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Galectins in teleost fish: Zebrafish (Danio rerio) as
a model species to address their biological roles
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Cell surface glycans, such as glycocoproteins and glycolipids, encode information that modulates interactions between
cells, or between cells and the extracellular matrix, by specifically regulating the binding to cell surface-associated or
soluble carbohydrate-binding receptors, such as lectins. Rapid modifications of exposed carbohydrate moieties by gly-
cosidases and glycosyltransferases, and the equally dynamic patterns of expression of their receptors during early devel-
opment, suggest that both play important roles during embryogenesis. Among a variety of biological roles, galectins have
been proposed to mediate developmental processes, such as embryo implantation and myogenesis. However, the high
functional “redundancy” of the galectin repertoire in mammals has hindered the rigorous characterization of their specific
roles by gene knockout approaches in murine models. In recent years, the use of teleost fish as alternative models for
addressing developmental questions in mammals has expanded dramatically, and we propose their use for the elucidation
of biological roles of galectins in embryogenesis and innate immunity. All three major galectin types, proto, chimera, and
tandem-repeat, are present in teleost fish, and phylogenetic topologies confirm the expected clustering with their mam-
malian orthologues. As a model organism, the zebrafish (Danio rerio) may help to overcome limitations imposed by the
murine models because it offers substantial advantages: external fertilization, transparent embryos that develop rapidly in
vitro, a diverse toolbox of established methods to manipulate early gene expression, a growing collection of mutations that
affect early embryonic development, availability of cell lines, and most importantly, an apparently less diversified galectin
repertoire.
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Abbreviations: ECM: extracellular matrix; Drgal1-L1, -L2, -L3: Galectin-1 like lectin 1, 2, 3, respectively, from D. rerio; Drgal3:
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Introduction ticularly during early development, the abovementioned struc-
tural information is subject to rapid changes mediated by gly-
cosidases and glycosyltransferases [3]. Likewise, the decoding
machinery of carbohydrate-binding proteins is also subject to
change, and the dynamic expression patterns of such recep-
tors in the context of early development suggest they play im-
portant roles in embryogenesis. Among these developmentally
regulated carbohydrate binding receptors, galectins, a family of
B-galactoside-binding proteins, have been hypothesized to me-
diate fundamental processes in early development, but in most

The diverse array of cell surface glycans, such as glycopro-
teins and glycolipids, contains rich structural information that
is “decoded” by the binding of cell surface-associated or solu-
ble carbohydrate-binding receptors [1,2]. This specific protein-
carbohydrate recognition modulates interactions between cells,
or between cells and the extracellular matrix. Further, and par-
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cases their specific functions and detailed mechanisms of action
have yet to be rigorously demonstrated [4—6].

Studies on murine models suggest that galectins participate
in embryo implantation in the endometrial surface, and myoge-
nesis. During early stages of development, galectins-1 and -3
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Proto Galectin -1, -2, -5, -7, -10, -11, -13, -14
Chimera Galectin -3

Tandem-repeat Galectin -4, -6, -8, -9, -12

Figure 1. Classification of galectins. Based on subunit struc-
ture and molecular organization, galectins are classified in three
basic types: proto, chimera, and tandem-repeat.

(see Figure 1 for classification) are differentially expressed and
are believed to play a role in trophoblast implantation in the
endometrium by binding nascent lactosaminoglycan ligands in
the uterine wall [7]. Because galectin-1 is expressed prior to
myoblast differentiation and binds to N-acetyllactosamine of
laminin, it has also been proposed to play an important role in
myoblast detachment/attachment [4]. The roles of galectin(s)
in both developmental processes have yet to be established be-
cause null mutations for galectin genes in the mouse fail to
produce phenotypic abnormalities [7]. A further screening in-
dicated the presence of an additional galectin in the mouse
embryo, galectin-5, which may mediate its implantation in the
endometrial surface in the absence of galectins-1 and -3 [8].
This observation suggests that the lack of distinct phenotypes in
the knockouts are due to the high “redundancy” associated with
mammalian galectin genes: a total of fourteen distinct types of
galectins have been described so far in higher vertebrates [9].
Such genetic “redundancy” makes it difficult to investigate the
function(s) of galectin(s) in murine models by taking a gene
knockout approach.

The zebrafish (Danio rerio) should constitute a suitable ani-
mal model for investigating biological roles of galectins in early
embryo development because this species offers a number of
advantages over mammalian systems. First, fertilization is ex-
ternal; the embryos develop rapidly in vitro and are transparent,
making it possible to visualize the expression of putative genes
mediating cell adhesion and/or migration. Second, the early ex-
pression of those gene(s) can easily be manipulated in zebrafish
embryos, enabling functional studies of these genes. Third, a
growing collection of interesting mutations that affect early em-
bryonic development, such as cell adhesion and migration, are
being generated and mapped to provide an excellent resource
for future genetic studies of the function and mechanisms of ac-
tions of galectin(s) genes. Fourth, zebrafish cell lines have been
established, which may be very useful to study gene expression
and protein export at a cellular level. In this context, our pre-
liminary investigations revealed the presence of four distinct
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galectins in zebrafish. Disruption of their expression resulted in
phenotypes defective in somitogenesis and eye development.

Galectins: General aspects
Definition and classification

Galectins are an evolutionary conserved and ubiquitous group
of lectins represented in most animal taxa examined so far,
including the parazoa and both proto and deuterostome lin-
eages, and fungi [5,9,10]. Two properties are required in a
protein for its inclusion in the galectin family: (a) a charac-
teristic carbohydrate recognition domain (CRD) with an affin-
ity for B-galactosides, and (b) a conserved sequence motif
[4,5]. Based on structural features, galectins have been clas-
sified in three types: “proto”, “chimera”, and “tandem-repeat”
(Figure 1) [11]. Prototype galectins contain one CRD per sub-
unit, and are usually homodimers of non-covalently linked sub-
units. The C-terminal of the chimera-type galectins is simi-
lar to prototype, but its N-terminal contains a different gene
product. Chimera type galectins are monomeric. Tandem-repeat
galectins, in which two CRDs are joined by a linker peptide,
are also monomeric. Proto and tandem-repeat types comprise
several distinct galectin subtypes. Galectin subtypes have been
numbered following the order of their discovery [12], and so far,
fourteen have been described in mammals. Lower vertebrates
and invertebrates appear to have a smaller galectin repertoire.

Biochemical properties

From the biochemical, structural and genetic standpoints,
galectins constitute one of the best-characterized lectin fam-
ilies [5,13-20]. Galectins are usually isolated by affinity chro-
matography on lactose-containing affinity resin column, and the
biochemical properties, dimeric organization, and isoform di-
versity characterized for galectins from several sources [16,17].
Thermodynamic approaches have been used not only to as-
sess the galectins’ carbohydrate-binding properties, but also
the oligomeric organization of the protein. On microcalori-
metric studies, the dissociation constants for the interac-
tions of bovine galectin-1 with the preferred ligands (lactose,
N-acetyllactosamine, thiodigalactoside) were in the range of
10~ M, with two binding sites per molecule [18]. Although
galectin and legume lectins display a striking similarity in their
3-D structures, the thermal stability of the galectin is different
from that of concanavalin A (Con A). Like Con A, the bovine
galectin exists as a tetramer at the denaturation temperature,
but, unlike Con A, it does not dissociate upon unfolding [18].

Binding properties
Carbohydrate specificity

Although galectins are -galactoside-binding lectins, the rela-
tive inhibitory activity of either D-galactose or its «/f methyl
derivative is almost 200 times less effective than that of the
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B-galactose-containing disaccharide lactose (Lac) as deter-
mined by several lectin binding assays [16,17,20-23]. For most
galectins, N-acetyllactosamine (LacNAc) and thiodigalacto-
side (TDG) are 5 to 10 times more active than Lac. In general,
4'-OH, 6’-OH (Gal residue of Lac/LacNAc) are critical for bind-
ing, and thus, any changes (epimers or substitutions) of these hy-
droxyls reduce binding efficiency. The equatorial 3-OH of Glc-
NAc residue (on LacNAc) is also important for binding because
GalB31-3GalNAc s a very poor inhibitor for most galectins. Sub-
stitutions of 2’-OH or 3’-OH or both (of Gal residue), however,
do not affect the binding of galectin-1 to the carbohydrate lig-
and. Close examination of carbohydrate-binding specificities of
galectins, however, revealed diversity in their binding proper-
ties [24]. Four oligosaccharides, Lac, LacNAc, Gal31-3GalNAc
(T-disaccharide), and the human blood group A-tetrasaccharide
were identified as useful tools to resolve the fine specificity of
galectins, which could be further explained on a structural basis
[24]. These significant differences in the galectins’ carbohy-
drate specificities, and the conservation of amino acid residues
that interact with the carbohydrate ligands, enabled the clas-
sification of galectins’ CRDs into two types, “conserved” or
“variable” CRDs [24]. For example, Bufo arenarum galectin
shows specificity similar to bovine galectin-1 probably due to
similar structures of their binding sites, but the specificity pro-
file of 16 kDa galectin from Caenorhabditis elegans with the
four abovementioned carbohydrates is different from those ob-
served for the bovine and amphibian galectins [23]. The C. el-
egans 16 kDa galectin showed a novel carbohydrate specificity
pattern that has not been described in any of the known galectins
characterized so far [23]. The binding profiles of these galectins
have been explained by the analysis of their 3-D structures [19].

Endogenous ligands

Glycoproteins or glycoconjugates that contain polylactosamine
chains have been proposed as the most likely endogenous lig-
ands for galectins. Laminin and lysosome-associated mem-
brane proteins have been shown to interact with galectin-1 [25-
27]. Mucin and fibronectin are also good ligands for the avian
and amphibian galectins [28,29]. Galectin-3 interacts with IgE
and its receptor [30], laminin and fibronectin [31], and mucin
[32]. The biological function of a particular galectin, however,
may vary from site to site, depending on the availability of suit-
able ligands [4]. Nevertheless, the nature of the endogenous
ligands remains largely unknown for most lower vertebrates
and invertebrates.

Protein structure and gene organization
Primary structure

Galectins lack typical secretion signal peptides [11]. The N-
terminal amino acid residue in most galectins is blocked by
acetylation [4,9]. Galectins are not glycosylated, although some
of them have a potential glycosylation signal. The primary
structures of galectins-1 from mammals are substantially con-
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served (87-90% amino acid identity with human galectin-1)
[5,11]. Percentage identities of human galectin-1, when aligned
with galectins from the non-mammalian taxa, are generally
lower: 55 to 57% with two galectins from chicken; 33 to
45% with galectins from ectothermic vertebrates [B. arenarum
(45%), Xenopus laevis (40%), electric eel (42%) and conger
eel (33%)], and 21 to 27% with galectins from invertebrates,
[C. elegans (25-27%) and Geodia cydonium (21%)]. The N-and
C-terminal regions of the molecule are not as highly conserved
as the CRD. The CRD comprises a stretch of 30 amino acids,
and shows higher identity relative to the whole peptide, even
among galectin types. For the chimera type galectins (galectin-
3), the two domains are 27 to 29% homologous to that of human
galectin-1, whereas their CRDs show about 57% identity with
that of human galectin-1.

Gene organization

The gene organization of galectins from human, mouse, and
chicken is remarkably similar. Two galectins-1 from human and
mouse [33,34], galectin-2 [35] and chicken 14 kDa galectin [36]
have identical numbers of exons, with similar size. Each gene
(about 3.2 kb) contains four exons (from the 5’ end to the 3’ end:
exon I, 6 to 9 bp; II, 80 to 83; 111, 160 to 172 bp; and 1V, 144 to
150 bp) of which the largest one (exon III) encodes the CRD.
The gene structures of galectin-3 from mouse and rat show
that the exon-intron structure of their CRD domain is similar
to the 14 kDa galectins, whereas their N-terminal domains are
encoded by two exons [37]. The genomic structure of the C.
elegans 32 kDa galectin revealed a unique intron organization:
two introns of which the first one is conserved with mammalian
galectins [38].

Structural basis of lectin-carbohydrate interactions

The structures of mammalian galectins-1, -2, -3 (C-terminal),
-7, and -10, and the galectin from B. arenarum are quite sim-
ilar [15,19,39-42]. The structure shows a jellyroll topology
typical of legume lectins (Figure 2). The subunit of galectin
is composed of an 11-strand antiparallel 3-sandwich and con-
tains one CRD. In the dimer, the N- and C-terminal are at the
dimer interface. The 3-D structure of the bovine galectin-1-
N-acetyllactosamine complex enables the identification of the
amino acid residues that participate in interaction with the lig-
ands, as well as the position and orientation of the hydroxyls
from the sugar that are interacting with those amino acids [19].
The overall results from the 3-D structure were consistent with
the studies on carbohydrate-binding specificities of galectins
[16,17,21,22]. Interestingly, multiple galectin-1 isoforms co-
crystallize in the galectin-ligand complex (Ahmed and Vasta,
submitted).

Evolutionary aspects

Comparisons of the primary structures of galectins from var-
ious species indicate that this protein family is evolutionarily
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Figure 2. Structure of the galectin-1/N-acetyllactosamine complex. Galectin-1 is a dimer displaying a sugar-binding cleft at each
end, with each subunit organized as 11-strand antiparallel B-sandwich (see references 15 and 19).

conserved. The presence of galectins in the sponge G. cydonium
[43] and the fungus Coprinus cinereus [44] reveals their early
emergence and structural conservation in eukaryotic evolution,
and supports the notion that they mediate fundamental mecha-
nisms in cell to cell interactions or other functions. Hirabayashi
and Kasai [11] found a linear correlation for the galectin se-
quence homology and the phylogenetic distance between the
source species and proposed constant mutation rates. For ex-
ample, assuming the rate of amino acid substitution is con-
stant during evolution, the time of divergence of nematode and
sponge were estimated to be 680 and 800 million years ago,
apparently in good agreement with the generally accepted time
of divergence for those taxa. However, B. arenarum galectin is
closer, both in primary structure and carbohydrate specificity, to
the bovine galectin-1 than to the galectin from a related amphib-
ian species, X. laevis, indicating that, within this lectin family,
structural and functional divergence may have occurred early in
vertebrate evolution [16]. A likely explanation for this observa-
tion may be that mutation rates would not be constant within the
galectin family and the galectin-1 subgroup may have evolved
under low mutation rates. If this is the case, the galectin-1 would
be a considerably homogeneous category within this lectin fam-
ily, and the high conservation of residues in the Type I CRD
that interact directly with the ligand relative to those in the Type
II CRD [24], would buttress this idea. However, recent studies
indicated that the X. laevis contains multiple galectin-1 like

proteins that are closer to B. arenarum galectin in their primary
structures [45, Ahmed and Vasta, unpublished].

Galectins from invertebrates are more divergent among them
and from those of mammals both in primary structure and gene
organization. Although the exon-intron organization is con-
served in the galectins examined so far, the C. elegans tandem-
repeat galectin gene possess an intron (intron II), which is not
conserved in mammalian galectins [38]. However, the insertion
pattern of this intron is common to several C. elegans tandem-
repeat galectins, suggesting that they are the product of a gene
duplication event in the protostome lineage, which paralleled
that in deuterostomes [38].

Subcellular localization and secretion

Although galectins lack a typical secretion signal peptide [9,11],
they are present not only in the cytosol but also in the extra-
cellular matrix [46,47]. From the cytosol, galectins may be
targeted for secretion by non-classical mechanisms, possibly
direct translocation across the plasma membrane [46,48]. In
cultured muscle cells galectin-1 is externalized during differ-
entiation, apparently by membrane evagination [46]. In filter-
grown confluent monolayers of Madin-Darby canine kidney
cells, galectin is secreted from the apical domain of the polar-
ized cells, whereas laminin is secreted from the basal domain
and becomes incorporated into the matrix between cells and
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substratum [49]. Galectins may also be translocated into the
nucleus [50], into vesicles [51], or accumulate at sub-cytosolic
sites [52]. Further, the cellular localization of galectins varies at
different developmental stages, as observed in chicken retinal
cells [53]. Striking differences in the distribution of galectins
have been described for other cell types. For example, in the
liver, lectin was found concentrated in the lining of hepatic
sinusoids [54], whereas in the pancreas it was localized extra-
cellularly [54]. In the skeletal muscle, the lectin was detected
both on the surface and within myoblasts [55], whereas in the
kidney it was detected extracellularly and was never found in-
tracellularly [56].

Biological roles

Galectins have been proposed to mediate diverse biological pro-
cesses such as embryogenesis [7,25], inflammation [57], apop-
tosis [58], neuron projection [59], tumor metastasis [60], and
B-cell development [61]. However, rigorous demonstration of
these roles in vivo and the detailed mechanism of these func-
tions have remained elusive due largely to problems inherent to
the mammalian models used. For example, the proposed bio-
logical functions of galectin-1 in mediating cell to cell and cell
to extracellular matrix interactions have been difficult to recon-
cile with the original observation that in fibroblasts the lectin is
found primarily in the cytoplasm, and in the absence of reduc-
ing agents the isolated lectin is readily oxidized and inactivated
[62]. Galectin-1 contains six free cysteine residues, which out-
side a reducing environment, may form disulfide bonds [63].
Because other mammalian galectins and galectins from ec-
tothermic vertebrates and invertebrates lack the conserved cys-
teine residues, binding properties and biological functions of
galectins may not be dependent on their oxidation state [24].
Furthermore, when associated with their ligands, such as lactose
or laminin, galectins remain active in oxidating environments
[16,64].

Functions in early development

The dynamic patterns of expression of galectin-1 and galectin-
3 during mouse embryogenesis led to propose their potential
roles at several developmental stages such as notochord de-
velopment, somitogenesis, and development of central nervous
system [7,65]. However, mice carrying null mutations in these
galectins (double knockout) do not exhibit any overt phenotype
[8]. A further screening indicated the presence of an additional
galectin in the mouse embryo, galectin-5, which may compen-
sate the biological function in the absence of galectins-1 and
-3 [8]. Thus, the effects of null mutations on normal develop-
ment are not drastic, probably due to functional redundancy of
galectins during development [8]. At the present time, fourteen
distinct types of galectins have been described in mammals (see
Figure 1), and additional, as yet undescribed galectin types are
evident from GenBank databases [9]. Nonetheless, subtle phe-
notypes have been identified in mice [59,66]. In galectin-1 null
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mice, a group of primary sensory neurons failed to project their
axons to the correct sites in the caudal olfactory bulb suggest-
ing that galectin-1 may be involved in neuronal path-finding
and neurite outgrowth [59]. Galectin-3 is expressed at the on-
set of chondrification suggesting a role in bone development
[66]. This is supported by the finding that galectin-3 null mice
show abnormalities in cells of the hypertrophic zones, and a re-
duction in the total number of hypertrophic chondrocytes [66].
However, the considerable diversity and potential functional
“redundancy” of the galectin repertoire, makes it difficult to
investigate the function(s) of galectin(s) in murine models by
taking a gene knockout approach.

Functions in innate and adaptive immunity

There is a fragmentary, albeit significant, body of evidence
that galectins participate both in innate immunity and devel-
opmental aspects of adaptive immunity. Galectin-1 participates
in acute and allergic inflammation [57]. Galectin-1 amelio-
rates edema induced by bee venom phospholipase A2 [67] and
inhibits the release of arachidonic acid from LPS-stimulated
macrophages, neutrophil extravasation and mast cell degranu-
lation [67]. Galectin-1 influences the ability of macrophages to
control intracellular infections either by inhibiting microbicidal
activity or inducing host-cell apoptosis [57]. In Trypanosoma
cruzi-infected macrophages, galectin-1 blocks IL-12 produc-
tion, thereby promoting parasite replication [68]. Galectin-3 is
normally expressed in epithelia of many organs and various
inflammatory cells, such as macrophages, dendritic cells and
Kupffer cells [69]. In contrast to the pro-apoptotic activity of
galectin-1, galectin-3 has an anti-apoptotic activity [70]. This
has been supported from studies of galectin-3-deficient mice
since they undergo accelerated apoptosis after treatment with
apoptotic stimuli [71]. In contrast to the anti-inflammatory ef-
fects of galectin-1, galectin-3 shows pro-inflammatory activity.
The expression of this lectin is upregulated during inflamma-
tion, cell proliferation, and cell differentiation [69]. Galectin-
3 activates NADPH oxidase [83], stimulates superoxide pro-
duction from neutrophils [73], potentiates LPS-induced IL-1
production, and promotes monocyte chemotaxis [69]. The pro-
inflammatory role of galectin-3 has been supported from studies
of galectin-3 knockout mice, as they had fewer inflammatory
cells with reduced levels of NFkB activation after an intraperi-
toneal challenge [71]. Galectin-9, a tandem-repeat galectin, and
a selective chemoattractant for eosinophils [74], is highly ex-
pressed in tissues of the immune system, such as bone marrow,
spleen, thymus and lymph nodes [74]. Galectins-10 and -14 are
selectively expressed in eosinophils, suggesting their roles in
allergic processes [75].

With regard to adaptive immune functions, galectins and
their ligands have been proposed as regulators of immune
cell homeostasis [57]. Galectin-1 inhibits proliferation of
mitogen-activated T cells and reduces clonal expansion of
antigen-primed CD8% T cells and human leukemia T cells
in a carbohydrate-dependent manner [76]. Galectin-1 induces
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apoptosis of human and murine T cells during development in
the thymus [58]. Apoptosis of thymocytes and T cells is modu-
lated by CD45 and CD7, of which the latter is critical [58,77].
Galectin-1 expressed by bone marrow stromal cells has been
demonstrated to mediate maturation of B-cells by binding to
the surrogate light chain of the preB cell receptor [61].

Galectins in teleost fish: Current knowledge

Electrolectin, the first galectin identified and characterized, was
isolated from the electric organs of the electric eel Electropho-
rus electricus [78]. Since then, a substantial number of galectins
have been identified in elasmobranch and teleost fish, and char-
acterized in various degrees of detail (Table 1).

Isolation, biochemical characterization, and tissue localiza-
tion. Characterization of electrolectin by reducing SDS-
PAGE, amino acid analysis, and sedimentation equilibrium
[78], revealed a globular, relatively hydrophilic protein with
subunit weight of ~16,500 Daltons that forms a non-covalent
dimer in the presence of ligand (Table 1). Though electrolectin
possesses no cysteines, it is sensitive to inactivation by oxida-
tion, as measured by hemagglutination activity. Comparison of
its amino acid sequence with galectins from human and chicken
revealed that it is a member of the galectin family [79]. Although
galectins are usually of wide tissue distribution, the presence
of galectins in skin and gut mucus of fish has been particularly
intriguing with regard to their potential biological role(s) in
defense against microbial pathogens. Two prototype galectins
from skin mucus of the conger eel Conger myriaster (congerins:
13 kDa subunit, dimer in native form) [80] not only agglutinate
red blood cells from different species but also the fish pathogen
Vibrio anguillarum. The amino acid sequence of one congerin
(Con1) [81] revealed a 135 amino-acid subunit homologous to
electrolectin and mammalian prototype galectins. The sequence
of the second congerin (Con II) [82] revealed that although of
equal subunit length, it is only 46% homologous to Con I, and
differs in thermostability, pH dependency for hemagglutinating
activity, and fine carbohydrate specificity. Immunohistochem-
istry indicated that congerins are only present in the epider-
mis of the skin and lining of the alimentary tract preceding the
stomach [83]. The subunit structures of Con I and II are similar,
but they differ in the dimer interfaces [84,85], thus explaining
the differences in thermal stability and carbohydrate specificity
observed. Similarly, a 16 kDa galectin (AJL-1) was isolated
from the skin mucus of the Japanese eel, Anguilla japonica,
by lactose affinity chromatography. This 142 amino-acid pro-
tein is N-terminally blocked, consists of two identical subunits,
and has no disulfide bonds. A prototype galectin, also present
in skin mucus, was purified and partially characterized from
skin and muscle of the striped bass Morone saxatilis (Henrik-
son, Ahmed, and Vasta, unpublished). It has a subunit size of
15 kDa, N-terminally blocked, and forms a homodimer under
non-reducing conditions. It is ubiquitous in the animal tissues,
with the exception of the plasma. Its genomic organization is the
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same as mammalian and chicken prototype galectins, varying
only in intron size.

Structural relationships with galectins from mammals, amphib-
ians, and invertebrates. In addition to amino acid or gene
sequences of the fish galectins described above, a substan-
tial number of galectin sequences from teleost fish are avail-
able from GenBank. These include prototype galectins from
flounder (Paralichthys olivaceus) and medaka (Oryzias latipes),
prototype and tandem repeat galectins from Atlantic salmon
(Salmo salar) and rainbow trout (Onchorhynchus mykiss), and
a possible tandem repeat galectin from catfish (Ictalurus punc-
tatus). To date, there are nine open reading frames that code for
B-galactoside-binding CRD’s in the Japanese pufferfish (Tak-
ifugu rubripes). Two are linked to another, quite similar to
tandem repeat galectins found elsewhere. The remaining five
exhibit varying levels of identity with mammalian galectin-1.
Genomic sequence and annotation based on sequence iden-
tity is the extent of T. rubripes galectin characterization. From
the green spotted pufferfish (Tetraodon nigroviridis) a contigu-
ous sequence that contains an entire prototype galectin gene is
similar to the T. rubripes and M. saxatilis prototype galectins.
The gene organization of T. nigrovirdis galectin is similar to
that of T. rubripes, mouse and human galectin-1, and chicken-
16. Several galectin sequences have been identified from our
studies and the zebrafish (D. rerio) genome database, includ-
ing members of the three galectin subtypes, proto, chimera and
tandem-repeat [20], and will be discussed separately in a later
section.

Alignment of the abovementioned amino acid sequences (ei-
ther authentic or deduced from cDNAs) revealed that these
lectins are members of the galectin family (Figure 3). Based
on their subunit molecular size, most of them belong to the pro-
totype galectin subgroup, except for the trout galectin 9, and
zebrafish Drgal3, Drgal9-L1. If only the CRD region (shaded
amino acids in Figure 3) is compared, Drgall-L1, -L2, -L3,
E. electricus, F. rubripes, T. nigroviridis, and P. olivaceous are
more closely related to the galectin-1 group than to any other
galectin family members. Percentage identities to the human
galectin-1 vary from 22% (domain I of Drgal9-L1) to 42%
(Drgall-L3). Among the fish galectins, the highest identity ob-
served is between galectins from 7. rubripes and T. nigroviridis.
Within the three prototype galectins from zebrafish, Drgal1L.1
is 79% identical to Drgall-L2 but only 45% to Drgall-L3. The
phylogenetic topologies of galectins from teleost fish and se-
lected representatives of other vertebrate taxa were examined
unrooted dendrograms (Figures 4 and 5) generated using the
ClustalW program, in which the neighbor-joining method of
Saitou and Nei [86], is applied to a distance matrix generated
by calculating the percent divergence between all pairs of se-
quences from a multiple alignment. Although there is a close
relationship among all of vertebrate prototype galectins (Figure
4), the teleost galectins are removed from the tight group formed
by mammals, birds, and amphibians, and the prototype galectins
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X.laevis IA  ------------ MSAGMVMSNFSLKQGHCLELKGI IPKDAKSFAINLGKDSS - - -NYVIEFNPRFDHHG- - - - - DTNKIICN
X.laevis IB  ------------ MAAGMVMNNFSLKQGHCLELKGF I PKDAKSFAINLGKDSS - - -NYVIHFNPRFDHEG- - - - - DTNKIICN
B.arenarum  ------------ ASAGVAVTNLNLKPGHCVEIKGSIPPDCKGFAVNLGEDAS - - -NFLLHFNARFDLHG- - - - - DVNKIVCN
B.taurus = ce-emmo--oe- MACGLVASNLNLKPGECLRVRGEVAADAKSFLLNLGKDDN - - -NLCLEFNPRFNAHG - - - - - DVNTIVCN
H.sapiens = -----------o- MACGLVASNLNLKPGECLRVRGEVAPDAKSFVLNLGKDSN - - -NLCLEFNPRFNAHG- - - - - DANTIVCN
G.gallus  —--------oo- MEQGLVVTQLDVQPGECVKVKGKILSDAKGFSVNVGKDSS - - -TLMLEFNPRFDCHG- - - - - DVNTVVCN
Drgall-L2 =====-------- MAGVLIQNMSFKVGQALTITGVPKPDSTNFAINIGHSPE- - -DIALHMNPRFDAHG- - - - - DOCTIVCN
Drgall-Ll ~  =----------- MHETVLIQNMAFKAGQTLTLTGVPKSESSEFKINIGNSSE - - -DIALHINPRFDAHG- - - - - DOCIIVCN
E.electricus = ------------ SMNGVVDERMSFKAGONLTVKGVPSIDSTNFAINVGNSAE- - -DLALHINPRFDAHG- - - - - DQOAVVVN
T.rubripes = --------------o- MTIKNMSFKVGQTMTIVGVPTPNPSNFAVNVCONEQ- - - ETTMHLNARFNAHG- - - - - DENKVVCN
T.nigroviridis = ------------ MIQGLIVKNMSFKVGQTMTIVGVPSPDASKFAINICONEQ- - - EITMHFNARFNAHG- - - - - DENKVVCN
M.saxatilis = ------------ MFNGLLIKNMSFKVGQTMTVVGVAKPDASDFAVNVGPDEK - - -DITMHINARFNACG- - - - - DENVVVCN
pP.olivaceus = ------------ MMKNMMIKNMS FKVGQTMTI IGVPKPDATNFALNIGPTDQ- - -DIVMHINPRFNAHG- - - - - DENAVVCN
0.latipes II =~ ===-=-mmmmmommmmmoeeeoooo RHEAKPDATNFALNIGPNEQ- - -DIAFHLNPRFNAHG- - - - - DENTVVCN
I.punctatus I =~ -------------- MVFTVKDMTFKAGQELTISGPPKSGCSLFSINIGHDAD - - -NTALHFNPRFNYKS - - - - - DSNIIICN
Drgall-L3 —----------oe- MVFTIKDMSFKAGMEMKI SGKVKPGCDAFSINIGHDDD - - - ATALHFNPRFNAHG- - - - - DSNTIVCN
O.mykiss =~ —m-emmme—oo-o- MTFRVENMSFKQGQEMTFTGKTKSGASNFTINIGHDSD - - -NYALHFNPRFSHG- - - - - - - - - HIVCN
S.salar = —mmmmmmemoo--- MPFRVEEMSFKQGQEMTFTGKTKSGASSFSINIGHDSD - - -NYALHFNPRFSHG- - - - - - - - - QIVCN
G.aculeatus = = ----------------o- VKNMTFKEGQEFKVRIRPQDSCSSFAINIGHDSE - - -NVAMHFNARFDCQG- - - - - DTNTIVEN
O.latipes I = —= e mm oo MLT- - - TLHCTLNPRFDSGS - - - - - DVNTIVCN
C.myriaster I =~ -------=----- SGGLOQVKNFDFTVGKFLTVGGF INNSPORFSVNVGESMN - - - SLSLHLDERFNYGA- - - - - DONTIVMN
C.myriaster IT =~ ------------ MSDEAEVRNI PFKLGMYLTVGGVVNSNATRFS IfJVGESHD - - - SHAMHMDHRFSYGA- - - - - DONVLVLN
A.japonica = ------------- MDFVEVKNLIMKSGMELKVNGVFNANPERFSINVGHSTE - - - ETAVHVDVRFSYLS - - - - - DKRQLIIN
T.punctatus IT =~ -==-------mmmmmmoooomooo GKNISIQGVVYPHASRFSINLRHRNG- - - - IAFHYNPRFDEN - - -LVVRNT - - - - -
Drgal9-L1l domainII --FPAFPPAPNYTIPYKTVMNGGLHPGKNIVINGIVNPNAKRITFNLCYRSG----IAFHYNPRFDEN- - - VVVRNT- - - - -
Drgal3 meeeeeeeeoooe- LDFPLONGAYNKMLITINGEVKPNAKQFTVNLRRGND - - - - IAFHINPRFSEGGKPVIVRNS - - - - -

Drgal9-L1l domainI

X.laevis IA
X.laevis IB
B.arenarum
B. taurus

H.sapiens
G

E.electricus
T.rubripes
T.nigroviridis
M.saxatilis
P.olivaceus
O.latipes II
I.punctatis I

(0]

s
G.aculeatus
O.latipes I
C.myriaster I
C.myriaster II
A.japonica
I.punctatis II

MAFYQQPPYYNPRIPFSGPIQGGLODGKSIIISGRVLPGANRFHVNLQCGSHSEANVALHFNPRYEDT—-DYVVNNS - - - - - -

- -SKEENHWGKEQR -ENAFPFQQGAETTICFEYQADHLKVKLSDGKEFNFPIRMP-LDTITFLTMDG-IELKSFSLH-----
--SKEENSWGTEQR-ENVFPFQQGAETSICFEYQADHLKVKLSDGQEFNFPIRMP-LDTITFLSMDG-IELKATISLH- - -~ -
--SKEADAWGSEQR-EEVFPFQQGAEVMVCFEYQTQKIIIKFSSGDQFSFPVRKV-LPSIPFLSLEG-LAFKSITTE---~-~
- -SKDAGAWGAEQR-ESAFPFQPGSVVEVCISFNQTDLTIKLPDGYEFKFPNRLN-LEAINYLSAGGDFKIKCVAFE-----
- -SKDGGAWGTEQR-EAVFPFQPGSVAEVCITFDQANLTVKLPDGYEFKFPNRLN -LEAINYMAADGDFKIKCVAFD- - - - -
- -SKEDGTWGEEDR - KADFPFQQGDKVEICISFDAAEVKVKVP-EVEFEFPNRLG-MEKIQYLAVEGDFKVKAIKFS-----
--SFQSGSWCEEHR-DDNFPFIQDKEFQIKITFTNEEFLVTLPDGSEIHFPNRQG-SEKYKYMYFEGEVRIQGVEIK-----
--TFQNDCWCEEHR-ETNFPFVQGEEFQIKITFTNEEFLVTLPDDSEIHFPNRQG-SEKYKYMHFEGQARIQGIEVK-- -~ -
- -SFQGGNWGTEQR - EGGFPFKQGEDFKIQITFNSEEFRIILPDGSETIHFPNN------- RYMHFEGEARIYSIEIK-----
- -SYLGGKWCEEVR-EGGFPFQQGEEFKMVIEFTPAEVLGKLSDGSVIRFPN-RM-AEKYAFFNFDGDLRIKSIEIK- -~~~
- -SYQGGNWCGEVR - EGGFPFRQGEEFQMT IEFTPAEFFVKLSDGSVIHFPNRVG-AEKYALLNFDGDVRIKGIRI -- -~~~
--SYQGGKWCEEHR - EGGFPFQQGEEFKITIEFTPTEFLVTLSDGSTIHFPNRMG-AEKYSFINFVGDVRIKSLEIK-----
--SYIGRQWCEELR-EGGFPFQLGEEFKIVIEFTPQEFLVTLSDGSIIHFPNRIG-AEKYSFMSFEGEARIRSFEIK-----
- -SYEGGCWGEEVR -DGGFPFQQGQEFKD- -
- -SNQGG-WGQEQR-EHSFPPDQDESFKVVFTFNNDQFY IKLPNGTMLSFPNRFG-DDGFKHIDVQGDVKVQGIKIK---~--
- -SKQGG-WGSEHR - EHCFPFQQGEEFKLSITFNNETFY IKLPEGTMMSFPNRFG-DDAFTHVHVKGDVKIISVKAK- -~~~
- -SLSGGSWGDELK - EGHFPFQDGEQFKLVLNFTNEQFY IKLPDGHMMDFPNRLG-DCKYKHIMVDGDVKVISFKIK--- -~
- -SLSGGSWGDEFK-EGHFPFOQDGEQFKLVLNFTNEQFY I KLPDGHMMDF PNRLG - DCKYNHIMVDGDVKVISFKVK- - - - -
--SLSGGSWGDELR - EGNFPFVRGEECKFHINFNNEQFY I KLPDGSMLNFPNRLG-DVKYQYFDVSGEARIVGIKIK-----
- -5KSGGSWGEEQR - EGHFPFARGEESKFY INFTMDQFY I KLPDGRMMDF PNRLG-DVKYDYFEVKGDAVFHGVKIK- - - - -
STLKGDNGWETEQR-STNFTLSAGQYFEITLSYDINKFYIDILDGPNLEFPNRYS-KEFLPFLSLAGDARLTLVKE------
—SLVHNVGWQQEER-SKKFPFTKGDHFQTTITFDTHTFYIQLSNGETVEFPNRNK-DAAFNLIELEGDARLTFVRLE —————
- -HKTGDAWQEEQR -DARFPFTAGQAFQVSVVFNFDTFDIYLPDGQVAHFTNHLG-AQEYKYIFFVGDATVENISVNVADKP
---QTVENWGSEER-SGGMPFQKGONFQIIISCNPHHYNVFVNGNQVHTYNHRFTRLNEIDILELSGDLNLTAV-~-~--~-~---

Drgal9-Ll domainII ---NQMEKWGAEER-FGGLPFHKGQAFQVTISCNPQHYNIFVNGKQEHTYKHRYTKLNDIDILEICGDLQLTSVQA------

Drgal3
Drgal9-L1l domainI

- --MIGNNWGREERELPSFPFVPGKPFEMKILITDTEYKVAVNKSHLLEFKHRVFELNQITGLSIYNDVTLSTVNVETLQ- -
---YLNRTWGSEER-KYESPFAQGQTFTLQILVAQDKYKISTNGRHFMDYKHRIP-FTQVDTVAVEGMVEVNSVAFQ-----

Figure 3. Amino acid sequence comparison of fish galectins with galectins from vertebrates. Amino acid sequences are aligned by
ClustalW program. The amino acids (shown in light shaded) are known to interact with N-acetyllactosamine as determined from 3-D
structure of the bovine galectin-1 [15]. The amino acids in congerin Il (shown in dark shaded) are believed to constitute extended

binding site [85].

of D. rerio cluster with those from teleosts. Specifically, of the
three D. rerio prototype galectins so far identified, two clus-
ter together with the freshwater knifefish (Drgall-L1 and -L2),
with an overall 59% degree of identity with electrolectin, while
the third (Drgal1-L3) clusters with the anadromous salmonids
with an overall 60% degree of identity with O. mykiss and S.

salar prototype galectins. This phylogenetic analysis of proto-
type galectins of teleosts match the current taxonomy to the level
of order in most of the species analyzed. The Order Anguilli-
formes groups together as do the Superorder Percomorpha and
the Order Salmoniformes. D. rerio is classified within the Or-
der Cyprinoformes, and Drgall-L1 and Drgall1L2 groups with
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Figure 4. Relationship of D. rerio prototype galectins to the teleost prototype galectins. The dendrogram shows the relationships
of the complete sequences of twelve teleost fish prototype galectins to the human galectin-1, chicken 16, B. arenarum galectin-1
and two X. /aevis prototype galectins. This was generated using the computer program ClustalW (clustalw.genome.ad.jp/).

the Order Gymnotiformes (electrolectin), a sister group of the
Cyprinoformes. Drgall-L3, however, groups with galectins of
medaka and stickleback (both Percomorpha), and with those
from trout and salmon (both Salmoniformes). As in D. rerio, it
is likely that multiple prototype galectins are present in these
species, and thus, the sequences analyzed are the products of
orthologous and paralogous genes.

Teleost fish species as models for developmental
and genomic studies

Inrecent years, a small number of teleost fish, such as zebrafish
(D. rerio) and medaka (Oryzias latipes), have been established
as models for developmental studies in morphogenesis, neu-
robiology, and immunity. Many orthologous genes are shared
among fish and mammals, a significant advantage over more
phylogenetically-distant models such as Drosophila and C. el-
egans, which lack genes involved in many functions typical of
vertebrates [87]. Although genomic databases for the identifi-
cation and analysis of genes of interest are currently under de-
velopment for the abovementioned species [88], the relatively
small genomes of pufferfish (T. rubripes and T. nigroviridis)
have supported their use as models of choice for genomic ini-
tiatives [89].

Recent advances in the cell biology, and technical manipula-
tions of zebrafish are making this model increasingly more at-
tractive for developmental and immunobiological studies [87].

Further, the potential of the zebrafish EST and genome
projects is substantial, but identification of orthologues of the
mammalian counterparts may require caution. Because it is be-
lieved that a genome duplication event took place after the diver-
gence of teleost fish from the mammalian lineage, it remains
unclear how much of the hypothetical duplicated genome is
present in zebrafish [87]. If both orthologues are present, struc-
tural and functional divergence should be considered because
the duplicated genes would tolerate a higher rate of mutation in
sequence and function [87]. For the zebrafish galectins, this con-
sideration does not appear to constitute a problem as its galectin
repertoire appears far less diversified than in human, thus fa-
cilitating functional analysis of the individual components. In
comparison with other vertebrate genomes, 7. rubripes has one
of the smallest genomes, comprising approximately 400 Mb
[89]. The pufferfish genome contains less repetitive DNA se-
quences, smaller intergenic regions, and smaller introns (The
Fugu Landmark Mapping Project). As an established model
vertebrate genome, it is an economical tool on which compara-
tive sequence analyses can be performed. Two teleost sequenc-
ing projects, one for 7. rupribes (International Fugu Genome
Consortium) and one for T. nigroviridis (Center for Genome
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Research) are currently underway. Although with longer gen-
eration time than zebrafish, medaka has also been suitable for
use in genomic (small genome size) and developmental studies
(transparent embryos) [90].

Zebrafish as a model species for elucidating the biological
roles of galectins

Studies on early development

The use of zebrafish as a model for addressing developmen-
tal questions in higher vertebrates, including mammals, has
expanded dramatically in the past few years [88,91,92]. The
popularity of this animal model can be explained by the advan-
tages it offers over mammalian systems [91,92]. First, fertiliza-
tion is external, the embryos develop rapidly in vitro and are
transparent, making it possible to visualize the effects of genes
involved in developmental processes, such as cell migration,
organogenesis, etc. Second, the early expression of these
gene(s) can be easily up- or down-regulated in zebrafish em-
bryos, enabling the analysis of the effects of their normal or
experimentally modified expression. Third, a growing collec-
tion of mutations that affect early embryonic development have
been characterized and mapped, providing a powerful resource
for genetic studies on the function and mechanisms of action
of developmentally-regulated genes.

Studies on immunity during embryogenesis

In addition to its usefulness as a model for genetics and develop-
ment, recent studies support the notion that zebrafish can be an
equally attractive model for addressing fundamental questions
in immunobiology [87,93-97]. Several significant advantages
over mammalian models are offered by the zebrafish model,
that can advance our understanding of the immune system: (a)
because of the embryo development ex-utero and transparency,
morphological and cellular aspects, such as development of
lymphoid tissues and inflammatory cellular responses, can be
directly examined and potentially manipulated at far earlier
points in development; (b) mutations and screening for mu-
tant phenotypes can be achieved on a larger scale, faster and in
a more cost-effective manner than other systems; (c) transgene-
sis, for example dominant negative approaches, can be achieved
more efficiently and may be more informative for developmen-
tal studies of the immune system; (d) additional approaches,
such as the use of antisense knockdowns for the genes under
study can be very useful for characterizing their roles in early
embryogenesis [87].

Innate immunity

Because in zebrafish no components of adaptive immunity
(T or B cells, or expression of genes characteristic of adap-
tive immunity (rag 1 and 2, Ig) can be detected before 4 days
post-hatching [93], it can be assumed that until that time the
embryo relies heavily in innate immune mechanisms to fight

Vasta et al.

infection. Among humoral components of innate immunity,
the zebrafish exhibits cytokines and interferon [98,99], and
pathogen-recognition molecules such as F-type lectins [100,
Odom and Vasta, in preparation]. With regard to cellular re-
sponses, the zebrafish transparent free-living embryo is ideal
for investigating early stages of lymphopoiesis and inflamma-
tion during early embryogenesis. Cells that constitute hallmarks
of innate immunity, such as granulocytes and macrophages,
have been identified and functionally characterized in zebrafish.
Like mammals, zebrafish possess neutrophils and eosinophils
[95]. These two distinct granulocytes and macrophages cir-
culate in blood as early as 48 h post fertilization (hpf) [95].
Embryonic macrophages are actively phagocytic and can re-
move carbon particles from the circulation [95], phagocytose
apoptotic corpses, and engulf and destroy large amounts of
bacteria injected intravenously [94]. Both macrophages and
granulocytes accumulate at inflammation sites in experimental
wounds [95], and in experimental mycobacterial infections can
form granulomas typical of mammalian models [96]. Molecu-
lar markers such as myeloperoxidase for granulocytes [95], and
draculin and leucocyte-specific plastin for macrophages [94]
have been identified, cloned, and used to study myelopoiesis and
inflammatory responses in zebrafish early embryogenesis, indi-
cating that at 48 hpf embryonic granulocytes and macrophages
are functionally active [94,95]. Furthermore it has been shown
that although only a fraction of the macrophage population goes
to the site of infection, the entire population acquires an acti-
vated behavior similar to that of activated to that of macrophages
in mammals [94].

Adaptive immunity

Like with inflammatory responses, several features of the ze-
brafish adaptive immune system resemble those of higher verte-
brates, including thymus organization and ultrastructure, germ
line and somatic diversity of Igs, general aspects of MHC, and
patterns of expression of ragl and rag2 genes [87]. Moreover,
although only TCR« has been described in zebrafish, from ev-
idence in related taxa (elasmobranchs) it is assumed that all
four TCR isotypes are present in zebrafish. Furthermore, sidl,
which encodes a secreted immunoglobulin domain and shares
structural properties with VpreB, a surrogate light chain that
functions in early stages of B-cell receptor expression, has been
identified in zebrafish [87]. In mammals, interactions of the sur-
rogate chain in preB cells with galectin modulate maturation of
B cells in bone marrow [61].

Experimental infection and disease

The well-developed adaptive and innate cellular immune sys-
tems of zebrafish support its use as an attractive model for the
study of infectious diseases [97]. Infections by Gram-positive
and Gram-negative bacteria, fungal (L. mutabilis) infections,
and parasites such as nematodes, microsporidians, and dinoflag-
ellates, have been associated with disease in zebrafish [87].
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Experimental models for infectious disease by Streptococcus
sp. and Mycobacterium sp. have been recently developed and
characterized [96,97]. Following Streptococcus injection, ze-
brafish develop infections resembling not only those observed
in farmed fish populations, but also human streptococcal dis-
eases [97]. Like in human tuberculosis, infection of zebrafish
with pathogenic mycobacteria produces granulomas, highly or-
ganized structures containing differentiated macrophages and
lymphocytes that sequester the pathogen. The transparency of
zebrafish embryos, which in early stages have macrophages
and granulocytes but lack lymphocytes, allows to directly vi-
sualize the events of mycobacterial infection and formation of
granulomas in vivo, solely in the context of innate immunity
[96]. Galectins have been proposed to mediate multiple roles
in innate and adaptive immunity. However, adaptive immunity
genes are expressed only after 4 days post-hatching. There-
fore, the zebrafish model should constitute an ideal model to
dissect the functions of galectins before and after adaptive im-
munity becomes active in resistance to disease. As the study
of galectins in experimental models of infection are developed,
mutagenesis screens can be created to examine the genetics of
galectin-mediated disease resistance and susceptibility.

Zebrafish cell lines

Various somatic cell lines (ZEM2S, ZF4, ZFL, SJD.1, AB.9)
have been recently established, and are available from American
Type Culture Collection (ATCC), Manassas, VA. These consti-
tute useful tools for studying the expression of gene of interest
and protein export at a cellular level. The cell lines ZEM?2S
[101] and ZF4 [102] were established from zebrafish embryos
(blastula and 1-day old, respectively). The ZF4 cell line was
derived from adult liver [103]. The SID.1 and AB.9 are fibrob-
last cell lines derived from caudal fins of an adult zebrafish
from strain SJD and AB, respectively [104]. In the presence of
cells from a rainbow trout spleen cell line (RTS34st), zebrafish
embryo cells were able to produce germ-line chimeras when
introduced into a host embryo [105].

Galectins in zebrafish
Current knowledge

To address questions related to the biological roles of galectins
in embryonic development and immune process, we recently
initiated studies on the zebrafish model [20].

Diversity of the galectin repertoire

By using various approaches (protein purification and char-
acterization, cloning, and in silico data mining), we have
identified and characterized the zebrafish galectin repertoire:
three prototype galectins (Drgall-L1, Drgall-L2, Drgall-L3),
one chimera type galectin (Drgal3), and two tandem-repeat
type galectins (Drgal9L1, Drgal9-L2) [20] (see Table 2). All
zebrafish galectins characterized showed remarkable structural
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similarities with mammalian galectins, and this enabled their
unambiguous classification within the three well-established
galectin groups. Galectin repertoires of protostome inverte-
brates and lower vertebrates appear to be limited to one or two
galectin types [9]. For example, C. elegans and Drosophila have
proto and tandem-repeat type galectins [9,38,106]. In this as-
pect, it is noteworthy that at the evolutionary level of teleosts,
all three galectin groups (proto, chimera, and tandem-repeat)
are already represented. Nevertheless, based on our studies and
the information currently available from the zebrafish genome
project, it seems quite clear that the zebrafish galectin reper-
toire is smaller than that of mammals. Therefore, this species
should be a more suitable model organism for the study of bio-
logical roles of galectins, than the mammalian model systems
where fourteen distinct galectins have been already identified
[9], and additional galectin members are evident from GenBank
databases [9]. In Figure 5, the D. rerio galectin types can be
identified by their clustering with the known galectin groups.
This information suggests that a diverse galectin repertoire was
present early in vertebrate evolution, and that the structural
and perhaps functional properties of these galectins have been
highly conserved over a period of ~400 million years, which
is the evolutionary distance between teleost fish and modern
mammals. Thus, although the teleost galectins cluster sepa-
rately from the terrestrial tetrapods (Figure 4), it is clear that the
prototype galectins all cluster more closely than do the chimera
type and the tandem-repeat type galectins.

Structural similarities with mammalian galectins

Homology modeling of Drgall-L2 [SWISS-MODEL, Version
36.0003 [107] at the SWISS-MODEL Protein Modeling Server
(http://swissmodel.expasy.org)] based on the bovine (Bos tau-
rus) spleen galectin/N -acetyllactosamine complex structure
[15], revealed that all nine conserved residues forming the
carbohydrate-binding site in most mammalian galectins are
present in the putative binding site of Drgall-L2, and that all
side chains of these residues were within 0.5 A of the equiv-
alent side chains of the bovine spleen galectin (Figure 6A).
Drgall-L2 also has a histidine at position 52, like mammalian
and toad galectin-1, and chicken-16 galectin, whereas the con-
gerins, skin mucus galectins from the conger eel (C. myriaster)
[84,85] have a glycine in the same position. The crystal struc-
ture of congerin II suggests that the tyrosine at position 51 in
congerin I and II takes the place of His 52 in protein carbohy-
drate interactions. The Drgall-L2 model also reveals that in the
loop between F4 and F5 from bovine spleen galectin, a tyrosine
has been replaced by a serine in Drgall-L2. Primary structure
analysis reveals the presence of two additional residues at posi-
tions 66 and 67 in congerin I, and an additional residue at posi-
tion 67 in congerin II, as compared to the zebrafish and bovine
spleen prototype galectins. When Drgall-L2 was modeled on
the structures of congerins I and II [84,85], these differences
resulted in a larger loop between S5 and S6, thus generating
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Figure 5. Relationship of D. rerio galectins to galectin family. Galectins of D. rerio are phylogenetically related to galectins of
diverse species. The unrooted dendrogram shows the relationships of D. rerio prototype, chimera, and tandem-repeat galectins to
these same structural types in other organisms. Following organism’s name, gal-1-galectin-1 (prototype); gal-3-galectin-3 (chimera);
gal-9-galectin-9 (tandem-repeat). This was generated using the computer program ClustalW (clustalw.genome.ad.jp/).

a backbone discrepancy between the congerins structure and
the Drgall-L2 model (Figure 6B). The only other backbone
difference is found where congerin I has the conformation-
ally extended N- and C-termini, where it is believed that con-
gerin I undergoes inter-subunit strand swapping when dimer-
ized. With respect to energy minimization, Drgall-L2 appears
to favor the bovine spleen galectin and congerin II structure at
the N- and C-termini. Congerin II may have an extended bind-
ing site beyond the non-reducing end of bound galactosides. Of
the six residues suggested interacting with the extended sugar,
Drgall-L2 possesses only three identical and two similar with
congerin II (Figure 3). Drgall-L2 has even fewer of these six
residues in common with bovine spleen galectin. This analysis
suggests that binding sites of the prototype zebrafish galectins
are structurally similar to the mammalian homologues.
However, they appear as less similar to the galectins from the
conger eel, which are clearly non-orthologous gene products.

Temporal and spatial expression

The ontogenic expression of zebrafish galectins is interesting.
Drgall-L2 is expressed post bud stage, and its expression is
strikingly specific to the notochord (Figure 7) [20]. In contrast,
Drgall-L1 is expressed maternally in the oocytes. Drgall-L3,
Drgal3, and Drgal9-L1 are expressed both maternally and zy-
gotically, ubiquitously in the adult tissues [20]. The distinct
temporal and spatial patterns of expression of members of the

zebrafish galectin repertoire suggest that each may play distinct
biological roles during early embryogenesis.

The notochord, an early embryonic structure derived from
cells in the embryonic shield [108], provides both mechani-
cal and signaling functions. Recent studies have shown that
two zebrafish notochord mutants, grumpy and sleepy, encode
laminin B1 and y1 [109]. This finding is consistent with the
idea that galectin may be involved in notochord formation be-
cause laminins are galectin receptors. The notochord plays
a very important role in the specification and differentiation
of skeletal muscles. Studies by others and us have demon-
strated that Hedgehog signals produced by notochord are re-
quired for induction of somitic mesoderm to form slow mus-
cles [110,111]. Thus, disruption of notochord formation will
likely result in development defects in skeletal muscle forma-
tion. Like Hedghog, Drgall-L2 may influence notochord for-
mation and consequently the expression of Hedghog signals
and thus Drgall-L2 may indirectly be involved in muscle cell
differentiation.

Current approaches to address biological roles of galectins
in zebrafish

Several unique approaches have been established in the
zebrafish model to address biological roles of genes of interest.
These approaches are currently implemented in our laboratory
to examine the biological roles of galectins in zebrafish. In the
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Figure 6. Homology modeling of Drgal1-L2. Panel A—Drgal1-L2 (yellow) was modeled to bovine spleen galectin-1 (blue), showing
the sidechains of 9 conserved binding site residues of mammalian galectin-1. Panel B—Drgal1-L2 (yellow) was modeled to congerin
Il (blue). The same 9 sidechains are shown as previously. Major differences in the binding site architecture are the His52 of Drgal1-L2
vs Tyr51 of congerin Il, and the extended loop, highlighted by the red arrow, where the model is not supported due to additional

residue (Ser62) in congerin Il.

Figure 7. Whole mount in situ hybridization. A, C. In situ hybridization of whole zebrafish embryo (24 h post fertilization) showing
Drgal1-L2 expression in notochord. A. Lateral view; B. Whole embryo (24 h post fertilization) with sense probe (-) control; C.
Cross-section of trunk after whole mount in situ hybridization. Results are based on studies published elsewhere [20].

first approach, the expression of the selected gene is blocked
by injecting a morpholino-modified antisense oligo against the
corresponding mRNA that blocks protein translation [112,113]
or a splicing blocker that interferes with intron/exon splicing
[114]. In the second approach, ectopic expression is used to ma-
nipulate the activity of a gene product in zebrafish embryos by
either mRNA injection or DNA injection [111]. The expression
and activity of the gene product can be inhibited or increased
by specifically expressing a dominant negative or a full-length
active form of that protein, respectively. The expression can be
targeted to the specific tissue/organ of interest by using tissue-
specific promoters [111]. In the third approach, mutants that

affect the expression of the gene of interest are analyzed to deter-
mine possible interactions between the mutant and the gene of
interest, and the potential functions of gene of interest. The last
category includes a series of approaches such as bacterial chal-
lenges through incubation or injection into zebrafish embryos
that pertain to elucidation of the potential role(s) of the proteins
of interest in innate immunity during embryogenesis [115].

Antisense morpholino knockdowns

To examine the possible function(s) of galectins in zebrafish
embryos, blocking of galectins expression is performed by



Biological roles of galectins in zebrafish

injection of morpholino-modified antisense oligo targeted to the
galectin 5’UTR sequence near the ATG start site. To determine
if the injection of antisense oligos effectively block galectin
expression, whole mount antibody staining is performed on
injected and uninjected embryos and compared the results. His-
tological analysis is performed with injected embryos to de-
termine any developmental defect. Co-injections are also per-
formed with the galectin mRNAs to rescue the developmental
defect. Co-injection should rescue the development defect if
the phenotype is galectin-specific.

Expression of ectopic galectin mRNA

Overexpression of the gene of interest. 'The phenotypic con-
sequences of overexpression of the gene of interest can provide
substantial information about its biological role [111,116]. For
this purpose, the cDNA is cloned into a suitable vector and
capped mRNAs are transcribed in vitro from the linearized plas-
mid DNA. The capped mRNAs are injected into 14 cell stage
zebrafish embryos through microinjection. The injected mR-
NAs are distributed globally in the embryos. Consequently, pro-
teins are made in ectopic sites that normally do not express these
proteins. For example, injection of mRNAs encoding Drgall-
L2 into zebrafish embryos results in ectopic expression in many
cell types in addition to notochord cells that express the endoge-
nous Drgall-L2. Thus, this approach provides a useful tool to
analyze the biological role of Drgall-L2.

Repression of galectin function by a galectin dominant
negative construct

Another powerful approach to analyze gene function in ze-
brafish embryos is the use of “dominant negative” approach,
which is used to specifically block the function of a gene prod-
uct in a specific location. Proto galectin is a dimer of two
identical non-covalently linked subunits, each of which houses
carbohydrate-binding site on the opposite face [15]. Mutating
the carbohydrate-binding site but keeping the dimer interface
unaltered will create a mutant protein that can dimerize with
the endogenous galectin, but is unable to bind to carbohydrate
on the mutant subunit side. Consequently, the wild type-mutant
heterodimer will fail to establish an interaction between cells or
between cell and extracellular matrix. Thus, the mutant protein
will act as a dominant negative that can interfere with activity
of the endogenous galectin.

Identification of notochord- and muscle-specific promoters.
Although ectopic expression through mRNA injection has been
successfully used to study the function of many genes, the draw-
back of this approach is that the expression is not tissue-specific.
As indicated above, Drgall-L2 is expressed in the notochord
of zebrafish embryos, and the ideal approach to analyze its
function is to disrupt its activity specifically in the notochord.
For this purpose, a promoter that targets protein expression to
the notochord is identified and characterized from the tiggy-
winkle hedgehog (twhh) gene [117]. As notochord influences
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the specification and differentiation of skeletal muscles, it is of
interest to specifically express wild type or mutant galectins in
muscle cells. To this goal, muscle-specific promoters derived
from zebrafish myoD and myogenin genes have also been iden-
tified and their activity analyzed in zebrafish embryos [118].
These promoters will be useful for expressing galectin genes in
a tissue-restricted manner.

Analyses of notochord mutants for expression of Drgall-L2

The notochord specific expression of Drgall-L2 suggests that
it may play a role in notochord formation. The in vivo require-
ment of laminin 81 and laminin y 1, which are galectin ligands,
for the differentiation of chordamesoderm to notochord [109],
suggest that the mutants grumpy and sleepy, two zebrafish loci
known to control notochord formation and encode laminin 1
and laminin y 1, respectively, should be examined in detail with
regard to galectin function. Several zebrafish mutants with de-
fects in notochord development have been generated [119,120].
These mutants have been classified into early or late defects.
The early defect mutants include ntl, flh, doc and mom, and are
involved in initial specification and differentiation of notochord
cells. Later defect mutants, such as sly, gup, gam, sno, drb, git,
bal, blo, pun and kon are primarily involved in maturation of the
notochord. Although initial notochord formation appears nor-
mal in these mutants, the notochord cells failed to vacuolate.
Except for sly and gam which have been cloned and encode
laminin B1 and laminin y 1, respectively, most of the mutants
have not been mapped. It is interesting to note that some of
the mutants, such as kon, showed both notochord and somite
defect, and reduced mobility [119].

Role(s) of galectins in innate immunity

Several approaches are currently taken to study the function(s)
of galectins in zebrafish upon immune challenge. These in-
clude: (1) challenge wild type embryos, hatchlings (before and
after 4 days) and adults with LPS, heat-killed and live bacteria
of the three types (with PBS injections and non-injected speci-
mens as controls) in a dose-response format; (2) challenge em-
bryo knockdowns for each galectin and compare with the wild
type; (3) challenge adult transgenic zebrafish expressing domi-
nant negative for each galectin and compare with the wild type.
For each group, experiments are performed to assess (a) Quali-
and quantitative changes on the patterns of temporal expres-
sion of galectins by standard and real-time RT-PCR; (b) Quali-
and quantitative changes on the patterns of spatial expression
(organ/tissue distribution) of galectins by in sifu hybridiza-
tion and immunostaining; (c) Quali- and quantitative aspects
of the local acute inflammatory response at the injection site
by histological analysis (magnitude of the cellular response),
composition of the cellular response (cell types) by using cell-
specific markers for in situ hybridization and immunostaining;
(d) Quali- and quantitative aspects of the systemic humoral
acute inflammatory response, focusing on interferon expression
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by RT-PCR; and (e) Developmental course of the embryos,
hatching rates, hatchling and adult survival rates.

Conclusions

Because of its external fertilization, rapidly developing trans-
parent embryos, variety of established techniques for manipula-
tion of gene expression, and a growing collection of mutations
affecting early embryonic development that have been char-
acterized and mapped, zebrafish (D. rerio) exhibits substan-
tial experimental advantages over murine models for develop-
mental studies. Zebrafish is endowed of a galectin repertoire
that includes members of the three galectin subtypes, proto,
chimera, and tandem-repeat, although less diversified relative
to that of mammals. Further, structural analysis of selected ze-
brafish galectins suggests that their binding properties are very
similar to the mammalian equivalents. Members of the zebrafish
galectin repertoire exhibit unique temporal and spatial gene ex-
pression during early development. In this context, we propose
the use of this species as a model organism for the elucida-
tion and characterization of the biological role(s) of galectins
in vertebrates, including mammals.
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