complement system of bony and cartilaginous fish.
Fish Shellfish Immunol. 10 (3), 215–228.

dom, E.W., Vasta, G.R., 2006. Characterization of a binary tandem domain F-type
lectin from striped bass (Morone saxatilis). J. Biol. Chem. 281 (3), 1698–1713.

urth, D.D., Narra, M.B., Simco, B.A., 2007. Comparative study of mannose-binding
C-type lectin isolated from channel catfish (Ictalurus punctatus) and blue catfish
(Ictalurus furcatus). Fish Shellfish Immunol. 23 (6), 1152–1160.

urth, D.D., Rose, W.M., Siefkes, M.J., 2008. Isolation of mannose-binding C-type
lectin from sea lamprey (Petromyzon marinus) plasma and binding to Aeromonas
salmonicida. Vet. Immunol. Immunopathol. 126 (3–4), 407–412.

an, S., Tang, J., Gu, X., 2010. Isolation and characterization of a novel fucose-
binding lectin from the gill of bighead carp (Aristichthys nobilis). Vet. Immunol.
Immunopathol. 133 (2–4), 154–164.

anagos, P.G., et al., 2006. Immune-related, lectin-like receptors are differentially
expressed in the myeloid and lymphoid lineages of zebrafish. Immunogenetics
58 (1), 31–40.

ancer, Z., Cooper, M.D., 2006. The evolution of adaptive immunity. Annu. Rev.
Immunol. 24, 497–518.

arisi, M.G., et al., 2010. A serum fucose-binding lectin (DlFBL) from adult Dicentrar-
chus labrax is expressed in larva and juvenile tissues and contained in eggs. Cell
Tissue Res. 341 (2), 279–288.

oisa-Beiro, L., et al., 2009. Nodavirus infection of sea bass (Dicentrarchus
labrax) induces up-regulation of galectin-1 expression with potential anti-
inflammatory activity. J. Immunol. 183 (10), 6600–6611.

abinovich, G.A., Toscano, M.A., 2009. Turning sweet on immunity: galectin–glycan
interactions in immune tolerance and inflammation. Nat. Rev. Immunol. 9 (5),
338–352.

abinovich, G.A., et al., 2007. Functions of cell surface galectin–glycoprotein lattices.
Curr. Opin. Struct. Biol. 17 (5), 513–520.

ussell, S., et al., 2008. Cloning, binding properties, and tissue localization of rain-
bow trout (Oncorhynchus mykiss) ladderlectin. Fish Shellfish Immunol. 24 (6),
669–683.

alerno, G., et al., 2009. F-type lectin from the sea bass (Dicentrarchus labrax): purifi-
cation, cDNA cloning, tissue expression and localization, and opsonic activity.
Fish Shellfish Immunol. 27 (2), 143–153.

ehrawat, S., et al., 2010. Galectin-9/TIM-3 interaction regulates virus-specific pri-
mary and memory CD8 T cell response. PLoS Pathog. 6 (5), e1000882.

hirai, T., et al., 2009. Structure of rhamnose-binding lectin CSL3: unique pseudo-
tetrameric architecture of a pattern recognition protein. J. Mol. Biol. 391 (2),
390–403.

ingha, B., Adhya, M., Chatterjee, B.P., 2008. Catfish (Clarias batrachus) serum
lectin recognizes polyvalent Tn [alpha-d-GalpNAc1-Ser/Thr], Talpha [beta-
d-Galp-(1→3)-alpha-d-GalpNAc1-Ser/Thr], and II [beta-d-Galp(1→4)-beta-d-
GlcpNAc1-] mammalian glycotopes. Carbohydr. Res. 343 (14), 2384–2392.

mith, E.A., et al., 2003. Surface plasmon resonance imaging studies of
protein–carbohydrate interactions. J. Am. Chem. Soc. 125 (20), 6140–6148.

towell, S.R., et al., 2010. Innate immune lectins kill bacteria expressing blood group
antigen. Nat. Med. 16 (3), 295–301.

ugawara, S., et al., 2009. Binding of Silurus asotus lectin to Gb3 on Raji cells causes
disappearance of membrane-bound form of HSP70. Biochim. Biophys. Acta 1790
(2), 101–109.

unyer, J.O., Tort, L., Lambris, J.D., 1997. Structural C3 diversity in fish: characteri-
zation of five forms of C3 in the diploid fish Sparus aurata. J. Immunol. 158 (6),
2813–2821.

uper, M., et al., 1989. Association of low levels of mannan-binding protein with a
common defect of opsonisation. Lancet 2, 1236–1239 (8674).
uzuki, Y., et al., 2003. Molecular diversity of skin mucus lectins in fish. Comp.
Biochem. Physiol. B: Biochem. Mol. Biol. 136 (4), 723–730.

zalai, A.J., et al., 1992. Isolation of an acute-phase phosphorylcholine-reactive pen-
traxin from channel catfish (Ictalurus punctatus). Comp. Biochem Physiol. B 102
(3), 535–543.
tive Immunology 35 (2011) 1388–1399 1399

Tasumi, S., et al., 2002. Primary structure and characteristics of a lectin from
skin mucus of the Japanese eel Anguilla japonica. J. Biol. Chem. 277 (30),
27305–27311.

Tasumi, S., et al., 2004. Characteristics and primary structure of a galectin in the
skin mucus of the Japanese eel, Anguilla japonica. Dev. Comp. Immunol. 28 (4),
325–335.

Tateno, H., et al., 2002. Rhamnose-binding lectins from steelhead trout
(Oncorhynchus mykiss) eggs recognize bacterial lipopolysaccharides and lipote-
ichoic acid. Biosci. Biotechnol. Biochem. 66 (3), 604–612.

Taylor, M.E., Drickamer, K., 2003. Introduction to Glycobiology, vol. XV. Oxford Uni-
versity Press, Oxford, New York, p. 207.

Teichberg, V.I., et al., 1975. A beta-d-galactoside binding protein from electric organ
tissue of Electrophorus electricus. Proc. Natl. Acad. Sci. U.S.A. 72 (4), 1383–1387.

Terada, T., et al., 2007. Structural characterization of a rhamnose-binding glycopro-
tein (lectin) from Spanish mackerel (Scomberomorous niphonius) eggs. Biochim.
Biophys. Acta 1770 (4), 617–629.

Tsutsui, S., et al., 2003. Lectins homologous to those of monocotyledonous plants in
the skin mucus and intestine of pufferfish, Fugu rubripes. J. Biol. Chem. 278 (23),
20882–20889.

Tsutsui, S., et al., 2006a. Novel mannose-specific lectins found in torafugu, Takifugu
rubripes: a review. Comp. Biochem. Physiol. Part D: Genomics Proteomics 1 (1),
122–127.

Tsutsui, S., et al., 2006b. Carbohydrate-binding site of a novel mannose-specific lectin
from fugu (Takifugu rubripes) skin mucus. Comp. Biochem. Physiol. B: Biochem.
Mol. Biol. 143 (4), 514–519.

Tsutsui, S., et al., 2007. Yeast-binding C-type lectin with opsonic activity from conger
eel (Conger myriaster) skin mucus. Mol. Immunol. 44 (5), 691–702.

van den Berg, T.K., Yoder, J.A., Litman, G.W., 2004. On the origins of adaptive immu-
nity: innate immune receptors join the tale. Trends Immunol. 25 (1), 11–16.

van Kooyk, Y., Rabinovich, G.A., 2008. Protein–glycan interactions in the control of
innate and adaptive immune responses. Nat. Immunol. 9 (6), 593–601.

Vasta, G.R., 2009. Roles of galectins in infection. Nat. Rev. Microbiol. 7 (6), 424–438.
Vasta, G.R., Ahmed, H., 2008. Animal Lectins: A Functional View. CRC Press.
Vasta, G.R., et al., 1999. C-type lectins and galectins mediate innate and adaptive

immune functions: their roles in the complement activation pathway. Dev.
Comp. Immunol. 23 (4-5), 401–420.

Vasta, G.R., Ahmed, H., Odom, E.W., 2004a. Structural and functional diversity of
lectin repertoires in invertebrates, protochordates and ectothermic vertebrates.
Curr. Opin. Struct. Biol. 14 (5), 617–630.

Vasta, G.R., et al., 2004b. Galectins in teleost fish: zebrafish (Danio rerio) as a model
species to address their biological roles in development and innate immunity.
Glycoconj. J. 21 (8-9), 503–521.

Vitved, L., et al., 2000. The homologue of mannose-binding lectin in the carp fam-
ily Cyprinidae is expressed at high level in spleen, and the deduced primary
structure predicts affinity for galactose. Immunogenetics 51 (11), 955–964.

von Itzstein, M., et al., 2008. Hot, sweet and sticky: the glycobiology of plasmodium
falciparum. Trends Parasitol. 24 (5), 210–218.

Wang, Z., Zhang, S., Wang, G., 2008. Response of complement expression to challenge
with lipopolysaccharide in embryos/larvae of zebrafish Danio rerio: acquisition
of immunocompetent complement. Fish Shellfish Immunol. 25 (3), 264–270.

Watanabe, Y., et al., 2008. Isolation and characterization of l-rhamnose-binding
lectin, which binds to microsporidian Glugea plecoglossi, from ayu (Plecoglossus
altivelis) eggs. Dev. Comp. Immunol. 32 (5), 487–499.

Watanabe, Y., et al., 2009. The function of rhamnose-binding lectin in innate immu-
nity by restricted binding to Gb3. Dev. Comp. Immunol. 33 (2), 187–197.

Wei, J., et al., 2010. Molecular cloning, characterization and expression analysis of
a C-type lectin (Ec-CTL) in orange-spotted grouper, Epinephelus coioides. Fish
Shellfish Immunol. 28 (1), 178–186.

Wittbrodt, J., Shima, A., Schartl, M., 2002. Medaka – a model organism from the Far
East. Nat. Rev. Genet. 3 (1), 53–64.

Yoder, J.A., et al., 2010. Developmental and tissue-specific expression of NITRs.
Immunogenetics 62 (2), 117–122.

Young, K.M., et al., 2009. Plasma ladderlectin concentration following sterile inflam-
mation and Aeromonas salmonicida subsp. salmonicida infection. J. Fish Dis. 32
(7), 569–576.

Yu, H., et al., 2007. The disulfide bond pattern of salmon egg lectin 24K from the
Chinook salmon Oncorhynchus tshawytscha. Arch. Biochem. Biophys. 463 (1),
1–11.

Zelensky, A.N., Gready, J.E., 2005. The C-type lectin-like domain superfamily. FEBS J.
272 (24), 6179–6217.

Zhang, H., et al., 2000. Cloning, mapping and genomic organization of a fish C-type
lectin gene from homozygous clones of rainbow trout (Oncorhynchus mykiss).
Biochim. Biophys. Acta 1494 (1-2), 14–22.

Zhang, Y.A., et al., 2010a. IgT, a primitive immunoglobulin class specialized in

mucosal immunity. Nat. Immunol. 11 (9), 827–835.

Zhang, M., Hu, Y.H., Sun, L., 2010b. Identification and molecular analysis of a novel
C-type lectin from Scophthalmus maximus. Fish Shellfish Immunol. 29 (1), 82–88.

Zwaal, R.F., Comfurius, P., Bevers, E.M., 1998. Lipid–protein interactions in blood
coagulation. Biochim. Biophys. Acta 1376 (3), 433–453.


	Structural and functional diversity of the lectin repertoire in teleost fish: Relevance to innate and adaptive immunity
	1 Protein-carbohydrate interactions in animal-microbe consortia
	2 Structural and functional aspects of animal lectins
	2.1 Current classification of animal lectins
	2.2 Structural and functional diversity of the lectin repertoire in invertebrates and vertebrates
	2.3 Current approaches for assessing the structural and functional diversity of lectin repertoires
	2.4 Lectins as recognition and effector factors in innate immunity and modulators of adaptive immune responses

	3 The lectin repertoire in fish: genomic and structural diversity
	3.1 C-type lectins
	3.2 Galectins
	3.3 F-type lectins
	3.4 Rhamnose-binding lectins
	3.5 Pufflectins
	3.6 X-type lectins/intelectins
	3.7 Pentraxins
	3.8 Calnexin and calreticulin
	3.9 Other proteins with lectin-like properties

	4 Functional aspects of lectins in fish immunity
	4.1 Roles of lectins in fish innate and adaptive immunity

	5 The zebrafish (D. rerio) as a model for glycoimmunology
	6 Conclusions
	Acknowledgements
	References


