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Abstract

Background: Among the EF-Hand calcium-binding proteins the subgroup of S100 proteins
constitute a large family with numerous and diverse functions in calcium-mediated signaling. The
evolutionary origin of this family is still uncertain and most studies have examined mammalian family
members.

Results: We have performed an extensive search in several teleost genomes to establish the s/00
gene family in fish. We report that the teleost S100 repertoire comprises fourteen different
subfamilies which show remarkable similarity across six divergent teleost species. Individual species
feature distinctive subsets of thirteen to fourteen genes that result from local gene duplications and
gene losses. Eight of the fourteen S100 subfamilies are unique for teleosts, while six are shared with
mammalian species and three of those even with cartilaginous fish. Several S100 family members
are found in jawless fish already, but none of them are clear orthologs of cartilaginous or bony fish
5100 genes. All teleost s/00 genes show the expected structural features and are subject to strong
negative selection. Many aspects of the genomic arrangement and location of mammalian s/00
genes are retained in the teleost s/ 00 gene family, including a completely conserved intron/exon
border between the two EF hands. Zebrafish s/ 00 genes exhibit highly specific and characteristic
expression patterns, showing both redundancy and divergence in their cellular expression. In larval
tissue expression is often restricted to specific cell types like keratinocytes, hair cells, ionocytes
and olfactory receptor neurons as demonstrated by in situ hybridization.

Conclusion: The origin of the S100 family predates at least the segregation of jawed from jawless
fish and some extant family members predate the divergence of bony from cartilaginous fish.
Despite a complex pattern of gene gains and losses the total repertoire size is remarkably constant
between species. On the expression level the teleost SI00 proteins can serve as precise markers
for several different cell types. At least some of their functions may be related to those of their
counterparts in mammals. Accordingly, our findings provide an excellent basis for future studies of
the functions and interaction partners of s/00 genes and finally their role in diseases, using the
zebrafish as a model organism.
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Background

In mammals the family of S100 calcium binding proteins
has been a target of intensive study for over 40 years, since
the first two family members were purified from bovine
brain. Until today at least 20 members were described in
humans and a growing number in several other mamma-
lian species. They share an average identity of 40-60% on
the amino acid level, but key features are more highly con-
served. The s100 genes code for small, cytoplasmic or
secreted proteins that exhibit a common structure consist-
ing of two calcium-binding loops each flanked by two
alpha-helices [1]. The N-terminal domain is a low affinity
S$100-specific domain, whereas the other one is a classical
EF-Hand. A variable hinge region connects both domains.
Structural examination revealed a hydrophobic region
being exposed upon calcium binding which is thought to
interact with hydrophobic regions of the target proteins.
The calcium-binding domains also exhibit affinity for
other divalent cations such as copper and zinc [2]. Some
family members possess dysfunctional calcium-binding
domains, but there is also evidence of calcium-independ-
ent interactions in this family (for review see [3-7]). For
human $100 family members more than 90 potential tar-
get proteins, both intra- and extracellular ones, have been
reported. Among the interacting partners are other cal-
cium-binding proteins (several members of the annexin
family), enzymes (e.g. aldolase A/C), cytoskeletal compo-
nents (actin, tubulin), cell cycle regulator genes (p53),
second messenger-synthesizing enzymes (adenylate and
guanylate cyclase) as well as kinases. Accordingly, S100
proteins take part in many cellular processes which may
be divided into five major groups: a) modulation of the
activity of some protein kinases b) modulation of other
enzymatic activities ¢) maintenance of cell shape and
motility d) modulation of signal transduction pathways
and e) regulation of calcium homoeostasis [8]. The active
forms of S100 proteins often consist of homo- or het-
erodimers and even tetramers [9] or higher aggregates
[10]. The expression pattern of the S100 family exhibits a
remarkable degree of cell and tissue-specificity, so that
many tissues and cell types have their unique protein
composition and expression level [11-13].

There is no evidence for S100 proteins in invertebrates,
however, the evolutionary origin of the family has not
been studied much [14,15]. By far most publications deal
with the mammalian family members, and in fact no sys-
tematic study has been performed in teleosts. With an
intent to infer properties of the family in the most recent
common ancestor of teleosts and tetrapods we have char-
acterized the S100 family both in shark and lamprey, and
in teleosts. We identified in each teleost species thirteen to
fourteen s100 genes, which are under strong negative
selection. Several of these genes appear to be considerably
more ancient than the teleost speciation events taken into
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account here. Several mammalian s100 genes were found
to have counterparts in teleosts, but eight novel genes
restricted to teleosts were also detected. Furthermore we
have investigated the expression of ten Danio rerio s100
genes by RT-PCR and in situ hybridization and report
highly distinctive and specialized expression patterns,
suggestive of similarly specialized functions of the differ-
ent family members.

Results

The repertoire size of the S100 family of thirteen to
fourteen genes is remarkably conserved across six
divergent teleost species

The S100 proteins constitute a small family of calcium-
binding proteins with highly specific expression patterns
in mammals. So far the evolution of this family has not
been studied in teleosts. Up to date only two s100 genes
were reported in fish: a homologue of the mammalian
S100A was found in loach and trout [16,17] and a new
family member, ictacalcin, is present in several fish species
(catfish, pufferfish, loach, trout and zebrafish), but absent
in mammals [18-20]. These observations are consistent
with the notion that the S100 family may be already well
established in teleost fish, but may also diverge consider-
ably from the mammalian repertoire. We therefore per-
formed extended searches in the genomes of five different
teleost species to establish the complete S100 repertoire in
fish.

A recursive search strategy in the NCBI and Ensembl data-
bases using the complete repertoire of human s100 genes
as reference set, in combination with retrieval of auto-
mated ortholog predictions (see Methods) uncovered a
total of 97 fish 5100 genes. Fourteen s100 genes each were
identified for zebrafish and Takifugu rubripes, and thirteen
genes each for three-spined stickleback, medaka, and
Tetraodon nigroviridis. In addition, fourteen s100 genes
were found in EST libraries of another teleost, Salmo salar.
All of these genes are novel, with the exception of one
zebrafish and one Takifugu gene (see figure 1). We believe
that the result of the data mining approach used reflects
the total repertoire of the s100 genes in the cases of Danio
rerio, Gasterosteus aculeatus, Oryzias latipes, Tetraodon nigro-
viridis and Takifugu rubripes. In the case of Salmo salar sev-
eral transcripts were found for each gene predicted, so that
the repertoire reported here may approximate the com-
plete S100 family present in this species.

Because novel fish-specific S100 subclades were found, it
is necessary to expand the existing S100 nomenclature to
include these new genes (Figure 1). We suggest the follow-
ing criteria (in order of importance):

1. If any ortholog of the gene was described previously,

that name is kept. This is the case for A1, A10, A11, B, P
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Phylogenetic tree of the teleost and human s/00 gene family. A) 85 fish SI00 (bony fishes in red and cartilaginous
fishes in orange), 10 lamprey S100 (light-green) with human s/00 genes (full set, excluding close relatives [38], light blue) and
several representatives of another EF hand family, the troponins as an outgroup (black). B) Fish s/00 genes from six teleost
species and two cartilaginous fish (Squalus acanthias and Callorhinchus milii) are depicted. Catfish SI00I [18] groups with
zebrafish S100I (not shown). The Tn_S100T fragment (2nd exon, see Additional File 4) is not included for technical reasons.
The colored names indicate fish s/ 00 genes previously published. Stars indicate that the clades downstream of the node are
supported by all three methods used for the phylogenetic analysis (NJ, ML and MP). The trees presented were constructed
using the NJ method. Bootstrap support (total 10000 replications) is indicated at the major nodes. Scale bar indicates the

number of amino acid substitution per site.

and Z members of the S100 family, which have mamma-
lian orthologs, and for the fish-specific S1001.

2. Whenever new closely related genes correspond to a
single named ortholog, that name is used, together with
an additional numeral or letter to distinguish the fish
genes from each other. This is the case e.g. for A10a and
A10Db of the S100 family.

3. Novel fish-specific genes and subfamilies are named
consecutively by so far unused letters, starting with the let-
ter Q onwards.

S$100 family size in cartilaginous and even jawless fish may
be similar to that of bony fish

We have searched the available databases for S100 family
members in cartilaginous fish (Callorhinchus milii and
Squalus acanthias) and a jawless fish, Petromyzon marinus.
We report ten different S100 family members in Petro-
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myzon marinus and five s100 genes in Callorhinchus milii
plus one gene in Squalus acanthias (Figure 1 and Addi-
tional File 1). All genes are novel, except three genes from
Petromyzon[14], see also Additional File 2. The reported
repertoire is expected to be incomplete, especially in the
case of Callorhinchus milii, for which only 1.4 fold
genomic coverage is currently available, and of course
Squalus acanthias. Thus the total size of the cartilaginous
and jawless fish S100 repertoires may be rather similar to
that of teleost fish, despite marked sequence divergence.
The latter necessitated further rules for nomenclature:

4. If a gene from a basal taxon is clearly related to two
named genes of more derived species, we suggest to
always use the preceding letter.

5. If no clear orthologs to any named gene can be deline-
ated, the genes are named provisionally with x1, x2 etc.
not to foreclose a coherent nomenclature for s100 genes
from basal taxa, which will only be possible after comple-
tion of the respective genome projects.

§100 is an ancient family with a complex pattern of gene

gains and losses

In order to better understand the relationships and evolu-
tionary history of the S100 family members we performed
a phylogenetic analysis, using the Neighbor-Joining
method [21], as well as Maximum Parsimony and Maxi-
mum Likelihood analyses using the PHYLIP package [22]
(for details see Methods). Full length coding sequences of
all teleost S100 genes were analyzed together with human
S100 genes, using troponins, calmodulins and other
related calcium binding protein with EF-Hand motifs
[23,24] as outgroup (Figure 1, Additional File 1 and data
not shown). This phylogenetic analysis shows twenty-
seven different groups of orthologs, i.e. 27 different genes
as the combined repertoire analyzed here (Figure 1A). Six
of these genes are organized in closely related gene pairs
(s100al/z, s100s/t, s100a10a/b). The delineation of the
5100 gene family, the identification of ortholog groups
and the association in gene pairs were supported by all
three tree-building algorithms used (Figure 1, Additional
File 1).

Nearly a third of the family members are present only in
fish - S100I and seven novel proteins, S100Q, S100R,
S100S, S100T, S100U, S100V, and S100W.

Remarkably, very few of these fish-specific genes have the
full set of five orthologs out of five fish genomes analyzed.
When salmon is taken into account, only a single gene,
5100w, is found in all 6 teleost species. In four other genes
one ortholog is missing, the Tetraodon nigroviridis gene in
5100i, the Oryzias latipes ortholog in s100u, and the s100s,
5100t genes in Salmo salar. Only four and three species
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have representatives of the s100v and s100q genes, respec-
tively. Finally, subfamily S100R is only found in puffer-
fish (Figure 1). On the other hand, restricted duplication
events have occurred for S100I, S100V (zebrafish,
salmon) and S100 U (pufferfish).

All teleost-restricted genes that contain both a zebrafish
and another teleost representative (51001, S, T, U, V, W)
should have been present at least in the most recent com-
mon ancestor (MRCA) of Neoteleostei and Ostariophysii
(zebrafish lineage diverged early from the more modern
neoteleosts, to which the other four species analyzed here
belong, salmon takes an intermediate position, closer to
the Neoteleostei than zebrafish). Thus, the partial absence
of several genes, e.g. S100I in pufferfish (cf. Figure 1) sug-
gests a partial loss of these genes in the pufferfish family
(f. Figure 2) although it cannot be ruled out with cer-
tainty that some apparent gene losses are actually caused
by inadequacies of the currently available databases.
Other examples for restricted loss in some teleost species
concern S100Q), U, V and the gene pair S100S/T (Figure 2,
cf. Figure 1B).

Two of these teleost-specific s100 genes (S100Q, R) were
not detected in the zebrafish genome despite extensive
searches. The most parsimonious explanation therefore is
an absence of these genes in the MRCA of Neoteleostei and
Ostariophysii, i.e. a genesis of these genes in the Neoteleostei
lineage (cf. Figure 2).

Six other genes are shared by teleost fish and mammalian
species (S1I00A1, S100A10, S100A11, S100B, S100P and
S$100Z7). Thus, all six genes should be more ancient than
the split in Actinopterygii and Sarcopterygii, the separate tel-
eost and tetrapod lineages. Four genes (S100A1, A10, B
and Z) are highly conserved among all six teleost species,
with at least one ortholog per species being present. How-
ever, other genes, particularly S100P, exhibit the same
partial representation in teleost species as described above
for some fish-specific s100 genes. Thus these genes appear
to have been lost in some teleost sublineages. A graphical
representation of all these phylogenetic inferences is given
in Figure 2.

Four of the six s100 genes found in the shark genome also
belong to this group of genes common to teleosts and
mammals (the remaining two exhibit no unambiguous
orthologs). One is an S100Z ortholog, two are S100B
orthologs, and one (S100A1) is situated at the root of the
S100A1-S100Z clade (Figure 1B). Thus, genes s100al,
5100b, and 5100z appear to have emerged before the diver-
gence of cartilaginous fishes from bony fish. Since the cur-
rently available shark genome is bound to be incomplete,
it may be expected that about half of the extant s100 genes
already existed in the MRCA of cartilaginous and bony
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Estimated minimal evolutionary age of S100 family members. Open rectangles represent the gene gain events in each
lineage, and black boxes represent the gene loss events. Inside each box is the name of the respective gene(s). A duplication
event leading to a gene pair is indicated by a common rectangle. The major phylogenetic transitions are indicated: bo/nobo,
bony fish/cartilaginous fish; ac/sa, actinopterygian/sarcopterygian split; os/neo, ostariophysii/neoteleostei segregation. The max-
imum parsimony principle was followed for construction of this scheme, i.e. minimal gene losses and gene gains were assumed.
Thus gene gains are depicted at the last possible stage before additional gains would become necessary for explanation, but
may in fact have occurred earlier, accompanied by gene loss in some lineages.

fish. Moreover, the phylogenetic position of all cartilagi-
nous fish s100 genes deep within the teleost phylogenetic
tree demonstrates that the S100 family was already well
established before the segregation of bony and cartilagi-
nous fish (¢f. Figure 2). In fact, the S100 family even pre-
cedes the earlier split in jawed/jawless vertebrates, because
already ten family members were found in lamprey (Fig-
ure 1, Additional Files 1, 2). However, with possible
exception of two genes related to S100B and one related
to S100V, no ortholog relationship is apparent between
any of the Petromyzon marinus s100 genes and those from
more derived species.

Thus the phylogenetic tree reflects a complex evolutionary
pattern characterized by frequent gene losses as well as
extended gains of either single genes or whole gene sub-
families. Similar changes in the gene repertoire caused by
complex genomic reorganization and translocation events
are reported for EF hand proteins in general [25].

Moderate overall similarity but high degree of
conservation of motifs that are characteristic for the S100
family

The evolutionary distances between ortholog amino acid
sequences range between 0.11 and 0.82 (Figure 3B, Addi-
tional File 3), whereas paralog distances range between
0.97 and 1.18 (Additional File 3). Because of this high
heterogeneity among the S100 family and to obtain a sec-
ond line of evidence in order to classify these genes relia-
bly as members of the S100 family, we next examined the
degree of conservation of the fish and mammalian genes.
For that purpose, sequence logos from the amino acid
alignments of either the fish or mammalian S100 proteins
alone and of a combination of all the S100 proteins were
created and used for a comparative analysis (Figure 4 and
data not shown). All three sequence logos were very simi-
lar and showed the same general conservation pattern.
The previously described typical structure of the mamma-
lian S100 proteins formed by four helices (Helix I-IV) sep-
arated by a S100 EF hand calcium-binding domain, a
hinge and a canonical EF hand calcium-binding domain
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Evolutionary distances and selective pressure on s100 genes. A) dN/dS ratios of the SI00 ortholog groups in which this
analysis was possible (>2 genes/group), n.d., not determined. B) Amino-acid sequence average evolutionary distances within
S100 ortholog groups. C, D) A representation of site-by-site selective pressure is shown on S100 sequences. The analysis is
based on the nucleotide alignment of each ortholog group. SLAC analysis shows the probability of sites being under selective
pressure (negative selection in light-blue (p < 0.2) or blue (p < 0.1), neutral selection in gray. Positive selection was not
observed. Orthologs genes of the following species were included in this analysis: Danio rerio, Gasterosteus aculeatus, Oryzias lat-
ipes, Tetraodon nigroviridis and Takifugu rubripes; the results for two genes are shown. C) S100I, D) S100Z.

[1] is conserved among the fish S100 proteins. A high
number of conserved residues and signature motifs in
defined positions of the sequence were identified in the
teleost S100 proteins (Figure 4) and found to be con-
served also among fish and tetrapods, consistent with the
origin of the S100 family well before the actinopterygian/
sarcopterygian split (Figure 2). These residues are located
mainly in the helix domains and the calcium-binding
regions, especially in the canonical EF hand. This result is
in accordance with a recent study that classifies this region
as phylogenetically older than the S100 EF hand domains
[15]. In contrast, the hinge region and the C-terminus
seem to be regions where there is more space for sequence
variability (Figure 4). This is in accordance with the obser-
vation in mammalian S100 proteins that the selectivity in

target binding is mainly assured by the hinge region and
the C-terminal tail [2,7], i.e. in these regions a larger diver-
gence is expected at least between paralogs.

Among the highly conserved amino acids are, as expected,
the calcium-coordinating residues of the EF hands, cf. [1]
and several hydrophobic residues involved in dimeriza-
tion (helices I and IV) and binding to target proteins (hel-
ices Il and IV) [26,27]. A conserved cysteine close to the
end of helix IV (Figure 4, Additional File 4) has been
shown in mammalian S100A10 and A11 to stabilize the
dimer by intermolecular disulfide bridge formation
[26,27]. This cysteine is part of a conserved hydrophobic
pattern F--L---L---C---F of helix IV (hyphens indicate spac-
ing, cf. Figure 4), which has the proper spacing to form the
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Amino acid sequence conservation in the fish s100 gene repertoire. Conservation is displayed as a sequence logo. In
this representation, the relative frequency with which an amino acid appears at a given position is reflected by the height of its
one-letter amino acid code in the logo, with the total height at a given position proportional to the level of sequence conserva-
tion. The regions corresponding to the Helices (H), the SI00 EF Hand Calcium-binding domain, the Hinge and the Calcium-
binding domain of the canonical EF Hand are numbered and indicated. Sequence alignments were manually edited (for details

see Methods section).

contact surface for dimerization. Similar conserved pat-
terns of 3 to 5 amino acids are observed for the other three
helices (L--A---L---F---§/A, helix I; L---L---L---L, helix II; V--
-M--L, helix III, cf. Figure 4 and Additional File 4).

Most EF hands found in the teleost genes appear to be
functional as judged by sequence comparison, with excep-
tion of three proteins, SI00R, U, V, and some neoteleost
members of the S100B subfamily. The S100R protein has
lost key residues of the canonical calcium-binding motif
in the second EF hand loop, despite a generally good con-
servation in both domains, similar to the human
S100A10 and A14 proteins [1]. The S100V protein has lost
most key residues of the canonical motif [1].

In four of the five neoteleost SI00B proteins a common
three amino acid deletion has removed a key residue of
the S100-specific calcium-binding loop. Nearly the same
deletion also occurs in the S100V and the S100U proteins,
as well as in the human S100A7, A10, the medaka
S100A10a, and the shark CmS100B2, x2 (Additional File
4). The frequency of this deletion suggests a specialized
function for such genes, which might act either as compet-
itive antagonists, or alternatively, may adopt the calcium-
bound conformation constitutively. Indeed, the latter has
been demonstrated for the human A10 protein [26,28].
S$100 genes with such deletions do not segregate together
in the phylogenetic tree (Figure 1, Additional File 1), and
the deletions vary slightly in length (2-4 amino acids)
and position (2 to 4 amino acids left, right, or central to
the conserved G65 in the S100 EF hand, Additional File
4). Thus, this kind of mutation has arisen several times
independently. Some of these deletion events must have
occurred in the MRCA of cartilaginous and bony fish
(S100B), others appear to have originated in the MRCA of
teleosts (S100U, V), and some are evolutionary late events
restricted to a single species (Ol_S100A10a). In other
words, this particular deletion may be considered a local

optimum in the state space of S100 sequences, consistent
with a particular function for these genes.

Strong negative selection for s100 genes, but virtual
absence of positive selection

As previously mentioned, paralog evolutionary distance at
the amino acid level is very high, with an average value of
1.08, and a range from 0.97-1.18 (Additional File 3).
Such high values pinpoint the high variability in the
amino acid sequences of these genes found at the
intraspecies level. In contrast, the average ortholog evolu-
tionary distance value of 0.44 (with values ranging from
0.11-0.82) is about 2.5 fold lower than the one observed
for the paralog comparisons (Figure 3B, and Additional
File 3).

Prompted by both the high degree of intraspecies variabil-
ity and the high degree of interspecies conservation of
5100 genes we decided to investigate the evolutionary con-
straints that are acting on this gene family. A strong con-
straint is equivalent to strong negative selection. The
degree of selective pressure is measured by investigating
the relative frequency of non-synonymous (dN) vs synon-
ymous (dS) substitutions [29]. When the number of dN
equals the number of dS, the dN/dS ratio equals 1, which
corresponds to neutral selection. If the number of non-
synonymous changes is higher than the number of synon-
ymous changes, then dN/dS >1, which indicates positive
selection. On the other hand, if the number of synony-
mous (dS) changes is higher than the number of nonsyn-
onymous changes, then dN/dS <1 and we are in the
presence of negative selection [29]. Whenever possible,
the overall dN/dS ratio within each ortholog group was
determined. All the groups show very small values, rang-
ing from 0.05 to 0.24, with an average global dN/dS value
of 0.14 (Figure 3A), which is evidence for strong negative
selection.

Page 7 of 23

(page number not for citation purposes)



BMC Evolutionary Biology 2008, 8:48

These low dN/dS values combined with the high diver-
gence between the S100 genes suggest not only an ancient
origin of these genes but also indicate that individual
genes of this family are slowly evolving.

However, as the strong negative selection could be mask-
ing some positive selection events at the individual codon
level, we also determined the dN/dS ratio separately for
each individual sequence position. Results are shown for
two of the ortholog groups, the S100I and S100Z. These
two clades represent two different evolutionary scenarios,
the first showing evidence for recent gene duplications in
zebrafish and lacking one ortholog in Takifugu rubripes,
while the second is a very well conserved group with
orthologs in all six fish species. Also they show two differ-
ent values for their evolutionary distances, of 0.47 and
0.11 respectively (see Figure 3B and Additional File 3). As
predicted by the global dN/dS analysis, a considerable
portion of the total sequence — 25% for the S100I and
35% for S100Z - is under negative selection, with the sec-
ond value being closer to the average value of 31 sites per
ortholog group (Figure 3B and 3C and Additional File 5).
No evidence for positive selection was found, suggesting
that positive selection does not appear to play a significant
role in the evolution of the s100 genes.

A comparison between S1001 and S100Z shows rough
similarity in the pattern of negative selection (focused in
the helices I and IV and the second calcium-binding
domain), although no specific motifs could be identified
between genes (Figure 3C, D).

Gene structure of s100 genes is highly conserved between
fish and mammalian species

The mammalian 5100 genes are found to have a common
structure consisting of usually three exons [5]. The first
exon contains only 5'UTR, part of the second and third
exons code for the ORF and a 3'UTR is located in the last
portion of the third exon [24]. For the fish s100 genes we
restricted analysis to the coding exons, since prediction of
noncoding UTRs is currently not very reliable. We found
that 59 of the analyzed 66 teleost s100 genes conform to
the pattern observed in ortholog genes in humans. How-
ever, another seven teleost fish genes have their ORF split
in three exons, one of them in most cases very small and
always located at one end of the ORF (Figure 5). For
zebrafish several, but not all, of these predicted exons
have been confirmed by RT-PCR (cf. Additional File 6).

Each major exon contains one complete EF-hand domain.
Without exception these two exons are joined at the same
position in the sequence (Additional File 4). Thus these
exons may be as old as the S100 family itself and the first
such gene may have arisen from a duplication of this
domain. In contrast, the intron/exon borders of the small
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exons (Additional File 4) show a variable position in the
N-terminal and C-terminal regions and occur in few spe-
cies only, consistent with a late origin in the teleost line-
age.

S$100 fish genes are distributed both as singletons and small
clusters in the genome

All mammalian s100a genes are clustered in the genome,
whereas S100B, G, P, and Z are located as singletons on
different chromosomes [1,30]. In zebrafish the scenario is
somewhat similar, with two smaller clusters of 3.5 and 1.0
MB each located on the chromosomes 16 and 19, respec-
tively, and composed of seven (S100A1, S100A10b,
S100L.1, S1001.2, S100T, S100V1 and S100W) and four
(S100A10a, S100A11, S100S and S100U) genes, respec-
tively. Similarly, in the other teleost fish species analyzed
small clusters of maximally five genes are found (cf. Addi-
tional File 2). These clusters always contain phylogeneti-
cally less related genes and, in contrast to the situation in
mammals, cluster gene associations differ between spe-
cies. However, and remarkably so, there are two s100 gene
pairs, which are stably linked in the teleost genome,
whenever present in the same species, albeit not closely
related phylogenetically (S100A10a/S100I and S100A11/
S100S, f. Figure 6 and Additional File 2). Conversely, a
closely related gene pair (S100A1/S100Z) consists of a
singleton gene (Z) and a member of a cluster (A1). Thus,
among teleost s100 genes, genomic linkage is not at all
correlated with degree of phylogenetic relationship, con-
sistent with an ancient evolutionary origin of these clus-
ters.

In total, three zebrafish genes, S100B, S100V2 and S100Z,
are present as singletons in the chromosomes 22, 19, and
21, respectively (Figure 6). This feature is conserved across
all five teleost species studied; additionally S100P, which
is absent in zebrafish, is always a singleton, whenever it
occurs (cf. Additional File 2). The isolated genomic loca-
tion of these family members appears to be an evolution-
ary ancient feature of the S100 family, since all members
of this group also found in mammals (S100B, P, Z) share
the singleton location.

The two clusters present in zebrafish are situated on chro-
mosomes 16 and 19, which are largely syntenic [31] and
result from the teleost-specific whole genome duplica-
tion, which occurred after the actinopterygian/sarcoptery-
gian split [32]. Two of the three gene pairs observed in the
teleost S100 repertoire (S/T, Al0a/b) are distributed
between these two clusters (Figure 6), consistent with a
duplication of their ancestral genes by this whole genome
duplication nearly 400 million years ago. This interpreta-
tion is supported by the observation that the gene pair
A10a/b has a single mammalian ortholog. Moreover, very
similar clusters are present in chromosomes 8 and 21
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Genomic structure of 66 teleost fish s100 genes. Predicted exon/intron structure is drawn to scale (kb units) for all s/00
genes with genomic sequence information: fourteen genes each for zebrafish (Dr; Danio rerio) and takifugu (Tr; Takifugu
rubripes), thirteen genes each for medaka (Ol; Oryzias latipes) and stickleback (Ga; Gasterosteus aculeatus), twelve genes for
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Chromosomal location of the s/00 genes in zebrafish.
Genes are distributed in two clusters and three singletons on
four different chromosomes. Vertical scale, distance in Mb.
Orientation of the genes is indicated by left/right position
(reverse/forward strand, respectively). Genomic location was
retrieved from the Ensembl database, release 47, based on
assembly zv7, April 2007 [50], see also Additional File 2). The
genomic location of s/ 00z is currently unclear.

from Tetraodon nigroviridis and chromosomes 11 and 16
from Oryzias latipes (cf. Additional File 2). Both chromo-
some pairs are syntenic to each other, and to zebrafish
chromosomes 16 and 19 [31,32]. The third recognizable
gene pair in teleosts (A1/Z) is shared both with mammals
and with cartilaginous fish, but A1 is always a member of
a cluster (where determinable), whereas Z never is, con-
sistent with a very ancient origin of this gene duplication,
before the emergence of the cluster itself. In total, three
genes from the human S100A cluster on chromosome 1,
Al, A10 and A1l are found in the teleost clusters.
Together with the synteny of this region of human chro-
mosome 1 with the corresponding teleost cluster regions
[31,32] these data are consistent with a small ancestral
cluster of s100 genes in the MRCA of teleosts and tetrap-
ods plus some isolated ancestral s100 genes.
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In contrast, other gene pairs occur closely linked in the
chromosome (e.g. the two s100i genes of zebrafish), indi-
cating a local tandem duplication event as cause of such
gene pairs.

Expression patterns of s100 genes range from highly
specific to fairly broad distributions

To obtain an overview of the tissue specificity of expres-
sion for the whole family we performed RT-PCR with
twelve different tissues from adult zebrafish.

For a higher spatial resolution of the expression patterns
at the cellular level we performed whole mount in situ
hybridization of zebrafish larvae 5 days post fertilization.
At this stage zebrafish have completed organogenesis and
major behavioral patterns are already functional. Eight of
ten genes analyzed show expression in the larval stage,
with expression patterns ranging from highly restricted to
spatially broad distributions (Figs. 8, 9, 10, 11, 12, 13,
14). The results of the in situ hybridizations are often con-
sistent with those from the RT-PCR (Figure 7). A general
tendency of the RT-PCR to show broader expression may
be related to the higher sensitivity of that method com-
pared to in situ hybridization. Additionally, a develop-
mental regulation, i.e. a late onset of expression, may
explain some of the differences in the results, especially
the absence of two S100 transcripts (Al and B) in larval
tissues (although technical reasons cannot be ruled out
for A1). For S100B a late onset of expression was con-
firmed by the detection of strong signals in adult brain
(data not shown).

Highly restricted expression of S100 genes within the
sensory nervous system

Three zebrafish s100 genes show a remarkably restricted
expression in just one or two different larval neuronal
populations.

Zebrafish S100S is expressed in the neuromasts of the lat-
eral line and the inner ear (Figure 12A-H). Labeled struc-
tures in the inner ear may include hair cells (Fig 12E). In
sections of the tail region the central portion of the neuro-
masts is labeled (Figure 12F), consistent with an expres-
sion in sensory hair cells. Thus in the larvae particular
sensory structures and possibly some neurons innervating
them are labeled. The RT-PCR results (Figure 7) show a
general expression in all sensory systems examined which
are in detail barbels and lips, brain, eyes, olfactory system
and additionally the genitourinary system.

The in situ expression pattern of S100S is quite similar to
that of the highly related zebrafish S100T, which is also
expressed in the neuromasts of the lateral line and the
inner ear (Fig 13A-G), the latter in lower levels compared
to S100S. Zebrafish develop approximately 9-12 neuro-
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Expression of ten s/00 genes in adult zebrafish by RT-PCR. mRNA was extracted from adult zebrafish tissue and tran-
scribed into cDNA. Primer positions for PCR see Materials and Methods. Twelve different tissues were examined (barbels and
lips, bone, brain, eyes, genitourinary tissue, gills, heart, liver, muscle, olfactory bulb, olfactory epithelium, skin). Band intensity
was quantified to obtain an estimate of abundance to compare expression levels of several genes at least within the same tis-
sue. Asterisks indicate bands at unexpected size (resulting from unspecific amplification) that were not quantified.

masts along one side [33], which have their counterparts =~ Zebrafish S100Z (Fig 14A-E) is the gene with the spatially
on the opposite side and all of them are stained by either =~ most restricted expression pattern in the larvae. Only a
probe. In RT-PCR S100T expression is additionally  single tissue expresses S100Z, the olfactory placode, and
observed in non-sensory tissue such as bone, gills, heart,  within that tissue expression is restricted to a few large
liver and muscles. cells (Fig 14B,D,E), by morphology presumably neurons.

A far broader expression pattern in adult fish is suggested
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by the RT-PCR results and may suggest a late ontogenetic
onset of expression in those tissues.

The related S100A1 was not detected at all in larval tissues,
but shows an expression in the adult genitourinary sys-
tem, skin, olfactory epithelium and brain according to RT-
PCR-results.

Non-neuronal expression of two s100 genes, restricted to
a single cell type or tissue

Zebrafish S100A10a shows one of the most restricted pat-
terns (Figure 8A-G). Expression is restricted to the intesti-
nal bulb and the intestine with intestinal loops being

http://www.biomedcentral.com/1471-2148/8/48

clearly visible. Expression slightly decreases from intesti-
nal bulb to comparatively low levels in the anal region.
RT-PCR was negative, consistent with the described specif-
icity (digestive tissue was not included there). The expres-
sion is limited to the epithelial cells of the intestine and
gut (Figure 8E-G).

Zebrafish S100A11 exhibits an extremely specific in situ
hybridization pattern (Fig 10A-F). S100A11 seems to be
restricted to isolated large cells located on the yolk sac and
the pericardial cavity of the fish. There are about 150 cells
labeled in the whole larva. RT-PCR with adult tissues sug-
gests expression in gills and olfactory epithelium. The

Figure 8

Dr-S100A10a expression pattern by whole mount in situ hybridization. Five day old zebrafish larvae were hybridized
with RNA antisense probe. Panels A) to D), whole mounts; panels E) to F), sectioned after hybridization. Scale bars, 30 um. A)
Lateral view shows expression restricted to the whole intestinal tract including the anal region. B) Enlarged view, anterior is to
the right, arrows point to the label in intestine. C) Ventral view, no other AlOa-expressing regions are detected. D) Gut loops
with high expression levels are pointed out by arrows. E, F) Cross sections of whole mount hybridizations at the level of the
intestine. Only epithelial cells are strongly labeled, see white enclosure of a single epithelial cell in panel F). G) Gut epithelial

cells are labeled as well.
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cellular morphology, larval staining pattern and the adult
expression in gills suggest expression in MR-cells, also
known as ionocytes [34,35]. These cells control ionic
composition of body fluids, especially calcium levels.
Results obtained by RT-PCR indicate a much broader dis-
tribution, possibly at levels below the threshold for in situ
hybridization.

Three S100 genes exhibit broad expression in several
tissues and cell types

Zebrafish S1001.1 (Ictacalcin) expression (Figure 11) was
previously described by [18] and [36]. Our data are con-
sistent with their findings of expression in the epithelial
cells of barbels, gills, olfactory rosettes and skin. S1001.1
is expressed throughout the whole skin with high levels of
expression in the rim of the dorsal (Fig 11C) and pectoral
(Fig 11F, H) fin. High expression levels were observed in
the urogenital opening (Fig 11D). Moreover, S100I.1
exhibits also strong expression in cells of the olfactory pla-
code (Fig 11GK). Additionally expression can be
observed throughout the pharyngeal arches (Fig 11E,1J)
and the lateral line excluding the neuromasts (Fig 11D),
which appear as light spots in the middle of the larvae. In
this respect S1001.1 shows the complementary pattern to
S100S, T, which label the neuromasts, but not the sur-
rounding tissue.

The in situ hybridization signals may represent the com-
bined expression pattern of S1001.1 and S100I.2, since
their probes share over 90% homology at the nucleotide
level, and thus cross-reactivity cannot be excluded. How-
ever, RT-PCR results for S1001.1 are expected to be spe-
cific, since a primer from its unique, short exon was used.
RT-PCR results for S1001.2 probably represent a mix of
both S100I transcripts, since no completely specific prim-
ers were possible there. The results show expression of
both genes in all tissues tested, with exception of muscle,
where only S1001.2 could be detected.

Zebrafish SI00A10b (Fig 9A-F) exhibits high expression
in the lower jaw (Figure 9A) in particular in the branchial
arches. Epithelial cells are labeled, but cartilaginous tissue
is devoid of staining. Olfactory placode and the whole lar-
val trunk do not express S100A10b. Thus this expression
pattern is a subset of that observed for S100I.1. Unexpect-
edly, RT-PCR reveals expression of S100A10Db in every tis-
sue examined.

Partial correlation of expression pattern similarity with
coding sequence similarity

The highly related genes S100S and S100T show a nearly
identical larval expression pattern, and the duplicate
S1001 genes appear to exhibit a very similar expression
pattern as well. However, expression patterns for the
duplicate A10a genes are very different, with the A10b pat-
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tern a subset of the unrelated S100I.1, 1.2, and a com-
pletely different pattern being observed for Al0a. This
partial correlation is consistent with the interpretation
that in some cases (S100S, T) regulatory elements have
been conserved alongside the coding regions of these
genes, which are spread far apart in the genome. Addition-
ally, for the two S100I genes, which are clustered, regula-
tory elements shared within the cluster might synchronize
the expression pattern. In this context it is noteworthy that
the close genomic linkage of S1001 to SI00A10b is con-
served in the genome of all fish species that possess both
genes, and indeed, A10b expression is quite similar to that
of 81001 (cf. Figs. 9, 11), consistent with partially shared
regulatory elements. On the other hand, A11 and S are
also linked closely, and their expression patterns are com-
pletely different. Thus regulation of s100 gene expression
follows a complex pattern presumably involving several
different mechanisms as suggested for humans, cf. [37].

Discussion and Conclusion

The S100 family represents the largest family of calcium-
binding proteins with EF hands. S100 proteins have mul-
tiple and essential functions in many different tissues,
mainly in cells of epithelial origin. However, most studies
have been performed in mammals, and the evolutionary
emergence of the family is not clear. We have performed
an extensive search in six teleost genomes and identified
in total fourteen distinct subfamilies, which constitute the
fish s100 gene repertoire. Individual species exhibit thir-
teen to fourteen different s100 genes. Upon closer investi-
gation a complex pattern of gene gain and gene loss
emerges, which results in a roughly stable total repertoire
size for each species. A similar family size is observed in
amphibians (13 genes for Xenopus laevis, S.1.K., unpublished
observation), whereas a preponderance of gene gains leads
to an enlarged S100 repertoire size in mammals (23
acknowledged genes in humans [38]).

The presence of several S100 family members from carti-
laginous fish (shark) deep inside the phylogenetic tree
implies that the S100 family predates at least the segrega-
tion of bony from cartilaginous fish. Moreover, already
ten members of the S100 family have been identified in a
jawless primitive fish (lamprey). Thus the origin of the
family may lie with very early vertebrate stages although
individual family members only become reliably recog-
nizable in the time period between the jawed/jawless seg-
regation and the divergence of cartilaginous from bony
fish around 560 to 530 million years ago [39].

The somewhat variable composition of each species reper-
toire suggests that gene function may be variable between
species. In fact, an Al1-like gene from Xenopus [40] is
expressed in olfactory receptor neurons, i.e. may have
acquired the function served in zebrafish by S100Z. Such
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Figure 9

Dr-S100A10b expression pattern by whole mount in situ hybridization. Five day old zebrafish larvae were hybridized
with RNA antisense probe. Panels A) to D), whole mounts; panels E) to F), sectioned after hybridization. Scale bars, 30 um. A)
Lateral view shows expression in the lower jaw. B) Lateral oblique view, lip region (arrows) expresses SI00A10b. C) Frontal
view (ventral to the right) shows expression in the mouth region. D) Ventral view (anterior is to the right), expression is visible
in six branchial arches (asterisks), neuromasts (arrows) are not stained. E) Expression in branchial arches (asterisks) is limited
to the epithelial layer. F) The seventh branchial arch (asterisk) is also expressing Al10b, as well as cells of the pectoral fin
(arrows).

flexibility is observed irrespective of a generally strong ~ On the other hand, some functional specializations
negative selection within the individual s100 genes, i.e.  appear quite stable, which may be inferred from the
the evolutionary changes within the regulatory regions  expression of human S100A10 in polarized epithelia
may be much faster than those within the coding regions. ~ [11,28,41] parallel to the expression of the zebrafish
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Figure 10

Dr-S100A1 | expression pattern by whole mount in situ hybridization. Five day old zebrafish larvae were hybridized

with RNA antisense probe. Panels A) to D), whole mounts; panels E) to F), sectioned after hybridization. A) Dorsal view, iso-

lated large cells, mostly on the yolk sac, are labeled. B) Close up of A), an isolated cell with typical crescent-shaped soma signal
is visible (arrow). C) Lateral view, a cluster of cells sits in the pericard, several cells are found on the yolk sac, a few in the skin.
D) Close-up of the pericard region, expression intensity appears to vary (Arrowhead, arrow). E) Section through the cell clus-
ter, scale bar 30 um. F) Section with a single labeled cell, scale bar 10 um.
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Figure 11

Dr-S1001.1 expression pattern by whole mount in situ hybridization. Five day old zebrafish larvae were hybridized
with RNA antisense probe. Panels A) to G), whole mounts; panels H) to K), sectioned after hybridization. Scale bars 30 um. A)
Lateral view, strong ubiquitous expression is seen in the skin, the urogenital opening (bottom arrow), the rim of the dorsal fin
(top row of arrows), the pectoral fin (arrowhead) and the lower jaw. B) Dorsal view, strong expression in the pectoral fin, the
dorsal fin, and the lateral line (triangle-headed arrows) C) Enlargement of dorsal view, expression in the lateral line (arrows)
and the dorsal fin (rim indicated by white spots). D) Larger magnification of urogenital opening (arrow) and the labeled lateral
line (triangle-headed arrows) surrounding the neuromasts (diamond-headed arrows), which are not labeled. E) Ventral view,
strong expression in branchial arches is seen. F) Enlargement of pectoral fin, especially the rim is heavily labeled. G) Dorsal
view, expression in the olfactory placode (white dots). H) Cross section of the pectoral fin. ) Pharynx is intensely labeled. ))
Three branchial arches (asterisks) are cross-sectioned; the mesenchyme including the cartilaginous bar is devoid of staining. K)
The olfactory placode is heavily stained.
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Figure 12
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Dr-S100S expression pattern by whole mount in situ hybridization. Five day old zebrafish larvae were hybridized with
RNA antisense probe. Panels A) to E), whole mounts; panels F) to H), sectioned after hybridization. A) Lateral view, expression
in neuromasts (arrows) and otic placode is visible. B) Dorsal view, staining in both otic placodes (arrowhead) is seen. C) Mag-
nification, neuromasts in trunk and tail are labeled. D) Frontal view of the head region, expression in neuromasts (arrow) and
the otic placode (arrowhead) can be seen. E) Magnification of the ear region, expression in several spots (arrowheads) in the

otic placode and in climbing fibers (arrows). F) Expression in tail neuromasts, all hair cells seem to be stained (arrow), the ring
of hair cell nuclei is devoid of staining. Scale bar 10 um. G) Expression in a symmetrical pair of neuromasts in the head region,
scale bar 30 um. H) Staining in the ear, anterior is up. Hair cells underlying the otoliths show strong expression (arrowheads).
A neuromast (arrow) is also visible on each side. Scale bar 30 pm.

S100A10a in the intestinal epithelium. However, it
should be noted that human A10 is constitutionally in
the, calcium-bound' configuration due to a deletion in the
S100 EF hand, in contrast to the zebrafish A10 genes.
Moreover, the other member of this gene pair (S100A10b)
shows a radically different distribution. Another example
is S100B, which is expressed in brain in zebrafish as well
as in mammalian species [7,42].

The genomic structure of teleost s100 genes is markedly
similar to that of mammalian genes, with two to three
coding exons in similar distances, and a conserved

domain structure of one EF hand per each main exon.
Some similarities are also observed for the genomic loca-
tion. Most mammalian 5100 genes lie together with some
other genes in one large cluster, the so-called epidermal
differentiation complex (EDC) [43,44] for which com-
mon regulatory elements have been discussed (but see
[37]). Two smaller clusters of four to seven members in
teleosts are syntenic to the human cluster and thus suggest
the presence of an ancestral small cluster of s100 genes.
Teleost cluster configuration does not correlate with
sequence similarity, in contrast to the mammalian EDC.
Thus the teleost clusters may represent the ancestral clus-
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Figure 13

Dr-S100T expression pattern by whole mount in situ hybridization. Five day old zebrafish larvae were hybridized with
RNA antisense probe. Panels A) to E), whole mounts; panels F) to G), sectioned after hybridization. Scale bars 30 um. Dorsal
(A) and lateral (B) view show expression in lateral line neuromasts (arrows) and the otic placode (arrowhead). C) Frontal view
of the head region. Several labeled neuromasts are visible. D) Magnification of the trunk region from panel A), view from dor-
sal. E) Enlarged lateral view of the head region, over ten labeled neuromasts are seen. One neuromast and its contra lateral

counterpart are indicated by arrows.

ter composition more closely, while extended local gene
duplications appear to have enlarged the mammalian
cluster.

While the predominantly epithelial and epithelial-derived
cellular expression of mammalian s100 genes is main-

tained in zebrafish, the actual regulatory mechanisms
responsible for this similar expression may be different.
No evidence for shared regulatory elements is observed in
teleost fish, as judged from both sequence divergence and
expression pattern similarity of neighboring genes (with
the possible exception of A10b and 11).
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Figure 14

Dr-S100Z expression pattern by whole mount in situ hybridization. Five day old zebrafish larvae were hybridized with
RNA antisense probe. Panels A) to D), whole mounts; panel E), sectioned after hybridization. Scale bar 30 um. Lateral view.
Expression in the larva is restricted to the olfactory placode (arrow). B) Closer view of the olfactory placode shows several
large, labeled cells (arrows). C) Dorsal view of the head region, labeled cells in both olfactory placodes are visible, right placode
encircled with dashed line. D) Enlarged view of a single olfactory placode (circled). Labeled cells are a subpopulation within the
olfactory placode. E) Cross-section through an olfactory placode (delineated by yellow dashed line), several labeled cells are

visible.

Zebrafish s100 genes exhibit highly specific and character-
istically different patterns of expression like their mam-
malian counterparts (cf. [11-13]). Duplicated genes show
both redundancy and divergence in their expression pat-
tern. Larval expression is limited to different types of epi-
thelial cells and neural cells of epithelial origin (olfactory
receptor neurons, hair cells and ionocytes). Our findings
provide a firm basis for unraveling the molecular nature
of the $100-like immunoreactivity observed in teleost fish
tissues in several earlier publications, e.g. [45-47].

Taken together we have identified and characterized the
teleost s100 gene family with respect to gene structure and
expression pattern. These genes exhibit characteristics
similar to the mammalian gene family in several respects.
Considering the importance of s100 genes in the patho-
genesis of epidermal disease - particular S100 proteins are
markedly over expressed in psoriasis, wound healing, skin
cancer, inflammation, cellular stress, and other epidermal

pathological states [30] - it appears advantageous to study
these processes in the zebrafish model system (cf. [48]).

Methods

Zebrafish strains and maintenance

All zebrafish used in this experiment were obtained from
matings of the Ab/Ti strain (Oregon, AB/Tuibingen, Ti).
Breeding and raising of zebrafish followed standard pro-
tocols [49].

Data mining

All annotated fish and mammalian S100 sequences were
extracted either from the National Center for Biotechnol-
ogy Information (NCBI) or Ensembl database resources
[50] and used in the subsequent phylogenetic analysis, if
they conformed to the inclusion criteria detailed below.
Representative fish genes from each subclade and addi-
tionally, 19 human S100 genes (full set excluding close
relatives [38]) were used as query in tBLASTN searches in
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the NCBI nucleotide databases nr/nt, EST [51] and in the
ENSEMBL database [50]. For elephant shark (Callorhin-
chus milii) only WGS traces were available, and for salmon
(Salmo salar) only the EST database was used. The analysis
was repeated using newly found subclades as query. To be
considered as validated S100 genes, the candidates
needed to fulfill the following inclusion criteria: a) posi-
tion within the S100 clade in the phylogenetic analysis; b)
application of the BLASTP algorithm in the NCBI nonre-
dundant database should result in annotated S100 or
some other S100 candidates as first hits; c) presence of
four helices separated by one S100 EF hand, one hinge
and one canonical S100 hand (region assignment accord-
ing to [1]) within 80 to 100 consecutive amino acids,
which is the extent observed for this composite motif for
all mouse and human S100 genes.

For Accession numbers see Additional File 2.

Phylogenetic analysis

MAFFT, version 5.8 [52], was employed for multiple pro-
tein alignments using the E-INS-i strategy with the default
parameters. To estimate the phylogenetic relationships of
the sequences we performed distance-based, maximum
parsimony, and maximum likelihood analyses using the
Neighbour Joining (NJ), Protpars (MP) and Proml (ML)
programs as implemented in ClustalX [53] and PHYLIP
[22], packages respectively. For the NJ method we per-
formed bootstrapping with 10000 repetitions using Clus-
talX [53] and for the MP and ML methods we performed
bootstrapping with 100 repetitions using the program SEQ-
BOOT from the PHYLIP package [22]. The three methods
gave similar clustering. Consensus trees were obtained
using the CONSENSE program of the PHYLIP package
[22].

Subclades within the teleost S100 gene family were deter-
mined from the tree as the largest clades that fulfilled two
criteria: the clade had >80% bootstrap support in the NJ
analysis (5100Q is the only exception with 71%) and is
supported both in the MP and ML analysis. Fourteen such
subclades were identified, which correspond to groups of
orthologous genes.

Evolutionary distances

The evolutionary distances between amino acid sequences
were calculated using MEGA4 [54]. All results were based
on the pairwise analysis of the given number of sequences
per ortholog or paralog group. Analyses were conducted
using the Poisson correction method in MEGA4 [54,55].
All positions containing alignment gaps and missing data
were eliminated only in pairwise sequence comparisons
(Pairwise deletion option).

http://www.biomedcentral.com/1471-2148/8/48

Sequence logos

Sequence logos were generated using a web-based pro-
gram, Weblogo, version 2.8.2. developed by Crooks [56]
and Schneider and Stevens [57,58]. A logo was generated
with 85 teleost and cartilaginous fish S100 amino acid
sequences. Sequence alignments were manually edited
using MEGA 4 [54] and highly divergent pieces between
the start codon and the beginning of helix 1 were trimmed
to avoid N-terminal length heterogeneity. This did not
affect significantly conserved residues. Gap positions
present in more than 85% of the sequences were deleted
completely.

dN/dS Analysis

The global dN/dS ratios for the full length S100 coding
sequences of all five teleost species for which full genomic
information is available were determined using the
HyPhy package on the datamonkey server [59], which
implements a previously published method [60]. The
nucleotide alignment was manually edited and gap posi-
tions present in more than 85% of the sequences were
removed.

To make inferences about selective pressure (positive and
negative selection) on individual codons (sites) within
the S100 coding sequences, the Single Likelihood Ances-
tor Counting (SLAC) package [61] was used, which imple-
ments the Suzuki-Gojobori method [60].

The algorithm is briefly outlined. First, a best-fitting
nucleotide substitution model was automatically selected
by fitting several such substitution models to both the
data and a neighbor-joining tree generated from the align-
ment described above. Taking the obtained substitution
rates and branch lengths as constant, a codon model was
employed to fit to the data and a global dN/dS ratio was
calculated. Then a codon by codon reconstruction of the
ancestral sequences was performed using maximum like-
lihood. Afterwards the expected normalized (ES) and
observed numbers (EN) of synonymous (NS) and non-
synonymous (NN) substitutions were calculated for each
non-constant site. AN = NN/EN and dS = NS/ES were then
computed, and if AN < dS (negative selection) or dN > dS
(positive selection), a p-value derived from a two-tailed
extended binomial distribution was used to assess signifi-
cance. Tests on simulated data (S.L.K. Pond and S.D.W.
Frost, methods available at [61] show that p values equal
or smaller than 0.1 identify nearly all true positives with a
false positive rate generally below the nominal p value; for
actual data, the number of true positives at a given false
positive rate is lower. In the present study, two thresholds
for significance (0.1 and 0.2) were taken into account.

RT-PCR
Ten zebrafish (mix of male and female Danio rerio, strain
Ab/Tii) were dissected and several tissues were pooled for
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each RNA extraction: barbels and lips, bone, brain, eyes,
genitourinary, gills, heart, liver, muscle, olfactory bulb,
olfactory epithelium, skin. cDNA was generated by using
Superscript 111 reverse transcriptase (Invitrogen) with an
anchored oligo18(dT) reverse primer. PCR amplifications
were performed by using the following primer pairs, all of
them (except S100B) intron-spanning;

Dr_ actin (forward, CCCCATTGAGCACGGTATT; reverse,
TCATGGAAGTCCACATGGCAGAAG), Dr S100A1 (for-
ward, CTTCAAGGGGAACTCAGTGA; reverse, AAAACT-
CATTGCATGCCACA), Dr  S100A10b  (forward,
CGCAGGACATTCACATCATT; reverse, TTTTCCCCTCAT-

GTITGGTC), Dr S100Al10a (forward, ATITCACT-
CAGTCGCCCAAA; reverse,
ATGGACAAACCCAAGACCAA), Dr S100A11 (forward,
TCAAGGCTTATGCTGGGAAG,; reverse, TGCAACATT-
GCCAATCAGA), Dr S100B (forward, GAAAGTTT-
GGACACCGATGG; reverse,
TGGCCATGTCITGAAACAAA), Dr S1001.1 (forward,

AGAACCACCATGGCTACGTC; reverse, TGCAAAGCATT-
GTGATACAGG), Dr S1001.2 (forward, TCATTGCAACCT-
TCCACAAA; reverse, ACAGGCGATCAATGTGATGT), Dr
$100S (forward, TGCAGATGCTCATCAAGACC; reverse,
GTCCAGGAAGAAGTCGITGC), Dr S100T (forward,
TGGGAATGAGGGTGACAAAT; reverse, TCATTCGCT-
GGTCATGTGIT), Dr S100Z (forward, TAAACTGGAG-
GGAGCAATGG; reverse, TCCAGCACTCAGTITACGAT).
The following conditions were used: 2 min at 96°C, fol-
lowed by 35 cycles of 30 sec at 96°C, 30 sec at 60°C, and
60 sec at 72°C, and a final extension of 10 min at 72°C.
Regions chosen for PCR primers did not exhibit any
appreciable sequence identity to each other (with excep-
tion of 12 primers, which may additionally recognize 11,
but not vice versa), thereby excluding cross-amplification.
All PCR products were cloned and sequenced using stand-
ard protocols. For sequences see Additional File 6.

In Situ Hybridization

The templates for the probes were amplified from cloned
fragments obtained by RT-PCR using the previously
described primers with the T3 promoter site (TATTAAC-
CCTCACTAAAGGGAA) attached to their 5' end. Digoxi-
genin (DIG) probes were synthesized according to the
DIG RNA labeling kit supplier protocol (Roche Molecular
Biochemicals).

RNA in situ hybridization of S100 genes was carried out
following the method of Thisse et al [62] as modified in
[63]. Hybridizations were performed on 5 dpf old larvae
overnight at 62°C. Anti-DIG primary antibody coupled to
alkaline phosphatase (Roche Molecular Biochemicals)
and NBT-BCIP (Roche Molecular Biochemicals) were

http://www.biomedcentral.com/1471-2148/8/48

used for signal detection. Results were documented with a
Nikon CoolPix 950 digital camera attached to a Nikon
SMZ-U binocular for whole mount images. Cryosections
of hybridized embryos, obtained by a Leica CM1900 cry-
ostat were documented on a Zeiss AxioVert microscope
and an attached Diagnostic Instruments Spot-RT camera.
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Additional material

Additional File 1

Phylogenetic tree of the S100 genes. The cladogram represented here
corresponds to the unrooted tree in Figure 1A. Red lines represent fish
s100 genes, orange lines represent cartilaginous fish s100 genes, green
lines represent lamprey s100 genes, light-blue represents human s100
genes (full set excluding close relatives, see [38]), and black represents the
outgroup (troponins). The colored names indicate fish and lamprey s100
genes previously published. The Tn_S100T fragment (2nd exon) was not
included for technical reasons.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2148-8-48-S1.pdf]

Additional File 2

$100 fish genes. Nomenclature, accession numbers, position and
genomic location are shown. Genomic location was retrieved from the
Ensembl database, release 47 [50], based on assembly zv7, April 2007 for
zebrafish, assembly Fugu 4.0, June 2005 for Takifugu rubripes, assembly
HdrR, October 2005 for medaka, assembly BROAD S1, February 2006
for stickleback, and assembly TETRAODON 7, April 2003 for Tetrao-
don nigroviridis.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2148-8-48-S2.pdf]

Additional File 3

Evolutionary distances between S100 genes. Mean evolutionary dis-
tances within both ortholog and paralog groups of the fish s100 genes.
Note that orthologs genes of the following species were included in this
analysis: Danio rerio, Gasterosteus aculeatus, Oryzias latipes, Tetrao-
don nigroviridis and Takifugu rubripes.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-8-48-S3.pdf]
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Additional File 4

Amino acid alignment of all the fish S100 genes. The alignment is the
same that was used for the construction of the sequence logo and it was
manually edited (see Methods section). * Three genes in subfamily
S$100U share a C-terminal extension of 130-140 amino acids, which is
abridged here.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-8-48-S4.pdf]

Additional File 5

Number of positive and negative selected sites resulting from the site-
by-site dN/dS analysisDescription: Analysis was performed as described
in Materials and Methods. Results for fourteen ortholog groups are shown.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-8-48-S5.pdf]

Additional File 6

Nucleotide sequences of the cloned S100 cDNA fragments. Fragments
were generated by RT-PCR and cloned as described in Materials and
Methods. Predicted exons are visualized by alternating blue and black
color.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-8-48-S6.pdf]

Acknowledgements
We thank Mehmet Saltiirk for taking good care of the zebrafish and Dale
Richardson for the feedback on the ML and MP tree construction methods.

References

l. Marenholz I, Heizmann CW, Fritz G: S100 proteins in mouse and
man: from evolution to function and pathology (including an
update of the nomenclature). Biochem Biophys Res Commun 2004,
322(4):1111-1122.

2. Heizmann CW, Cox JA: New perspectives on S100 proteins: a
multi-functional Ca(2+)-, Zn(2+)- and Cu(2+)-binding pro-
tein family. BioMetals 1998, 11(4):383-397.

3. Fano G, Biocca S, Fulle S, Mariggio MA, Belia S, Calissano P: The S-
100: a protein family in search of a function. Prog Neurobiol
1995, 46(1):71-82.

4. Kligman D, Hilt DC: The S100 protein family. Trends Biochem Sci
1988, 13(11):437-443.

5. Zimmer DB, Cornwall EH, Landar A, Song W: The S100 protein
family: history, function, and expression. Brain Res Bull 1995,
37(4):417-429.

6.  Schafer BW, Heizmann CW: The S100 family of EF-hand cal-
cium-binding proteins: functions and pathology. Trends Bio-
chem Sci 1996, 21(4):134-140.

7. Donato R: S100: a multigenic family of calcium-modulated
proteins of the EF-hand type with intracellular and extracel-
lular functional roles. Int | Biochem Cell Biol 2001, 33(7):637-668.

8.  Santamaria-Kisiel L, Rintala-Dempsey AC, Shaw GS: Calcium-
dependent and -independent interactions of the S100 pro-
tein family. Biochem J 2006, 396(2):201-214.

9. Leukert N, Vogl T, Strupat K, Reichelt R, Sorg C, Roth J: Calcium-
dependent Tetramer Formation of SI0O0A8 and SI00A9 is
Essential for Biological Activity. Journal of Molecular Biology 2006,
359(4):961-972.

10. Ostendorp T, Leclerc E, Galichet A, Koch M, Demling N, Weigle B,
Heizmann CW, Kroneck PM, Fritz G: Structural and functional
insights into RAGE activation by multimeric SI00B. Embo |
2007, 26(16):3868-3878.

20.

21.

22.

23.

24.

25.
26.

27.

28.
29.

30.
31.

http://www.biomedcentral.com/1471-2148/8/48

Saris CJ, Kristensen T, D'Eustachio P, Hicks LJ, Noonan D}, Hunter T,
Tack BF: cDNA sequence and tissue distribution of the mRNA
for bovine and murine pll, the S100-related light chain of
the protein-tyrosine kinase substrate p36 (calpactin I). | Biol
Chem 1987, 262(22):10663-10671.

Gribenko AV, Hopper JE, Makhatadze Gl: Molecular characteriza-
tion and tissue distribution of a novel member of the S100
family of EF-hand proteins. Biochemistry 2001,
40(51):15538-15548.

Lefranc F, Golzarian ], Chevalier C, DeWitte O, Pochet R, Heizman
C, Decaestecker C, Brotchi ], Salmon |, Kiss R: Expression of mem-
bers of the calcium-binding S-100 protein family in a rat
model of cerebral basilar artery vasospasm. | Neurosurg 2002,
97(2):408-415.

Morgan RO, Martin-Almedina S, Garcia M, Jhoncon-Kooyip J, Fernan-
dez MP: Deciphering function and mechanism of calcium-
binding proteins from their evolutionary imprints. Biochim
Biophys Acta 2006, 1763(11):1238-1249.

Zhou Y, Yang W, Kirberger M, Lee HW, Ayalasomayajula G, Yang JJ:
Prediction of EF-hand calcium-binding proteins and analysis
of bacterial EF-hand proteins. Proteins 2006, 65(3):643-655.
Ivanenkov VV, Gerke V, Minin AA, Plessmann U, Weber K: Trans-
duction of Ca2+ signals upon fertilization of eggs; identifica-
tion of an S-100 protein as a major Ca(2+)-binding protein.
Mech Dev 1993, 42(3):151-158.

Bobe |, Goetz FW: A S100 homologue mRNA isolated by dif-
ferential display PCR is down-regulated in the brook trout
(Salvelinus fontinalis) post-ovulatory ovary. Gene 2000,
257(2):187-194.

Porta AR, Bettini E, Buiakova Ol, Baker H, Danho W, Margolis FL:
Molecular cloning of ictacalcin: a novel calcium-binding pro-
tein from the channel catfish, Ictalurus punctatus. Brain Res
Mol Brain Res 1996, 41(1-2):81-89.

Bettini E, Porta AR, Dahmen N, Wang H, Margolis FL: Expressed
sequence tags (EST) identify genes preferentially expressed
in catfish chemosensory tissues. Brain Res Mol Brain Res 1994,
23(4):285-291.

Cao Z, Tanguay RL, McKenzie D, Peterson RE, Aiken JM: Identifica-
tion of a putative calcium-binding protein as a dioxin-respon-
sive gene in zebrafish and rainbow trout. Aquat Toxicol 2003,
63(3):271-282.

Saitou N, Nei M: The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol Biol Evol 1987,
4(4):406-425.

Felsenstein J: PHYLIP (Phylogeny Inference Package) version
3.6. Distributed by the author. Department of Genome Sci-
ences, University of Washington, Seattle. 2005.

Kretsinger RH: Calcium-binding proteins. Annu Rev Biochem
1976, 45:239-266.

Ravasi T, Hsu K, Goyette J, Schroder K, Yang Z, Rahimi F, Miranda LP,
Alewood PF, Hume DA, Geczy C: Probing the S100 protein fam-
ily through genomic and functional analysis. Genomics 2004,
84(1):10-22.

Kawasaki H, Nakayama S, Kretsinger RH: Classification and evolu-
tion of EF-hand proteins. BioMetals 1998, 11:277-295.
Lewit-Bentley A, Rety S, Sopkova-de Oliveira Santos ], Gerke V:
S100-ANNEXIN COMPLEXES: SOME INSIGHTS FROM
STRUCTURAL STUDIES. Cell Biology International 2000,
24(11):799-802.

Rety S, Osterloh D, Arie JP, Tabaries S, Seeman |, Russo-Marie F,
Gerke V, Lewit-Bentley A: Structural basis of the Ca(2+)-
dependent association between S100C (SI00AIl) and its
target, the N-terminal part of annexin l. Structure 2000,
8(2):175-184.

Rescher U, Gerke V: SI00AI10/pl|l: family, friends and func-
tions. Pflugers Arch 2008, 455(4):575-582.

Nei M, Gojobori T: Simple methods for estimating the num-
bers of synonymous and nonsynonymous nucleotide substi-
tutions. Mol Biol Evol 1986, 3(5):418-426.

Eckert RL, Broome AM, Ruse M, Robinson N, Ryan D, Lee K: S100
proteins in the epidermis. | Invest Dermatol 2004, 123(1):23-33.
Woods IG, Wilson C, Friedlander B, Chang P, Reyes DK, Nix R, Kelly
PD, Chu F, Postlethwait JH, Talbot WS: The zebrafish gene map
defines ancestral vertebrate chromosomes. Genome Res 2005,
15(9):1307-1314.

Page 22 of 23

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-2148-8-48-S4.pdf
http://www.biomedcentral.com/content/supplementary/1471-2148-8-48-S5.pdf
http://www.biomedcentral.com/content/supplementary/1471-2148-8-48-S6.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15336958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15336958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15336958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10191501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10191501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10191501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7568910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7568910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3075365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7620916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7620916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8701470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8701470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11390274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11390274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11390274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16683912
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16683912
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16683912
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16690079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16690079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16690079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17660747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17660747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3038891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3038891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3038891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11747429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11747429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11747429
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12186470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12186470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12186470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17092580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17092580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16981205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16981205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16981205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8217841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8217841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11080585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11080585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11080585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8883937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8883937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8883937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8090068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8090068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8090068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12711416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12711416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12711416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3447015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3447015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=134666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15203200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15203200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10191494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10191494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11067764
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11067764
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11067764
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10673436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10673436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10673436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17638009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17638009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3444411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3444411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3444411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15191538
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15191538
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16109975
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16109975

BMC Evolutionary Biology 2008, 8:48

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

51.
52.

Nakatani Y, Takeda H, Kohara Y, Morishita S: Reconstruction of
the vertebrate ancestral genome reveals dynamic genome
reorganization in early vertebrates. Genome Res 2007,
17(9):1254-1265.

Lopez-Schier H, Hudspeth AJ: Supernumerary neuromasts in
the posterior lateral line of zebrafish lacking peripheral glia.
Proc Natl Acad Sci U S A 2005, 102(5):1496-1501.

Lin LY, Horng JL, Kunkel ]G, Hwang PP: Proton pump-rich cell
secretes acid in skin of zebrafish larvae. Am | Physiol Cell Physiol
2006, 290(2):C371-8.

Pan TC, Liao BK, Huang CJ, Lin LY, Hwang PP: Epithelial Ca(2+)
channel expression and Ca(2+) uptake in developing
zebrafish. Am | Physiol Regul Integr Comp Physiol 2005,
289(4):R1202-11.

Hsiao CD, Ekker M, Tsai H): Skin-specific expression of ictacal-
cin, a homolog of the S100 genes, during zebrafish embryo-
genesis. Dev Dyn 2003, 228(4):745-750.

Elder JT, Zhao X: Evidence for local control of gene expression
in the epidermal differentiation complex. Experimental Derma-
tology 2002, 11(5):406-412.

Marenholz |, Lovering RC, Heizmann CW: An update of the S100
nomenclature. Biochim Biophys Acta 2006, 1763(11):1282-1283.
Hedges SB: Major Events in Early Vertebrate Evolution. In Sys-
tematics Association Special Volume Series Volume 61, chapter 8. Edited
by: Ahlberg PE. Taylor&Francis ; 2001.

Miwa N, Uebi T, Kawamura S: Characterization of p2éolf, a
novel calcium-binding protein in the frog olfactory epithe-
lium. | Biol Chem 2000, 275(35):27245-27249.

Jacob R, Heine M, Eikemeyer |, Frerker N, Zimmer KP, Rescher U,
Gerke V, Naim HY: Annexin Il is required for apical transport
in polarized epithelial cells. J Biol Chem 2004, 279(5):3680-3684.
Adami C, Sorci G, Blasi E, Agneletti AL, Bistoni F, Donato R: S100B
expression in and effects on microglia. Glia 2001,
33(2):131-142.

Marenholz |, Volz A, Ziegler A, Davies A, Ragoussis |, Korge BP, Mis-
chke D: Genetic analysis of the epidermal differentiation
complex (EDC) on human chromosome 1q21: chromosomal
orientation, new markers, and a 6-Mb YAC contig. Genomics
1996, 37(3):295-302.

Mischke D, Korge BP, Marenholz |, Volz A, Ziegler A: Genes encod-
ing structural proteins of epidermal cornification and S100
calcium-binding proteins form a gene complex ("epidermal
differentiation complex") on human chromosome Iq2l. |
Invest Dermatol 1996, 106(5):989-992.

Germana A, Abbate F, Gonzalez-Martinez T, del Valle ME, de Carlos
F, Germana G, Vega JA: S100 protein is a useful and specific
marker for hair cells of the lateral line system in postembry-
onic zebrafish. Neurosci Lett 2004, 365(3):186-189.

Germana A, Paruta S, Germana GP, Ochoa-Erena FJ, Montalbano G,
Cobo J, Vega JA: Differential distribution of S100 protein and
calretinin in mechanosensory and chemosensory cells of
adult zebrafish (Danio rerio). Brain Res 2007, 1162:48-55.
Manso M), Becerra M, Becerra M, Anadon R: Expression of a low-
molecular-weight (10 kDa) calcium binding protein in glial
cells of the brain of the trout (Teleostei). Anat Embryol (Berl)
1997, 196(5):403-416.

Lieschke GJ, Currie PD: Animal models of human disease:
zebrafish swim into view. Nat Rev Genet 2007, 8(5):353-367.
Westerfield M: The Zebrafish Book. 1994.

Hubbard T), Aken BL, Beal K, Ballester B, Caccamo M, Chen Y, Clarke
L, Coates G, Cunningham F, Cutts T, Down T, Dyer SC, Fitzgerald S,
Fernandez-Banet J, Graf S, Haider S, Hammond M, Herrero J, Holland
R, Howe K, Howe K, Johnson N, Kahari A, Keefe D, Kokocinski F,
Kulesha E, Lawson D, Longden |, Melsopp C, Megy K, Meidl P, Ouver-
din B, Parker A, Prlic A, Rice S, Rios D, Schuster M, Sealy |, Severin J,
Slater G, Smedley D, Spudich G, Trevanion S, Vilella A, Vogel |, White
S, Wood M, Cox T, Curwen V, Durbin R, Fernandez-Suarez XM,
Flicek P, Kasprzyk A, Proctor G, Searle S, Smith ], Ureta-Vidal A, Bir-
ney E: Ensembl 2007. Nucleic Acids Res 2007, 35(Database
issue):D610-7.

Benson DA, Karsch-Mizrachi |, Lipman D), Ostell |, Wheeler DL:
GenBank. Nucleic Acids Res 2006, 34(Database issue):D16-20.
MAFFT Multiple alignment program for amino acid or
nucleotide sequences [http://align.bmr.kyushu-u.ac.jp/mafft/
online/server/]

http://www.biomedcentral.com/1471-2148/8/48

53. Thompson D, Gibson T, Plewniak F, Jeanmougin F, Higgins DG: The
CLUSTAL_X windows interface: flexible strategies for mul-
tiple sequence alighment aided by quality analysis tools.

Nucleic Acids Res 1997, 25(24):4876-4882.

54. Tamura K, Dudley J, Nei M, Kumar S: MEGA4: Molecular Evolu-
tionary Genetics Analysis (MEGA) software version 4.0. Mol

Biol Evol 2007, 24(8): 1 596-1599.

55.  Zuckerkand! E, Pauling L: Evolutionary divergence and conver-
gence in proteins. In Evolving Genes and Proteins Edited by: Bryson

V, Vogel HJ]. New York , Academic Press; 1965.

56. Crooks GE, Hon G, Chandonia JM, Brenner SE: WebLogo: a

sequence logo generator. Genome Res 2004, 14(6):1188-1190.

57. Schneider TD, Stephens RM: Sequence logos: a new way to dis-
1990,

play consensus Nucleic  Acids  Res
18(20):6097-6100.
58. WebLogo - Create Sequence Logos

ley.edu/logo.cgi]

sequences.

59. Pond SL, Frost SD, Muse SV: HyPhy: hypothesis testing using

phylogenies. Bioinformatics 2005, 21(5):676-679.

60. SuzukiY, Gojobori T: A method for detecting positive selection
at single amino acid sites. Mol Biol Evol 1999, 16(10):1315-1328.

61. Adaptive Evolution Server [http://www.datamonkey.org/]

62. Thisse C, Thisse B, Schilling TF, Postlethwait JH: Structure of the
zebrafish snaill gene and its expression in wild-type, spade-
1993,

tail and no tail
119(4):1203-1215.

mutant embryos. Development

63. Thisse B, Thisse C: Protocol for In Situ Hybridization on whole
[http://zfin.org/ZFIN/Methods/

mount zebrafish embryos.

[http://weblogo.berke

ThisseProtocol.html].

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 23 of 23

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17652425
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17652425
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17652425
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15677337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15677337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16148031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16148031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15947067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15947067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15947067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14648852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14648852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14648852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12366693
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12366693
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16938360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16938360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10852910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10852910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10852910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14670963
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14670963
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11180510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11180510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8938441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8938441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8938441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8618063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8618063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8618063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15246545
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15246545
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15246545
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17618610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17618610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17618610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9406842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9406842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9406842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17440532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17440532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17148474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381837
http://align.bmr.kyushu-u.ac.jp/mafft/online/server/
http://align.bmr.kyushu-u.ac.jp/mafft/online/server/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9396791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9396791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17488738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17488738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15173120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15173120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2172928
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2172928
http://weblogo.berkeley.edu/logo.cgi
http://weblogo.berkeley.edu/logo.cgi
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15509596
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15509596
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10563013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10563013
http://www.datamonkey.org/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8306883
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8306883
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8306883
http://zfin.org/ZFIN/Methods/ThisseProtocol.html
http://zfin.org/ZFIN/Methods/ThisseProtocol.html
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	The repertoire size of the S100 family of thirteen to fourteen genes is remarkably conserved across six divergent teleost species
	S100 family size in cartilaginous and even jawless fish may be similar to that of bony fish
	S100 is an ancient family with a complex pattern of gene gains and losses
	Moderate overall similarity but high degree of conservation of motifs that are characteristic for the S100 family
	Strong negative selection for s100 genes, but virtual absence of positive selection
	Gene structure of s100 genes is highly conserved between fish and mammalian species
	S100 fish genes are distributed both as singletons and small clusters in the genome
	Expression patterns of s100 genes range from highly specific to fairly broad distributions
	Highly restricted expression of S100 genes within the sensory nervous system
	Non-neuronal expression of two s100 genes, restricted to a single cell type or tissue
	Three S100 genes exhibit broad expression in several tissues and cell types
	Partial correlation of expression pattern similarity with coding sequence similarity

	Discussion and Conclusion
	Methods
	Zebrafish strains and maintenance
	Data mining
	Phylogenetic analysis
	Evolutionary distances
	Sequence logos
	dN/dS Analysis
	RT-PCR
	In Situ Hybridization

	Authors' contributions
	Additional material
	Acknowledgements
	References

