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Abstract Olfactomedin-like (OLFML) proteins are
members of the olfactomedin domain–containing se-
creted glycoprotein (OLF) family. OLFML2A and

OLFML2B are representative molecules of these glyco-
proteins. Olfactomedins are critical for the development
and functional organization of the nervous system and
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retina, which is a highly conserved structure in verte-
brates, having almost identical anatomical and physio-
logical characteristics in multiple taxa. Spotted gar, a
member of the Lepisosteidae family, is a freshwater fish
that inhabits rivers, bayous, swamps, and brackish wa-
ters. Recently, the complete genome has been se-
quenced, providing a unique bridge between fish med-
ical models to human biology, making it an excellent
animal model. This study was aimed to understanding
the evolution OLFML2A and OLFML2B in the retina
of spotted gar through looking for the expression of
these genes. Spotted gar retina was analyzed with
hematoxylin-eosin staining assays to provide an overall
view of the retina structure and an immunofluorescence
assay to identify OLFML2A and OLFML2B protein
expression. A phylogenetic tree was created using the
neighbor-joining method. Forces that direct the evolu-
tion of the fish genes were tested. Spotted gar retina, as
in other vertebrates, is made of several layers.
OLFML2A and OLFML2B proteins were detected in
the rod and cone photoreceptor layer (PRL), outer nu-
clear layer (ONL), and inner nuclear layer (INL). Phy-
logenetic tree analysis confirms the orthology within the
OLFML2A gene. Purifying selection is the evolutionary
force that directs the OLFML2A genes. OLFML2A
genes have a well-conserved function over time and
species.

Keywords Spotted gar . Eye . Retina . Expression
profile . Evolution . Olfactomedin

Introduction

In mammals, the olfactomedin domain–containing pro-
tein (OLF) family consists of a vast number of proteins
that share a 250-amino acid domain in the C-terminal
region homologous to olfactomedin categorized into
eight subfamilies. The first olfactomedin was isolated
from frog olfactory neuroepithelium; today, several
olfactomedins have been characterized, and a growing
body of evidence indicates that these proteins may play
very important roles in normal development and pathol-
ogy (Tomarev and Nakaya 2009). Olfactomedins have
been identified only in multicellular organisms indicat-
ing that they are essential for cell-cell interaction and
cell-cell signaling (Zeng et al. 2005; Tomarev and
Nakaya 2009). Olfactomedin domains across all fami-
lies show extensive sequence similarities, with signal

peptides and invariant DExGLW and CG sequences in
addition to cysteine and N-glycosylation sites shared
among many members of the family at the correspond-
ing position (Anholt 2014). Olfactomedin-like
(OLFML) proteins also belong to the OLF family and
consist of at least five different glycoproteins
(Rodriguez-Sanchez et al. 2013); two of these molecules
are known as photomedins (OLFML2A and
OLFML2B). Both proteins were first described in the
retina of mice (Furutani et al. 2005). HumanOLFML2A
and OLFML2B genes are located on chromosomes
9q33.3 and 1q23.3, are comprised of at least 8 exons,
and span 37.7 kb and 40.7 kb, respectively. They
encoded two proteins that belong to the subfamily IV
and are more closely related to each other than to other
members of the family (Karavanich and Anholt 1998;
Tomarev and Nakaya 2009). These are extracellular
proteins capable of binding to proteoglycans. Although
the biological function of most of the OLF family pro-
teins remains elusive, it has been observed that some
olfactomedins expressed in the eye play an important
role in the development and eye function (Furutani et al.
2005; Anholt 2014). There is evidence that
olfactomedin 1 in zebrafish may play a role in the early
eye determination, differentiation, optic nerve exten-
sion, and branching of the retinal ganglion cell axon
(Nakaya et al. 2008). Further studies showed that
zebrafish olfactomedin 1 regulates axon growth by
interacting with the NogoA receptor complex (Nakaya
et al. 2012). On the other hand, the accumulation of an
olfactomedin protein known as myocilin has been asso-
ciated with juvenile-onset open-angle glaucoma and 4%
of adult-onset primary open-angle glaucoma (Stone
et al. 1997; Wiggs et al. 1998; Fingert et al. 2002).

The family Lepisosteidae is represented by two gen-
era and seven extant fish species belonging to the
Semionotiformes order (Nelson et al. 2016; Mendoza-
Alfaro et al. 2008). The genus Lepisosteus is composed
of four species (L. osseous, L. platostomus, L. oculatus,
and L. platyrhincus). The spotted gar Lepisosteus
oculatus is a physostomous fish that inhabits bayous,
lakes, and backwater floodplains from the Great Lakes
to the Gulf coast including central Texas to western
Florida until the Bravo River and the San Fernando
River in Mexico (Comabella et al. 2006). However,
L. oculatus provides genomic information representing
a fish lineage that diverged before the teleost genome
duplication (TGD) constituting an outgroup for explor-
ing the mechanisms of evolution after whole-genome
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duplication and thus offering a bridge to connect human
biology to fish medical models (Braasch et al. 2016)
(Fig. 1). Characterization of the spotted gar retina by
Sukeena et al. (2016) reported the expression of short-
wavelength shifted (SWS) opsin genes, a duplicated set
of SWS1 (ultraviolet) sensitive opsin-encoding genes, a
SWS2 (blue) opsin-encoding gene, and two rod opsins
encoding genes in retinal photoreceptors. They also
report that gar expresses exo-rhodopsin (RH1-1) and
rhodopsin (RH1-2) in rods (Wcisel et al. 2017).

The retina is a highly conserved structure in ver-
tebrates containing five classes of neurons: bipolar
cells (BC) (rod, cone, and mixed (rode/cone),
depolarizing and hyperpolarizing BC cells), horizon-
tal cells (HCs), bipolar cells (BPCs), amacrine cells
(ACs), interplexiform cells, and retinal ganglion
cells (RGCs) (Wu 2010). Understanding the molec-
ular structure, function, and organization of the vi-
sual system and its development is a matter of par-
amount importance for biomedical research. Within
this context, fish retina is an excellent model for
experimental purposes because the embryonic peri-
od of retinal neurogenesis in fish is highly accessible
and easy to manipulate experimentally; also, retinal
neurogenesis persists beyond the embryonic period

and responds to damage by replacing lost retinal
neurons (Stenkamp 2007). In the last 20 years, the
most popular models to study the visual system have
been the mouse and zebrafish (Fadool and Dowling
2008). Even though teleost fishes provide many
models for human disease, they possess anciently
duplicated genomes that sometimes obfuscate con-
nectivity (Amores et al. 2011). The aim of this study
was to investigate the expression profile of
OLFML2A and OLFML2B in the retina of spotted
gar and understand the evolution of these genes.

Material and methods

Fish specimens

One-year spotted gar (Lepisosteus oculatus) juve-
niles used in this study were obtained from the
Ecophysiology Laboratory of the Biological Sci-
ences School at the Universidad Autónoma de
Nuevo León, Mexico, according to methods previ-
ously described for the culture of Lepisosteidae
(Mendoza-Alfaro et al. 2008). The experimental pro-
tocol was reviewed and approved by the Research

Fig. 1 Phylogenetic relationships among vertebrates and genome
duplication events. The bony vertebrates suffered two earlier, 530
and 560 million years ago (MYA), rounds of genome duplications
(VGD1 and VGD2, blue circles) and a third duplication event in
the teleost lineage 350 MYA (teleost genome duplication (TGD),

red circle). The spotted gar lineage represents the unduplicated
genomic sister group of teleosts and can help to connect teleost
biomedicine to tetrapod (including human) biology (figure based
and modified from Braasch et al., 2016)
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Ethics Committee of the Faculty of Biological Sci-
ences (approval number FCB-CB-701).

Hematoxylin-eosin staining

Triplicate sections of the paraffin-fixed ocular tissue of
three spotted gar juveniles were stained with hematox-
ylin and eosin (H-E) to provide an overall view of the
retina. For the staining procedure, the slides were incu-
bated with hematoxylin solution (0.5 g of hematoxylin,
5 ml of absolute ethanol, 10 g of ammonium alum,
0.25 g mercury II oxide red, and 100 ml of distilled
water) for 3 min at room temperature. The slide was
washed in distilled water for 1 min, following incuba-
tion in an acid-alcohol solution at 1% (1 ml of hydro-
chloric acid and 50 ml of ethanol at 70%), then im-
mersed five times in an ammonia water solution at
0.2% (2 ml of ammonium hydroxide and 1000 ml of
distilled water). The slides were then incubated in an
eosin working solution (eosin stock solution 100 ml,
780 ml of ethanol at 95% and 4 ml glacial acetic acid)
for 5 s, then the slides were dehydrated, cleared in
xylene, and mounted with Entellan (Merck Millipore,
Billerica, MA, USA).

Histochemistry tissue preparation

Eyepieces were fixed in paraformaldehyde at 4% (Sig-
ma, St. Louis, MO). The ocular pieces were immersed
for 30 min in ethanol (Sigma, St. Louis, MO) dilution
series: 50%, 70%, 95%, and 100%. The tissues were
cleared in xylene (Sigma, St. Louis, MO) for 30 min at
room temperature and infiltrated in paraffin at 56 °C for
3 h. The blocks could cool at 4 °C for 1 h. Subsequently,
serial transverse tissue sections (5 μm) were taken using
a Leica RM-2135 microtome (Leica, Solms, Germany)
and mounted on charged slides with 5% Gelatin (Bio-
Rad, Hercules, CA). Tissue sections were cleared
with CitriSolv (Thermo Fisher Scientific, Waltham,
MA, USA) for 15 min and rehydrated with in-
creasing serial ethanol concentrations (100%,
100%, 96%, 96%, 70%, 70%, and 50%) for
5 min in each concentration and equilibrated in
distilled water for 2 min.

Immunofluorescence assays

Epitope exposure was performed by incubating the
preparations with citrate buffer (10 mM sodium

Fig. 2 Hematoxylin-eosin stain. Histological cross-sections of
adult spotted gar retina allowed identification of the following
layers in the retina: pigmented epithelium (PE), inner and outer
segment of rods and cones photoreceptor layer (PRL), outer

limiting membrane (OLM), outer nuclear layer (ONL), outer plex-
iform layer (OPL), inner nuclear layer (INL), inner plexiform layer
(IPL), ganglion cell layer (GCL), nerve fiber layer (NFL), and
inner limiting membrane (ILM). Scale bar = 50 μm
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citrate, 0.05% Triton, pH 6). The sections were then
blocked with 5% non-fat dry milk (Bio-Rad, Hercu-
les, CA), and treated with the reducing agent sodium
borohydride in 0.01% in TBS 1×. Primary antibody
incubation took place overnight using a rabbit poly-
clonal anti-human OLFML2A antibody (Abcam
ab75882, at a dilution 1:500) and rabbit polyclonal
anti-human OLFML2B antibody (Abcam ab75355,
using a 1:500 dilution). Double labeling was per-
formed with mouse monoclonal anti-human neuro-
nal tubulin 3 beta chain (Covance MMS-453P, at
dilution 1:250), a specific antibody for neuronal
cells. Antibodies were diluted in a TTBS buffer with
1% skim milk. The primary antibody was omitted
for further assessment of negative controls. After
primary antibody incubation, slides were washed
with TTBS 1× buffer at room temperature for
10 min five times, then the slides were incubated
for 2 h in the darkness at room temperature with
three secondary antibodies: goat anti-rabbit Cy3 ®
IgG (Life Technologies, A10520, at a dilution
1:4000); goat anti-rabbit Cy5 ® IgG (Life Technol-
ogies, A10523, at a dilution 1:4000); and goat anti-

mouse FITC ® IgG (Life Technologies, 62-6511, at
a dilution 1:250). The sections were washed five
times with TTBS 1× for 5 min each time, subse-
quently placed with DAPI (Sigma, St. Louis, MO,
D-9542, at a final concentration of 0.1 μg/ml) for
20 min. The labeled sections were then washed with
TTBS 1× for 5 min three times, mounted with
VECTASHIELD (Vector Laboratories, H-1000) and
examined using an LSM 780 confocal microscope
(Carl Zeiss, Göttingen, Germany) using lasers at
excitation wavelengths of 550, 650, and 495 nm,
respectively. Digital images were brightness and
contrast balanced.

Bioinformatics mining

For the mining of fish sequences reported as
OLFML2A and OLFML2B, the nucleotide BLAST
program was employed, and the XP_015222617 and
XP_015210572 sequences were used as queries, re-
spectively (Braasch et al. 2016). The sequences ob-
tained were used to infer the phylogenetic relation-
ship between fish proteins and identify evolutionary

a  b 
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Fig. 3 OLFML2A immunoreactivity in the retina of adult spotted
gar. Confocal images of double-stained retina sections. a Red
corresponds to OLFML2A protein (1st Ab: rabbit polyclonal
anti-human OLFML2A 1:500; 2nd Ab: goat anti-rabbit IgG-Cy3
1:4000). Green shows the neuron marker β-Tubulin (1st Ab:

mouse monoclonal anti-mammal tubulin 3 beta chain 1:250, 2nd
Ab: goat anti-mouse IgG FITC 1:250). Blue indicates cells nuclei
labeled with DAPI. Scale bar = 20 μm. b Identification of
OLFML2A in RL, ONL, and INL retina layers. Scale bar = 10 μm
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forces that underlie the process of divergence in the
fish genes.

Protein and nucleotide sequences were directly
retrieved from the NCBI server. OLFML2A and
OLFML2B sequences were divided for further anal-
ysis. Alignments were performed using the
CLUSTAL Omega multiple sequence alignment pro-
gram (Li et al. 2015). For the amino acid sequences,
phylogenetic trees were built with the MEGA 6.06
software (Tamura et al. 2013) using maximum like-
lihood (ML), neighbor-joining (NJ), and UPGMA
methods, and a bootstrap test was done with 1000
replications (Saitou and Nei 1987). Coelacanth
(Latimeria chalumnae) sequences were used as the
outgroup, as the slowest evolving bony vertebrate
(Amemiya et al. 2013) and Western painted turtle
(Chrysemys picta bellii), as the slowly evolving
genome (Shaffer et al. 2013). For nucleotide se-
quences, the non-synonymous (causes an amino acid
change) and synonymous (does not cause an amino
acid change) dN and dS ratios were calculated, re-
spectively, from OLFML2A and OLFML2B coding
sequences by the Pamilo-Bianchi-Li method

(Kimura 2-parameters) (Zhang et al. 1998). Then,
the forces which direct the evolution of the fish
genes were tested, such as positive selection (dN >
dS), purifying selection (dN < dS), and neutrality (dN
= dS), using a codon-based Z test of selection as
implemented in the MEGA 6.06 software (Tamura
et al. 2013). Differences were considered statistical-
ly significant at a p < 0.05.

Results

Retina histology

The following retinal layers from outside toward inside
were identified in spotted gar eye using H-E stain:
pigmented epithelium (PE), inner and outer segment of
rods and cones photoreceptor layer (PRL), outer limit-
ing membrane (OLM), outer nuclear layer (ONL), outer
plexiform layer (OPL), inner nuclear layer (INL), inner
plexiform layer (IPL), ganglion cell layer (GCL), nerve
fiber layer (NFL), and inner limiting membrane (ILM).
The layer of PE and RL were thicker than the neuronal

Fig. 4 OLFML2B immunoreactivity in the retina of adult spotted
gar. Confocal images of double-stained retina sections. a Red
corresponds to OLFML2B protein (1st Ab: rabbit polyclonal
anti-human OLFML2B 1:500; 2nd Ab: goat anti-rabbit IgG-Cy3
1:4000). Green shows the neuron marker β-tubulin (1st Ab:

mouse monoclonal anti-mammal tubulin 3 beta chain 1:250, 2nd
Ab: goat anti-mouse IgG FITC 1:250). Blue indicates cells nuclei
labeled with DAPI. Scale bar = 20 μm. b Identification of
OLFML2B in RL, ONL, and INL retina layers. Scale bar = 20 μm
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Table 1 Fish OLFML2A and OLFML2B sequences from NCBI GenBank used in this study

Accession no.
OLFML2A OLFML2B

Species mRNA Protein mRNA Protein

Holostei fishes

Spotted gar (Lepisosteus oculatus) isoform X1 XM_015367131 XP_015222617 XM_015355086 XP_015210572

Spotted gar (Lepisosteus oculatus) isoform X2 XM_015367132 XP_015222618 XM_015355087 XP_015210573

Spotted gar (Lepisosteus oculatus) isoform X3 XM_015355088 XP_015210574

Teleostei fishes

Atlantic herring (Clupea harengus) PREDICTED 1 XM_012839855 XP_012695309

Atlantic herring (Clupea harengus) PREDICTED 2 XM_012821237 XP_012676691

Northern pike (Esox lucius) XM_010876209 XP_010874511

Asian bonytongue (Scleropages formosus) PREDICTED 1 JARO02003470.1 KPP70419

Asian bonytongue (Scleropages formosus) PREDICTED 2 JARO02006422.1 KPP65285

Large yellow croaker (Larimichthys crocea) PREDICTED 1 XM_010747179 XP_010745481

Large yellow croaker (Larimichthys crocea) PREDICTED 2 KQ041572.1 KKF24909

Atlantic salmon (Salmo salar) isoform X1 XM_014171392 XP_014026867 XM_014190185 XP_014045660

Atlantic salmon (Salmo salar) PREDICTED XM_014160475 XP_014015950

Bicolor damselfish (Stegastes partitus) XM_008294996 XP_008293218

Rainbow trout (Oncorhynchus mykiss) FR910025.1 CDQ89970

Turquoise killifish (Nothobranchius furzeri) XM_015971819 XP_015827305

Sailfin molly (Poecilia latipinna) XM_015041826 XP_014897312

Tongue sole (Cynoglossus semilaevis) XM_008335744 XP_008333966

Japanese medaka (Oryzias latipes) XM_004072908 XP_004072956

Nile tilapia (Oreochromis niloticus) XM_005472897 XP_005472954

Python Island (Pundamilia nyererei) XM_005733612 XP_005733669

Zebra mbuna (Maylandia zebra) XM_004558600 XP_004558657

Burton’s mouthbrooder (Haplochromis burtoni) XM_005939615 XP_005939677

Järvikilli (Austrofundulus limnaeus) XM_014009965 XP_013865419

Mummichog (Fundulus heteroclitus) XM_012850038 XP_012705492

Fugu rubripes (Takifugu rubripes) isoform X1 XM_003977415 XP_003977464

Fugu rubripes (Takifugu rubripes) isoform X2 XM_011618563 XP_011616865

Lyretail cichlid (Neolamprologus brichardi) XM_006802538 XP_006802601

Sheepshead minnow (Cyprinodon variegatus) XM_015379922 XP_015235408

Shortfin molly (Poecilia mexicana) XM_014973797 XP_014829283

Southern platyfish (Xiphophorus maculatus) XM_005802176 XP_005802233

Amazon molly (Poecilia formosa) XM_007557747 XP_007557809

Mexican tetra (Astyanax mexicanus) isoform X1 XM_007229338 XP_007229400

Mexican tetra (Astyanax mexicanus) isoform X2 XM_007229339 XP_007229401

Mexican tetra (Astyanax mexicanus) PREDICTED XM_007247000 XP_007247062

Zebra fish (Danio rerio) NM_001126472 NP_001119944

Zebra fish (Danio rerio) PREDICTED XM_002667279 XP_002667325

Guppy (Poecilia reticulata) XM_008417385 XP_008415607

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 1 XM_016232429 XP_016087915

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 1
isoform X1

XM_016236903 XP_016092389
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layers (Fig. 2). Similar to all vertebrates, this spotted gar
retina had 10 layers divided in three nerve cell body
layers (ONL, INL, and GCL), two synaptic layers (ONL
and INL), two membranes (OLM, ILM), one PE layer,
one PRL containing outer and inner photoreceptor seg-
ments, and one NFL containing the axons of ganglion
cells.

OLFML2A and OLFML2B localization in spotted gar
eye

Antibodies against OLFML2A and OLFML2B recog-
nized these two proteins with more intensity in the outer
and inner segments of PRL, but were present through
the entire retina including nerve cell body layers (ONL
and INL) and synaptic layers (OPL, IPL); however,
scarce or null detection was observed in PE and GNL
(Figs. 3 and 4). Antibodies against these proteins allow
the identification of the retina structure which was con-
sistent with that reported by Sukeena et al. 2016 and was
like other vertebrate retina pattern of nerve cells.

Bioinformatics mining

A total of 42 OLFML2A and 4 OLFML2B fish se-
quences were obtained (Table 1), allowing the construc-
tion of a phylogenetic tree from OLFML2A protein
sequences (Fig. 5). The outgroup species is shown at
the top, then spotted gar as a representative of Holostei
and finally two major groups of Teleostei fishes. Similar
results were obtained with the ML, NJ, and UPGMA
methods. Test of neutrality showed that OLFML2A
evolution fits the hypothesis of purifying selection

(Table 2). No phylogenetic tree was created and tested
to determine the evolutionary forces to OLFML2B se-
quences because there were only 4 reported sequences.

Discussion

It is widely acknowledged that olfactomedin-like 2 pro-
teins (OLFML2A and OLFML2B), also known as
photomedins (-1 and -2, respectively), are expressed in
the retina of mice (Furutani et al. 2005). However, this is
the first report that identifies their presence in the retina
of an ancestral fish such as spotted gar. Histological
analysis by H-E staining showed a clear similarity in
the structural organization of retina layers compared
with other vertebrate retinas (Stenkamp 2011). Indeed,
this spotted gar retina was observed to be formed from
the outside toward the inside by the 10 layers of retina:
PE, inner and outer segment of PRL, OLM, ONL, OPL,
INL, IPL, GCL, NFL, and ILM (Fig. 2). The retina’s PE
is formed by a single monolayer, which is thick and
highly pigmented. The PRL is formed by the outer and
inner segments of the photoreceptor. The ONL contains
the nuclear bodies of the photoreceptors, the INL the
nuclear bodies of the bipolar cells, and the GCL the
nuclear bodies of ganglion cells. The OPL contains
synapsis between photoreceptors and bipolar cells, the
IPL contains synapsis between bipolar and ganglion
cells, and NFL contains ganglionic cell axons that will
travel toward the optic nerve head. Although the eyes of
all vertebrates are constructed following a general blue-
print (Yamada 1982; Fishelson et al. 2004), several
studies in different species have demonstrated a high

Table 1 (continued)

Accession no.
OLFML2A OLFML2B

Species mRNA Protein mRNA Protein

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 1
isoform X2

XM_016236904 XP_016092390

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 2 XM_016272385 XP_016127871

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 2
isoform X1

XM_016271257 XP_016126743

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 2
isoform X2

XM_016271258 XP_016126744

Outgroup

Coelacanth (Latimeria chalumnae) XM_005987328 XP_005987390

Western painted turtle (Chrysemys picta bellii) XM_005279399 XP_005279456
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variability in their morphology, especially in the light-
sensitive retina, reflecting adaptation to different eco-
logical surroundings and lifestyles, especially among
fishes (Fishelson et al. 2004; Braasch et al. 2016). The
scarcity of studies on ancient fish retina and particularly
that of the spotted gar (Sukeena et al. 2016) opens new

avenues of research in this specific area. In our study, the
presence of OLFML2A and OLFML2B in spotted gar
retina was confirmed by immunofluorescence assay,
allowing the detection of both proteins through the
entire retina including PRL, ONL, OPL, INL, and IPL.
Particularly increased signal intensity was noticed in the

Fig. 5 OLFML2A phylogenetic
tree. The tree was built using
MEGAversion 6.06 by the NJ
methods and further bootstrap
analysis of 1000 replicas.
Numbers in the branches indicate
bootstrap value. Clades are in
lineage-specific manner, from the
top to the bottom: outgroup
(Chrysemys picta bellii and
Latimeria chalumnae), Holostei
(Lepisosteus oculatus) and
Teleostei (rest of fish species)

Fish Physiol Biochem (2019) 45:1575–1587 1583



outer and inner segments of PRL; scarce or null immu-
noreactivity signals were detected in PE and GCL (Figs.
3 and 4).

On this basis, it is important to generate further
evidence by incorporating westerns or other biochemi-
cal analysis tools to support the present observations and

Table 2 Evolutionary force which direct OLFML2A fish genes

Species dN dS p value for dN < dS

Holostei fishes

Spotted gar (Lepisosteus oculatus) isoform X1 0.1756 0.8560 0.0001

Spotted gar (Lepisosteus oculatus) isoform X2 0.1756 0.8560 0.0001

Teleostei fishes

Atlantic herring (Clupea harengus) PREDICTED 1 0.2174 0.9720 0.0001

Atlantic herring (Clupea harengus) PREDICTED 2 0.2203 1.0648 0.0001

Northern pike (Esox lucius) 0.2349 0.9088 0.0001

Asian bonytongue (Scleropages formosus) PREDICTED 1 0.2216 1.2182 0.0001

Asian bonytongue (Scleropages formosus) PREDICTED 2 0.2389 1.2441 0.0001

Large yellow croaker (Larimichthys crocea) PREDICTED 1 0.2327 1.3543 0.0001

Large yellow croaker (Larimichthys crocea) PREDICTED 2 0.2327 1.3543 0.0001

Atlantic salmon (Salmo salar) isoform X1 0.2445 1.0253 0.0001

Atlantic salmon (Salmo salar) PREDICTED 0.2495 1.0922 0.0001

Bicolor damselfish (Stegastes partitus) 0.2270 1.3419 0.0001

Rainbow trout (Oncorhynchus mykiss) 0.2515 1.0811 0.0001

Turquoise killifish (Nothobranchius furzeri) 0.2437 1.3349 0.0001

Sailfin molly (Poecilia latipinna) 0.2532 1.1819 0.0001

Tongue sole (Cynoglossus semilaevis) 0.2285 1.1444 0.0001

Japanese medaka (Oryzias latipes) 0.2437 1.6955 0.0001

Nile tilapia (Oreochromis niloticus) 0.2221 1.3437 0.0001

Python Island (Pundamilia nyererei) 0.2237 1.2641 0.0001

Zebra mbuna (Maylandia zebra) 0.2259 1.2602 0.0001

Burton’s mouthbrooder (Haplochromis burtoni) 0.2260 1.2561 0.0001

Järvikilli (Austrofundulus limnaeus) 0.2389 1.5348 0.0001

Mummichog (Fundulus heteroclitus) 0.2448 1.2483 0.0001

Fugu rubripes (Takifugu rubripes) isoform X1 0.2438 1.3683 0.0001

Fugu rubripes (Takifugu rubripes) isoform X2 0.2438 1.3683 0.0001

Lyretail cichlid (Neolamprologus brichardi) 0.2277 1.2400 0.0001

Sheepshead minnow (Cyprinodon variegatus) 0.2547 1.1716 0.0001

Shortfin molly (Poecilia mexicana) 0.2515 1.1607 0.0001

Southern platyfish (Xiphophorus maculatus) 0.2467 1.1278 0.0001

Amazon molly (Poecilia formosa) 0.2522 1.1762 0.0001

Mexican tetra (Astyanax mexicanus) isoform X1 0.2469 1.3268 0.0001

Mexican tetra (Astyanax mexicanus) isoform X2 0.2469 1.3268 0.0001

Mexican tetra (Astyanax mexicanus) PREDICTED 0.2627 1.3432 0.0001

Zebra fish (Danio rerio) 0.2468 1.6572 0.0001

Zebra fish (Danio rerio) PREDICTED 0.2639 1.8054 0.0001

Guppy (Poecilia reticulata) 0.2872 1.2898 0.0001

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 1 0.2478 1.7479 0.0001

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 1 isoform X1 0.2502 1.8127 0.0001

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 1 isoform X2 0.2379 1.8385 0.0001

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 2 0.2542 1.7485 0.0001

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 2 isoform X1 0.2527 1.9123 0.0001

Golden-line barbel (Sinocyclocheilus grahami) PREDICTED 2 isoform X2 0.2470 1.9027 0.0001

Outgroup

Coelacanth (Latimeria chalumnae) NA NA NA

Western painted turtle (Chrysemys picta bellii) NA NA NA
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confirm that the polyclonal antibodies are able to dis-
criminate between the paralogue genes.

OLFML2A and OLFML2B presence in this ances-
tral fish suggests that these proteins might have similar
physiological effects than in other vertebrates. However,
more detailed studies about comparative functional dif-
ferences are needed such as studying the dynamics of
their expression profile under different conditions, for
example, normal and abnormal eye development, reti-
noblastoma, retinal degenerations, and glaucoma. In
zebrafish, some olfactomedin proteins have been asso-
ciated with crucial neurodevelopment functions such as
the early differentiation of nervous system and neuronal
stability (Nakaya et al. 2008; Anholt 2014). Further-
more, overexpression of olfactomedin 1 has profound
effects on eye size, as it facilitated optic nerve extension
and the arborization in the optic tectum. In contrast,
knockdown of the olfm1 protein by morpholinos result-
ed in the inhibition of the optic nerve extension and
arborization (Nakaya et al. 2008). Similar effects were
observed when olfactomedin-2 protein expression was
inhibited causing perturbations of the nervous system
development, namely an impaired development of
branchiomotor neurons, specific disruption of the late-
phase branchiomotor axon guidance, and impaired de-
velopment of the caudal pharyngeal arches, olfactory
pits, eyes, and optic tectum (Lee et al. 2008).

In humans, OLFML3, also known as photomedin or
optimedin, has been proposed as a candidate gene for
disorders involving the anterior segment of the eye and
the retina (Torrado et al. 2002). Myocilin, another
olfactomedin, is also expressed in the human eye, and
it was first discovered in trabecular meshwork cells
(Stone et al. 1997), a connective tissue that controls
intraocular pressure. Ocular hypertension is a major risk
factor for the development of glaucoma, which results in
progressive degeneration of the optic nerve (Anholt
2014). Mutations in myocilin gene have been associated
with more than 10% of juvenile-onset glaucoma and 4%
of adult primary open-angle glaucoma (Stone et al.
1997; Li et al. 2015). Although some olfactomedins
(e.g., OLFML1-3) are conserved proteins showing a
high percentage of identity of amino acid sequences
between human and zebrafish, possibly indicating con-
servation of function among different species, there are
no clear orthologues of myocilin in zebrafish and frogs
(Tomarev and Nakaya 2009).

The phylogenetic relationship between Holostei and
Teleostei OLFML2A proteins was determined to

evaluate their evolutionary persistence in fishes. The
phylogenetic tree (Fig. 5) shows three clades in a
lineage-specific manner. These clades correspond to an
outgroup, Holostei, and Teleostei. The tree’s topology,
branch length, and bootstrap values are similar using
different phylogenetic methods (ML/NJ/UPGMA).
These results suggest a clear orthology within the
OLFML2A gene. Amores et al. (2011) proposed that
spotted gar lineage diverged from teleost a long time
before teleost genome duplication. The position of
zebrafish in Fig. 5 just at the middle of spotted gar
(outgroup, Holostei, and Teleostei) confirms Amores’
proposal (2011). Nevertheless, OLFML2B orthology
could not be assessed due to the scarcity of reported
sequences, which are not enough for a straightforward
comparison.

Genetic evolutionary analysis of OLFML2A
(Table 2) confirms that this gene family is under purify-
ing selection (dN > dS, p < 0.05), which means that
OLFML2A keeps functional in the studied species. This
result is not surprising because OLFML2A plays a key
role in the eye physiology (Furutani et al. 2005; Anholt
2014). Purifying selection as an evolutionary force that
directs OLFML2A genes is also a sign of a well-
conserved function over time and species. Coelacanth
is considered the slowest evolving vertebrate (Amemiya
et al. 2013) and Western painted turtle is considered the
slowest evolving genome (Shaffer et al. 2013) whereas
coding sequences in teleosts have a high evolution rate
(Ravi and Venkatesh 2008); thus, in the light of these
insights, it could be concluded that evolutionary advan-
tages (positive selection, dN > dS) would be expected to
become evident from Holostei to Teleostei clades.

In conclusion, this study strengthens evidence that
the spotted gar retina has similar structure and layer
organization as all vertebrates and provides evidence
that OLFML2A and OLFML2B proteins are present in
spotted gar retina with higher expression in PRL.
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