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The function and structure of LysM-domain containing proteins are very diverse. Although some LysM
domains are able to bind peptidoglycan or chitin type carbohydrates in bacteria, in fungi and in plants,
the function(s) of vertebrate LysM domains and proteins remains largely unknown. In this study we have
identified and annotated the six zebrafish genes of this family, which encode at least ten conceptual
LysM-domain containing proteins. Two distinct sub-families called LysMD and OXR were identified
and shown to be highly conserved across vertebrates. The detailed characterization of LysMD and OXR
gene expression in zebrafish embryos showed that all the members of these sub-families are strongly
expressed maternally and zygotically from the earliest stages of a vertebrate embryonic development.
Moreover, the analysis of the spatio-temporal expression patterns, by whole mount and fluorescent
in situ hybridizations, demonstrates pronounced LysMD and OXR gene expression in the zebrafish brain
and nervous system during stages of larval development. None of the zebrafish LysMD or OXR genes was
responsive to challenge with bacterial pathogens in embryo models of Salmonella and Mycobacterium
infections. In addition, the expression patterns of the OXR genes were mapped in a zebrafish brain atlas.

� 2013 Elsevier B.V. All rights reserved.
1. LysM domain encoding genes and proteins signal molecules secreted by the symbiotic bacteria. The LysM2 do-
1.1. Diversity among LysM domain containing proteins

LysM domain containing proteins are very diverse and widely
studied in bacteria, fungi and plants. In several bacteria (Buist
et al., 2008) LysM containing proteins are involved in peptidogly-
cans (PGN) synthesis and in catabolic processes modifying the cell
wall. A peptidoglycan hydrolase, AcmA, the N-acetyl-glucosamini-
dase from Lactococcus lactis, is a typical example of a bacterial
LysM-domain containing protein. Very diverse groups of LysM do-
main containing peptidases, reductases, nucleotidases, chitinases
or esterases are represented in bacterial proteomes. The LysM do-
mains of AcmA were shown (Steen et al., 2005) to be responsible
for binding the carbohydrate of PGN.

In legumes, kinase proteins carrying multiple LysM domains in
their extracellular domains enable the host plant to recognize sig-
nal molecules secreted by symbiotic bacteria. In the model legume
Lotus japonicus the two receptor kinases, NFR1 and NFR5, are re-
quired for perception of lipo-chito-oligosaccharide (Nod factors)
main of NFR5 was shown to be involved in deciphering the Nod
factor structure (Madsen et al., 2003; Radutoiu et al., 2003,
2007). More recently direct high-affinity binding of Nod factor by
the NFR1 and NFR5 receptors was demonstrated (Broghammer
et al., 2012). Other LysM-domain protein kinases sense and induce
resistance against fungi by perception of chitin molecules secreted
by the pathogen (Wan et al., 2008). Two LysM proteins, CERK1 and
CEBiP, are involved in chitin signalling and host defence response
in rice or in the model plant Arabidopsis thaliana (Miya et al.,
2007; Shimizu et al., 2010). During fungal infection of tomato the
Cladosporium fulvum pathogen secretes a LysM protein, called
Ecp6, into the intercellular space. Ecp6 prevents tomato immune
response by sequestering chitin oligosaccharides that are released
from fungal cell walls (de Jonge et al., 2010). Direct binding of plant
LysM proteins was also found with peptidoglycans (Willmann,
2012) (PGN). The LYM1/LYM3/CERK1 perception system (com-
posed of three LysM domain containing proteins) is involved in
PGN sensing and leads to an immune response (Willmann, 2012).
1.2. Animal LysM domain containing proteins

Only a few studies have addressed the function of animal
LysM-domain containing proteins. From the human genome, a
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LysM-domain encoding gene was originally identified while
screening for oxidation resistance genes. Based on the observed
reversion of a mutated phenotype in a prokaryotic oxidative muta-
genesis assay, the gene was named oxidation resistance 1
(OXR1)Volkert et al., 2000. Later, the OXR family of genes was ex-
panded (Durand et al., 2007) with OXR2, another LysM domain
encoding gene providing resistance to oxidation (Durand et al.,
2007) highly similar to OXR1. The minimal oxidation resistance do-
main found in the OXR family of proteins was associated (Murphy
et al., 2012) with the region encoded by exon8. Recently the mouse
OXR1 protein was shown as a novel neuro-protective factor both
in vitro and in vivo (Oliver et al., 2011). OXR2 was first isolated
(Shao et al., 2002) in a screening for Estrogen Receptor (ER) inter-
acting proteins using an Akata Burkitt’s lymphoma cell cDNA li-
brary. The protein was originally named ER Activating Protein of
140 kDa and classified (Shao et al., 2002) in the Nuclear Co-Activa-
tor family (ERAP140) because of this affinity with ER. In addition to
the interaction with ERa, hOXR2 protein has affinity for ERb, thy-
roid hormone receptor beta (TRb), peroxisome proliferator-acti-
vated receptor gamma (PPARc), and retinoic acid receptor alpha
(RARa). The characterization of these interactions suggested that
OXR2 represents a distinct class of nuclear receptor co-activators
(Shao et al., 2002) (NCOA7). Steroid hormone receptors like ER or
Androgen Receptor (AR) are sensing proteins that control impor-
tant biological processes and therefore OXR2 gene activity has been
studied in this context. Transcriptome studies (Kinyamu et al.,
2009) in MCF-7 breast cancer cells show increased OXR2 expres-
sion upon proteasomal inhibition with MG132 (epoxomycin).
However, OXR2 was not regulated (Kinyamu et al., 2009) in MCF-
7 cells treated with 17b-estradiol. Silencing of OXR2 with siRNA
in an androgen responsive prostate cancer cell line (LNCaP PCa
cells) decreased AR expression and led to a marked difference in
the androgen responsiveness of genes involved in prostate cancer
(Heemers et al., 2009). The human OXR2 gene (NCOA7) was sug-
gested as a potential pharmaceutical target for the treatment of
prostate cancer (Heemers et al., 2009). In addition, a high expres-
sion level of OXR2 was reported as a novel, favourable, prognostic
indicator for neuroblastoma (Arai et al., 2008). Moreover it was re-
cently proposed that genetic variants of OXR2 may confer a re-
duced risk of breast cancer (Higginbotham et al., 2011).

At least two genetic mapping studies point toward a linkage be-
tween the human OXR2 locus (6q22) and families with bipolar dis-
orders (Middleton et al., 2004; Pato et al., 2005). Consequently, the
role of OXR2 in schizophrenia spectrum disorders was investigated.
An independent study did not associate schizophrenia with any of
the six polymorphisms within the OXR2 sequence (Liu et al., 2007).
However overlapping de novo interstitial micro-deletions involving
the human LysMD3 locus (5q14.3-q15), demonstrated with molec-
ular karyotyping and fluorescence in situ hybridizations (DNA
FISH), connect LysMD3 to symptoms of psychomotor retardation
and brain anomalies (Engels et al., 2009). Furthermore, at least
one study (Thisse et al., 2004) have shown that LysMD3 and
LysMD2 are expressed during early zebrafish embryonic develop-
mental stages. These studies indicate that LysM domain encoding
genes may play a role in brain and in nervous system development
and functioning. Presently, no LysM family member has been
clearly associated with any human disease and no vertebrate
knockout model is available.

1.3. Research strategies

In this report we identify the LysM domain encoding genes from
zebrafish and compare those with their human orthologs. In addi-
tion we describe two sub-families of LysM encoding genes consist-
ing of OXR1, OXR2 (OXR genes) and LysMD1 to LysMD4 (LysMD
genes). Ten different LysM domain encoding cDNAs were cloned
from zebrafish embryos and six LysM domain genes encoding eight
LysM-domain containing proteins were annotated. We searched
micro-arrays data sets, for the LysM family genes regulations in re-
sponse to Mycobacterium marinum and Salmonella typhimurium
infections in zebrafish embryos, and performed spatio-temporal
study of LysM encoding gene expression during zebrafish embry-
onic development, as first steps to elucidate their function. The
brain and nervous system expression patterns were demonstrated
at 48 hours post fertilization (hpf) by comparing OXR2 WISH
stained micro-sections with laser fluorescence scanning confocal
stacks, from OXR2 fluorescence in situ hybridizations (RNA FISH).
Moreover OXR1 and OXR2 expression patterns were modelled in
three dimensions and these datasets were integrated into software
dedicated to the zebrafish brain atlas.
2. Results

2.1. The gene families encoding LysM-domain containing proteins in
zebrafish

Using the Conserved Domain Database (CDD) tool (NCBI), repre-
sentatives of two different sub-families of LysM-domain contain-
ing proteins can be found in several animal genomes. We used a
LysM-domain consensus of 44 amino acids (aa) (Pfam PFO1476)
and representatives of these sub-families to search the zebrafish
databases (BLAST and TBLASTN) and identified six different
LysM-domain encoding genes in the zebrafish genome (shown in
Fig. 1, Panel A: LysMD; Panel B: OXR). Subsequent cloning and
sequencing of cDNAs isolated by RT-PCR from wild type zebrafish
embryos revealed expression of these six genes, as well as alterna-
tive splicing into at least ten transcripts corresponding to eight dif-
ferent LysM domain containing proteins. However, as alternative
splicing frequently occurs in zebrafish, this list of LysM encoding
cDNAs and putative protein isoforms is not exhaustive. The primer
sequences used for cloning LysM encoding cDNAs are given in Sup-
plementary Table 1.
2.1.1. The zebrafish LysMD sub-family of LysM encoding genes
The zebrafish LysMD genes have a similar architecture with

only three exons spanning a short genetic distance (maximum
15 kb). The LysMD genes encode relatively small proteins of no
more than 305 amino acids (Fig. 1, Panel A). Homology domain
analysis of the translated LysMD cDNA sequences identified a sin-
gle LysM domain in the LysMD1, LysMD2, LysMD3 and LysMD4
proteins. One cDNA alternatively spliced from LysMD2 contains
an open reading frame (ORF) of 88 aa but was not predicted to con-
tain any homology domain within its sequence. Single pass trans-
membrane domains were predicted from both LysMD3 and LysMD4
sequences. No other domains were predicted from the LysMD se-
quences cloned from zebrafish.

In zebrafish the LysMD1 locus on Chr16 was represented by a
single transcript composed of three exons encoding a 211 aa pro-
tein with a single LysM domain. The LysMD2 locus located on
Chr18 was represented by two different splice variants. The first
variant was composed of three exons encoding a 208 aa LysM-do-
main containing protein named LysMD2A. The second variant
named LysMD2B is a polypeptide of 88 aa. LysMD2B cDNA (Ban-
kIt1447130 LysMD2B accession number JQ686226) contains only
exon one directly followed by exon three and shows alternative
splicing of exon two, leading to a stop codon instead of a methio-
nine in exon three. The LysMD3 locus on Chr5 gives rise to at least
one transcript composed of three exons encoding a 305 aa poly-
peptide with a predictable single pass trans-membrane domain
in its Ct region (TOPRED 0.01 and THMM predictions). The LysMD4
locus is on Chr18 and is transcribed into at least one transcript



Fig. 1. Schematic representation of LysMD (panel A) and OXR (panel B) genes and proteins. Black exons are coding protein sequences and white exons are 5‘ or 3‘ untranslated
sequences (UTR). The number inside each black box represents the number of amino acids encoded in each exon. Small numbers at the bottom of each exon indicate the
location of each exon inside a transcript sequence (in base pair). Kozak ribosomal binding sequences (RBS) are reported at the translational start site and stop codons are
indicated. In situ hybridization probes are drawn in blue/red lines for each transcript. Microarray probes are shown at their hybridization locus. These schemes are not drawn
to scale.
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encoding a 267 aa protein. A trans-membrane domain can be pre-
dicted in LysMD4 Ct region (TOPRED 0.01 and THMM prediction).

2.1.2. The zebrafish OXR sub-family of LysM encoding genes
With gene architectures covering over 90 Kb, the zebrafish OXR

genes span much larger genetic distances than the LysMD genes. In
addition to a single LysM domain, bioinformatic analysis of the
zebrafish and human proteins predicted a GRAM domain and a
TLDc homology domain from zebrafish OXR1 and OXR2 cDNAs.
The function(s) of TLDc domains is currently unknown although
the TLDc domain also occurs in TBC containing proteins. Recently
the TLDc domain encoded in zebrafish OXR2 was purified and crys-
tallised (Alsarraf et al., 2011) and structural analysis revealed a
new protein domain fold (Blaise et al., 2012). The GRAM homology
domain is found in glucosyl-transferases, in myotubularins and in
other membrane associated proteins (Dorrks et al., 2000). The
GRAM domain of the human OXR1 protein was associated (Mur-
phy and Volkert, 2012) with the oxidation resistance effect. Muta-
tion in the GRAM domain of myotubularins is a cause of myopathy
(Tsujita et al., 2004). This information suggests that the GRAM do-
main is required for full functionality of OXR1. GRAM is proposed
to be an intracellular protein-binding or lipid-binding sensing do-



Fig. 1. (continued)
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main, which has an important function in membrane-associated
processes (Doerks et al., 2000).

The OXR1 locus is on Chr19 and this gene is composed of at least
18 exons (Fig. 1; Panel B). Alternatively spliced transcripts repre-
sented by three different cloned cDNAs were named OXR1A,
OXR1B and OXR1C. The first exon was found only in OXR1C and ap-
pears specific to the longest splice variant of OXR1C, containing
841 aa. Exon four encodes 42 aa and is found only in the 783 aa
OXR1B protein. Exon twelve is found only in the shortest OXR1
transcript that we call OXR1A, corresponding to a polypeptide of
213 aa and predicted to contain only the TLDc domain. In addition,
we obtained RT-PCR evidence for the existence of an alternative
transcript specific 30 untranslated region (UTR) in OXR1 (drawn in
Fig. 1, Panel B. OXR1); OXR1C is the longest transcript with the lon-
gest 30UTR, while OXR1A is the shortest transcript and has the
shortest 30UTR. In zebrafish OXR2 is found on Chr16 and gives rise
to at least two transcripts, composed of eighteen exons, encoding
two conceptual proteins that we proposed as OXR2A (accession
number: JQ649325) and OXR2B (accession number: JQ649326)
(drawn in Fig. 1, Panel B).

2.1.3. LysMD and OXR phylogeny
Representatives of LysMD and OXR protein families are found

among all vertebrates studied, also in insects like the fruit fly
and even in an amibea transcriptome (Dictyostelium Discoidum).
In the fruit fly genome Drosophila Melanogaster, at least four LysM
encoding genes are found in clusters with LysMD and OXR. One
well annotated LysM encoding gene clustering with an OXR gene
(previously known as L82 (Stowers et al., 1999) was recently re-
named mustard (Mtd) Wang et al., 2012. The L82 has twenty anno-
tated transcripts, twenty known polypeptides and 23 reported
alleles. The longest isoform, 82Fd-RV, encodes both a LysM domain
and TLDc domains and all spliced forms contain a Ct region that
corresponds with the TLDc domain. L82 does not appear to encode
any GRAM domain but 82Fd-RV contains two TLDc domains in a
row. Knocking down L82 leads to developmental delay and lethal-
ity at eclosion that is caused by a failure to release the fruit fly from
the pupal case (Stowers et al., 1999). The mustard gene (Mtd) ap-
pears able to alter the innate immune response from the fly toward
Vibrio cholerae (Wang et al., 2012). Wang and collaborators suggest
(Wang et al., 2012) the small Mtd homologs from vertebrate OXR1
and NCOA7 may have a similar function. They present evidence to
suggest the fly eclosion defect that was previously attributed to the
L82 locus may result from unopposed action of NF-KB fly homologs.
In the mosquito Anopheles gambiae, Jaramillo-Gutierrez and collab-
orators have shown (Jaramillo-Gutierrez et al., 2010) the involve-
ment of an OXR family member in a JNK regulated pathway
acting on catalase and glutathione peroxidase mRNA levels, which
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Fig. 2. Phylogenetic trees comparing full length LysM encoding proteins (LysMD in panel A and OXR in panel B). Numbers indicate bootstrap values between respective
orthologs. Branch nexus are marked with a dot and indicates probable common ancestry for a subgroup of full length LysM domain containing proteins. A minimal LysM
domains amino acids pairwise alignment is displayed in panel C. The minimal LysM domains sequences were obtained with SMART.
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are the main detoxifying enzymes of the cell. The mosquito is the
main vector of malaria disease in vertebrate hosts and silencing
OXR1 decreases Plasmodium infection in the mosquito, while
silencing JNK increases Plasmodium amounts in mosquito blood
(Jaramillo-Gutierrez et al., 2010). Both OXR1 and JNK appear to be
required for mosquito females to survive chronic oxidative stress
treatments (Jaramillo-Gutierrez et al., 2010).

Phylogenetic trees comparing full length LysMD and OXR pro-
teins from zebrafish to those from humans are presented (Fig. 2,
panel A and panel B). The LysMD1 and LysMD2 proteins cluster to-
gether whilst in a different branch LysMD3 clusters with LysMD4.
These two LysMD branches have a common nexus. The zebrafish
LysMD and OXR proteins and their human orthologs appear rela-
tively conserved in this analysis. Supporting this common ancestry
seen between vertebrates we noticed that OXR genes from the zeb-
rafish and OXR genes from human have a common architecture.
Furthermore in both zebrafish and humans the small TLDc contain-
ing isoforms from LysM encoding genes cluster together but also
cluster with small TLDc containing isoforms from L82. High se-
quence homology between human, zebrafish and fruitfly protein
isoform sequences suggests a conserved protein function.

In humans the LysMD1 locus is on Chr1 and expresses two dif-
ferent transcripts, composed of four exons coding two different
proteins, of 227 aa and 179 aa. The longer isoform clusters with
the zebrafish LysMD1 protein. In human the LysMD2 is located
on Chr15 and has two different transcripts composed of four exons,
which encode two different proteins of 215 aa and 124 aa. The zeb-
rafish and human full length LysMD2 proteins also cluster to-
gether. The LysMD3 locus on human Chr5 is composed of five
exons, alternatively spliced into four different transcripts corre-
sponding to putative proteins of 127 aa, 150 aa and 306 aa. The
fourth transcript, potentially encoding a 90 aa polypeptide, is sug-
gested to undergo non-sense mediated decay, which is a cellular
mechanism of mRNA surveillance that functions to detect non-
sense mutations and prevent the expression of truncated or erro-
neous proteins (Chang et al., 2007). The LysMD4 locus on human
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Chr15 is composed of eight exons and gives rise to nine different
transcripts. Two of those transcripts do not contain any open read-
ing frame while two others contain intronic sequences and appear
as non-coding transcripts. Five proteins of 297 aa, 296 aa, 296 aa,
170 aa and 123 aa are proposed to be products of the human
LysMD4. The zebrafish LysMD3 and LysMD4 proteins cluster to-
gether, with the longest isoforms from human LysMD3 and LysMD4
in Fig. 2 panelA.

The human OXR1 gene locus on Chr8, composed of 21 exons and
at least 18 transcripts, are found in the human transcriptome.
These transcripts code fifteen different OXR1 polypeptides. Two
of the human OXR1 transcripts are proposed to undergo non –
sense mediated decay and three other transcripts are non-coding.
The human OXR2 is located on Chr6 and is composed of twenty
exons. Fifteen alternatively spliced transcripts correspond with
fourteen different OXR2 polypeptides. Despite significant sequence
homology with their human orthologs the zebrafish OXR2 proteins
cluster with OXR1 proteins in Fig. 2 panel B. Furthermore, support-
ing the hypothesis of an ancient duplication of OXR genes in zebra-
fish, we noticed that exons 13–18 of OXR1 are encoding the same
number of amino acids as exons 13–18 in OXR2 (Fig. 1 panel B).

The minimal LysM domains from LysMD and OXR genes from
zebrafish and human, were calculated and aligned for a phyloge-
netic pairwise comparison with LysM domains obtained from D.
Discoidum, from fruit fly, and from A. Thaliana (Fig. 2, panel C). Se-
quence identity appears between the LysM domains studied. While
a proline-glycine or even threonine-glycine (PG versus TG) is found
at position 39–40 only in OXR LysM domains, the presence of ly-
sine-arginine (KR in these vertebrates) or even from arginine-argi-
nine (RR in a fruitfly LysMD) at position 25–26, characterizes the
LysM domain from the LysMD genes in this analysis.

Homology is found between LysM domains from zebrafish and
humans. The LysM domain encoded in OXR2 clusters with the LysM
domain encoded in OXR1 in this analysis, which also supports the
hypothesis of an ancient duplication event of OXR genes in zebra-
fish. In this study the LysM domain from A. thaliana CERK1 protein
aligns with LysM domains from the OXR family (Fig. 2, panel C).
2.2. LysM gene response to bacteria in microarray experiments

The sensing activity of LysM-domain proteins of plants, toward
pathogen associated molecular pattern molecules (PAMP) such as
chitin type or structurally related molecules, (Zipfel, 2009) poses
the question whether LysM-domain proteins can have a similar
sensing function in animals. Therefore we searched published mi-
cro-array data sets to identify LysM gene responses in zebrafish
embryos, or adults animals, infected with strains of S. typhimurium
(Stockhammer et al., 2009) or M. marinum (Meijer et al., 2005; Van
der Sar et al., 2009). Zebrafish OXR and LysMD probes (Fig. 1) were
designed and analysed in several micro-array experiments. The
data shows that zebrafish OXR and LysMD probes present on the
micro-array platform do not respond to Salmonella (Stockhammer
et al., 2009) or to Mycobacterium (Meijer et al., 2005) infection in
zebrafish (Supplementary Table 2). These results contrast with
the regulation of LysM domain encoding genes (Lys genes) induced
in L. japonicus by the symbiotic Mesorhizobium loti, by chitin carbo-
hydrates, or by both (Lohmann et al., 2010). However, Salmonella
and Mycobacteria do not possess a thick layer of PG or chitin-like
carbohydrates in their cell walls, and these ligands are often pro-
posed for the LysM domain containing proteins. Therefore, the
LysM genes response to PG, to chitin, or to structurally related mol-
ecules, remains to be investigated further in animals. In the ab-
sence of LysM genes response we decided to focus in more detail
on the developmental expression patterns of the LysM domain
containing families.
2.3. Spatio-temporal expression of LysMD and OXR genes in zebrafish
embryos

2.3.1. Whole Mount In Situ hybridization expression patterns WISH
Preliminary RT-PCRs revealed high expression levels of the zeb-

rafish LysMD genes and OXR genes in each of the early zebrafish
embryonic developmental stages tested (from few cell stages to
12 hpf), in the in situ hybridization studies and also in adult animal
RNA samples. As active zygotic expression is not considered to oc-
cur before the blastula stage these results suggest that LysM genes
are highly expressed both maternally and zygotically in the zebra-
fish embryo. To investigate the spatio-temporal expression of these
genes, whole mount in situ hybridization (WISH) was performed
during early zebrafish embryogenesis. Developmental stages start-
ing at the 1–4 cell stage, proceeding to sphere stage, shield stage,
epiboly 90%, bud, 24 hpf, 48 hpf, 72 hpf and finally 5 dpf were ana-
lysed. The hybridization probes used were designed to regions out-
side of the LysM domain and, when possible, also outside of other
homology domain positions. The probe positions in the LysM
cDNAs are indicated in Fig. 1. Expression of all LysM genes was de-
tected ubiquitously with WISH up to the bud stage (early zebrafish
developmental stages shown in WISH Supplementary Fig. A), while
the expression patterns in the CNS were first detected from 24 hpf
in the embryos (Fig. 3, panel A: LysMD; Fig. 3, panel B: OXR).

The CNS patterns of the LysMD1, LysMD2, LysMD3 and LysMD4
from 24 hpf to 5 dpf is shown in Fig. 3 panel A. The LysMD1 probe
revealed an area of the brain strongly stained from 48 hpf to 5 dpf.
This area stained in LysMD1 expression pattern appeared similar to
an area stained with the LysMD4 probe; this brain structure re-
mains unidentified in this study. From from 24 hpf to 5 dpf
(Fig. 3, panel B) all OXR expression patterns show highest staining
intensity in the zebrafish head and dorsal area.

The OXR1B/C probe also detected OXR1 expression in two sym-
metrical series of cell clusters at the back of the zebrafish head, vis-
ible from the posterior axis. This unidentified pattern corresponds
with cellular structures in the CNS. Furthermore we observed
stained olfactory pits at 48 hpf with OXR1 B/C expression pattern
(Fig. 3, panel B, 2 dpf). The OXR2 probes also revealed a strong
expression of OXR2 in the zebrafish forebrain and in the back of
the brain (Fig. 3, panel B from 2 dpf).

2.3.2. Single fluorescent in situ hybridizations FISH and double ISH
DISH

We decided to focus on OXR1 and OXR2 genes to study their
expression patterns with fluorescent in situ hybridization (RNA
FISH and RNA Double ISH) and high resolution laser scanning fluo-
rescence confocal microscopy. Results at 24 hpf are presented in
Fig 4 (FISH OXR), in Fig. 5 (DISH OXR1). Results at 48 hpf are shown
in Fig. 6 (FISH OXR at 48 hpf) and in Supplementary Fig. E. The RNA
FISH shows high expression levels of OXR in the CNS, more specif-
ically in the brain of24 hpf and 48 hpf zebrafish embryos. These
fluorescent expression patterns validate the previously observed
CNS expression patterns detected with alkaline phosphatase detec-
tion. Technical validation and comparison of FISH and WISH for
MyoD1, as a reference expression pattern, is shown in Supplemen-
tary Fig. B.

The specific expression pattern observed with OXR1B/C probe,
in symmetrical cell clusters in the CNS, was also confirmed with
RNA FISH (in Fig. 4, in Fig. 6 and in Fig. E). These structures were
later identified (Fig. 9 and Fig. 10) as lateral line ganglia. Further-
more we focused on the olfactory pit (OP) region in the 48 hpf
OXR1 B/C zebrafish embryo (Fig. 7 and Supplementary Fig. C).
The OP contain chemo-sensitive cellular structures from the CNS.
Confocal sections of the OP region are compared with WISH in
Fig. 7. OXR2 expression was dominant in a distinctive forebrain re-
gion observed with RNA FISH (Fig. 6C), also confirming the CNS



Fig. 3. LysMD (panel A) and OXR (panel B) genes expression patterns during stages of zebrafish development. Whole mount in situ hybrizations using alkaline phosphatase
detection and a blue chromogenic substrate. Embryos are orientated with the anterior to the left and dorsal to the top and shown in side view (SV) or dorsal view (DV) at four
developmental stages (1,2,3 and 5 dpf).

Fig. 3. (continued)
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expression pattern previously detected using alkaline phosphatase
detection (Fig. 3, Panel B, 2 dpf).

To investigate further we performed double fluorescence in situ
hybridization (RNA DISH) to compare OXR1A and OXR1B probes
patterns. The results from this approach revealed differential
expression patterns for OXR1 splice variants probes A and probe
B/C, in zebrafish embryos from 24 hpf (Fig. 5) but also at 48 hpf
(DISH in Supplementary Fig. D). In both cases the OXR mRNA ap-
peared differentially expressed in zebrafish CNS tissues. However
it should be noticed that the OXR1A probe overlaps with all OXR
genes transcripts and that this probe, located in the Ct coding re-
gion, might hybridize with other TLDc domain encoding transcripts
(in essence from OXR2 or from the TBC family).

To further illustrate OXR expression patterns confocal recon-
structions movies from Z-series shown in Figs. 4–6, Fig. D and
Fig. E are given in the Supplemental section (movies S1 to S13).
The Supplementary movie S1 is an animated reconstruction of
OXR1A and OXR1B/C DISH at 24 hpf showing different angles than
the 2D images from Fig. 5. The Supplementary movies S2 (ventral
view) and S3 (dorsal view) are animated reconstructions from
DISH confocal acquisitions at 24 hpf showing ventral view which
is not shown in Fig. 5. The Supplementary movies S4 (OXR1A), S5
(OXR1B/C) and S6 (OXR2) show animated reconstructions of OXR
family from FISH at 24 hpf. The Supplementary movies S4, S5
and S6 present different observation angles than the 2D images
from Fig. 4. The Supplementary movie S7 show OXR1A isoform
expression pattern gradually through the z-axis of the 48 hpf zeb-
rafish embryo and provides far more details than the 2D maximum
overlay presented in Fig. 6. The movies S8 (OXR1A) and S9 (OXR1B)
show animated reconstructions of OXR1 expression patterns in
48 hpf zebrafish embryos that can be observed from different an-
gles than the 2D maximum overlays from Fig. 6. The movies S10
(OXR2 side view) and S11 (OXR2 dorsal view) show OXR2 expres-
sion pattern in 48 hpf zebrafish embryos from different perspec-
Fig. 4. Expression patterns of OXR genes with FISH in 24 hpf zebrafish embryos. Th
(fluorescein green, in A1, A2), OXR1A (Cy3 red in B1, B2) and OXR2 (fluorescein green, in
embryos (A2, B2, C2) are orientated with the anterior to the top and shown in dorsal vi
tives than the images in Fig. 6 and in Supplementary Fig. E. The
movies S12 (side view) and S13 (dorsal view) show animated
reconstruction from OXR1A and OXR1B/C merged channel DISH
in 48 hpf zebrafish embryos. The movies S12 and S13 provide addi-
tional observation angles of OXR1 expression patterns than the 2D
images from Fig. D.

To further study the unidentified cellular structures in the zeb-
rafish CNS we have analysed WISH, FISH and microtome sections.
Representative WISH microsections and laser scanning confocal
stacks from OXR1 and OXR2 RNA FISH and WISH are compared in
Fig. 8. A micro-section of OXR1 B/C stained zebrafish head is com-
pared with WISH and FISH (Fig. 8A1–A3) and shows expression
pattern in zebrafish OP. OXR2 appears expressed in a distinctive
forebrain region and micro-section of OXR2 stained zebrafish brain
is also compared with WISH and FISH expression pattern at 48 hpf
(Fig. 8, B1–B3).
2.3.3. Modelling OXR expression in zebrafish brain atlas
In order to identify the brain regions corresponding with OXR

expression pattern in zebrafish we decided to use the FISH data
sets to create three dimensional models. The OXR models were
integrated into software dedicated to the zebrafish atlas (Potikan-
ond and Verbeek, 2011) for a comparison. The 3D models were
generated from the confocal laser scanning microscope stacks ob-
tained from the FISH (Welten et al., 2006). Per optical slice, the
areas with high signal were delineated as areas of gene expression.
This is realized with dedicated annotation software and the result
is an annotated 3D model that can be visualized (Potikanond and
Verbeek, 2011) and compared with patterns obtained from gene
markers that have already been mapped. In this manner the rela-
tionship between expression patterns can be established by
semantics relations, by relations obtained from machine learning,
or by spatial mapping (M. and FJ. (2008). Data Integration for Spa-
tio-Temporal Patterns of Gene Expression of Zebrafish develop-
e images are maximum intensity projections from confocal z-series of OXR1B/C
C1, C2). The embryos (A1, B1, C1) are orientated with the anterior to the left and the
ew.



Fig. 6. OXR1 and OXR2 RNA FISH expression patterns at 48 hpf in zebrafish embryos. The images are maximum intensity projections from laser scanning confocal z-series of
OXR1B/C (fluorescein, A), OXR1A (Cy3, B) and OXR2(Fluorescein, C). The embryos are orientated with the anterior to the top and presented in dorsal view.

Fig. 5. The expression patterns of OXR1A and OXR1B/C in 24 hpf zebrafish embryo with double in situ hybridizations (DISH). The images are maximum intensity projections
from dual channel confocal z-series. OXR1B/C is shown in green (fluorescein, A1, A2). OXR1A is shown in red (Cy3 dye, B1, B2). The merged channels from OXR1B/C and
OXR1A are shown in yellow (C1, C2) for a comparison. The embryo (A1, B1, C1) is orientated with the anterior to the top and shown in dorsal view. The same embryo (A2, B2,
C2) is orientated with the anterior to the right and shown in side view.
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ment: the GEMS database). The resulting 3D models for the LysM
gene are depicted in Fig. 9 and can be compared with the 3D zebra-
fish atlas (Verbeek et al., 2002) (http://bio-imaging.liacs.nl/ZFAt-
lasServer) and with other patterns and markers that have already
been mapped (Belmamoune et al., 2010). Co-localization analyses
with the marker gene Dlx5a, a homeobox gene involved in cranio-
facial development in several vertebrates, shows that the zebrafish
OXR1 B/C expression pattern can be attributed to the olfactory bulb
region Fig. 10. The olfactory bulbs are forebrain symmetrical struc-
tures connected with OP and involved in olfaction. In addition co-
localization with the marker gene 14-3-3 c isoform abundantly ex-
pressed in the CNS indicates that OXR1 also localizes to the lateral
line ganglia in zebrafish. The lateral line ganglions develop from a
cranial ectodermal placode and contain sensory neurons that
innervate the posterior lateral line system. More detailed 3D mod-
els can be visualized and compared on the web site of the zebrafish

http://bio-imaging.liacs.nl/ZFAtlasServer
http://bio-imaging.liacs.nl/ZFAtlasServer


Fig. 7. OXR1 B/C expression in the olfactory pits of zebrafish embryos at 48 hpf. FISH and WISH comparison (A) Maximum intensity projection of stacks, covering �20 lM,
from fluorescein Z-series OXR1B/C at 48 hpf (B) WISH OXR1 B/C at 48 hpf. Embryos are orientated with the anterior to the left and shown in side view (A) or dorsal view (B).

Fig. 8. OXR1 and OXR2 expression in 48 hpf zebrafish embryo brain. The WISH and FISH expression pattern are compared with representative brain micro-sections. (A1)
Maximum intensity projection from fluorescein confocal z-series of OXR1 B/C. (A2) OXR1 B/C transversal 6 lm thick section (A3) OXR1 B/C WISH (B1) maximum intensity
projection of OXR2 fluorescein confocal z-series (B2) OXR2 transversal 6 lm thick section, (A3) OXR2 WISH for a comparison. The embryos (A1, B1, A3) are orientated with
anterior to the left and shown in side view. Embryo (B3) is orientated with the anterior to the back and shown in frontal view.
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atlas (http://bioimaging.liacs.nl/liacsatlas.html). In the future we
have hope that many more gene markers will be available in the
zebrafish atlas thus allowing further comparisons and analysis of
the LysM encoding genes expression patterns.
3. Experimental materials and methods

3.1. In silico methods

The ENSEMBL, NCBI and VEGA genome browsers were mined
for LysM encoding genes using the LysM domain consensus se-
quence of 44 amino acids that was obtained from Pfam entry
PF01476. The NCBI Conserved Domain Database (CDD) was
searched for zebrafish LysM gene homologs. BLAST and TBLASTN
were performed on the ZV9 release of the zebrafish EMSEMBL gen-
ome browser. The pairwise alignments and phylogenetic trees
were generated using CLC DNA workbench 6 (http://www.clc-
bio.com) and sequences from organism other than Danio Rerio
were obtained from ENSEMBL or FlyBase genome browsers.

The Small Modular Architecture Tool (SMART) (http://smar-
t.embl-heidelberg.de) was used for protein domain predictions
and taxonomic distribution. The TransMembrane Hidden Markov
Model TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0)
and TopPRED 0.01 (http://mobyle.pasteur.fr/cgi-bin/portal.py?#
forms::toppred) were used to refine prediction of a transmem-
brane helix in proteins.

3.2. Animal handling and fixation

Zebrafish albinos (fluorescence) or ABxTL (alkaline phospha-
tase) embryos were handled in compliance with local animal care

http://bioimaging.liacs.nl/liacsatlas.html
http://www.clcbio.com
http://www.clcbio.com
http://smart.embl-heidelberg.de
http://smart.embl-heidelberg.de
http://www.cbs.dtu.dk/services/TMHMM-2.0
http://mobyle.pasteur.fr/cgi-bin/portal.py?#forms::toppred
http://mobyle.pasteur.fr/cgi-bin/portal.py?#forms::toppred


Fig. 10. OXR1 B/C expression pattern modeling in 48 hpf zebrafish embryos. (A) TDR 3D
expression patterns. (B) Partial display of annotated structures in the zebrafish atlas. An
imaging.liacs.nl/ZFAtlasServer). For reference the fin buds are also displayed: (dark Blue)
fourth ventricle; (Light blue) myelencephalon, (Turquoise) rombencephalon; (Yellow) la
spinal chord.

Fig. 9. Three dimension modeling representing OXR FISH expression pattern in
48 hpf zebrafish embryos. (A-B-C) The 3D models were rebuilt from CSLM stacks
redrawn by hands on LCD tablet using the TDR-base software. The OXR1A (A), the
OXR1 B/C (B) and the OXR2 (C) expression patterns were reconstructed for
integration into the zebrafish embryo brain atlas. The 3D models are presented with
the anterior to the top and shown in dorsal view (1) and in ventral view (2). In these
models, the colors are arbitrarily attributed by levels of signal intensity. (red/
brown/pink) area of signal, (greens) strong signal (purple/blue) very strong signal,
(yellow/turquoise) zebrafish yolk as a reference.
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regulations. Several stages of zebrafish embryonic development
were selected; few cell stages, oblong to sphere, shield, epiboly
80–90%, 24 h post fertilization (hpf), 48 hpf, 72 hpf and 5 days post
fertilization (dpf) and either collected for RNA extraction and clon-
ing sequencing purposes or for whole mount in situ hybridization.

The embryos were either flash freezed in LN2, in phenol, and
immediately stored at �80 �C for further nucleic acids extraction
or directly fixed overnight in Phosphate Buffer Saline/Tween20
0,1% /Paraformaldehyde 4% (PBST-PFA) for in situ hybridizations.
Zebrafish chorions were removed by hands.
3.3. Cloning

Whole nucleic acid extracts were prepared from �50 embryos
staged, crushed in phenol/chloroform, ethanol washed and briefly
dried under a clean fume hood before resuspension in nuclease
free water containing RNAse inhibitor (RNAse OUT, Invitrogen,
Carlsbad, CA). Whole RNA extracts were obtained after treatment
with Ambion DNA free kit (Applied biosystems).

All RT-PCR amplifications were performed using SuperscriptIII
high fidelity (Invitrogen, Carlsbad, CA) kit and cDNAs were obtained
after 30 min retro-transcription at 55 �C and 35 cycles of PCR
amplification. Primers Tm were homogenized at 60 �C using Pri-
mer3 (http://frodo.wi.mit.edu/primer3) and polymer sequences
are given in Supplementary Table 1.

LysM encoding cDNAs bands were excised from agarose gel
with a single use n�10 sharp carbon steel surgical blade (Swann-
Morton, LTD) and purified using High pure PCR cleanup kit (Roche
Diagnostics) for blunt cloning into the PCR4 vector with Zero blunt
TOPO kit for sequencing (Invitrogen, Carlsbad, CA). Blunt cloning
OXR2B cDNA product required 2 rounds of excision/RT-PCR re-
amplification.
3.4. Ribonucleoprobes design and synthesis

Specific regions inside each LysM cDNA were flanked with pri-
mer pairs containing the T3 and T7 promoting sequences overhang
for sense or antisense probe synthesis. The PCR4 blunt plasmid
constructions were used as templates and amplified products were
purified using High Pure PCR Cleanup Micro Kit (Roche diagnostics).
In vitro transcriptions were performed with Ambion T7 MAXISCRIPT
kit (Applied Biosystems) for probe synthesis and either DIG labeled
ribonucleotides or fluorescein labeled ribonucleotides (Roche Diag-
nostics) were used for the synthesis reactions. Ribonucleoprobes
were purified by precipitation overnight in glycogen, ammonium
/base output for OXR1B/C showing co-localization with 14-3-3 c isoform and DLX5a
notated structures from neuro-tissues, according to the zebrafish atlas (http://bio-

telencephalon-diencephalon; (Pink) third ventricle; (Purple) mesencephalon; (Cyan)
teral line neurons; (Purple) somites; (Red) Pectoral Fin bud; [Yellow (in somites)]

http://frodo.wi.mit.edu/primer3
http://bio-imaging.liacs.nl/ZFAtlasServer
http://bio-imaging.liacs.nl/ZFAtlasServer
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acetate and ethanol, then resuspended in nuclease free water con-
taining RNAse inhibitor.
3.5. WISH, FISH and DISH

PFA fixed embryos were whitened in methanol and permeabili-
zed with Proteinase K. Whole Mount In Situ Hybridizations were
performed as previously described (Meijer et al., 2005) for micro-
section or for expression pattern characterization. Blocking of the
zebrafish embryos was done in western blotting blocking reagent
(Roche Diagnostics) supplemented with 2% sheep serum for 3 h.
The conjugated alkaline phosphatase sheep-anti-DIG antibody
(Roche Diagnostics) was used at 1/3000 dilution overnight at 4 �C.
Staining was monitored at room temperature for 1–8 h in the pres-
ence of either BMP purple or NBT/BCIP (Roche Diagnostics) chromo-
genic substrates. The WISH were observed on a LEICA stereo MS5.

Single and double fluorescence In Situ Hybridizations (RNA FISH
and RNA DISH) were performed using either sheep-anti-DIG or
sheep-anti-fluorescein primary antibodies at 1/3000 dilution over-
night at 4 �C, followed by incubation with HRP-conjugated anti-
sheep secondary antibody at 1/200 dilution overnight at 4 �C.
Quenching of endogenous peroxidase and HRP (for DISH) were per-
formed sequentially using 3% H2O2 in PBT. Fluorescent expression
patterns were revealed with TSA-plus fluorescein or TSA-plus Cya-
nine3 system kit (Perkin Elmer LAS). Embryos were screened with a
Leica MZ16FA stereo fluorescent microscope and respectively ob-
served at 488 nm or 543 nm on a Zeiss LSM5 Exciter/AxioImager
confocal microscope.

For imaging purposes the WISH embryos were immobilized in
Methyl cellulose 1.5%. Alternatively, for RNA FISH and laser scan-
ning fluorescence confocal microscopy, embryos were mounted
in a 1.5% low melting agarose gel (Marinagar).
3.6. Micro-sections

The 48 hpf embryos were fixed in 4% PFA/PBT for 30 min and
dehydrated in ethanol overnight. The embryos were then washed
in ethanol/Histo-resin before embedding in Histo-resin (Leicabio-
systems) according to manufacturer instructions. Transversal 6-
lm-thick sections were obtained with a microtome.
3.7. 3D modeling

The images (stacks obtained from confocal laser scanning
microcopy) were redrawn by hand and relevant anatomical parts
were annotated, with a LCD tablet, next to the areas of gene
expression. The annotated images were assembled and analysed
with our annotation software (Lohmann et al., 2010; Welten
et al., 2006) (TDR-3Dbase). The result was visualized (Potikanond
and Verbeek, 2011, 2002) with our annotation software (TDR-
3Dbase).
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