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I. Introduction

In Japan, four species of anadromous salmonids (sockeye salmon,
Oncorhynchus nerka; masu salmon, O. masou; chum salmon, O. keta; pink salmon, O.
gorbuscha) mainly exist. These salmonids are divided into two types by the difference
in the timing of downstream migration and upstream migration. In the first type such
as chum salmon and pink salmon, the fry start downstream migration for ocean
immediately after emergence, because they have seawater tolerance. After feeding
migration for several years in the North Pacific Ocean, adult salmon start homing
migration to their natal river for spawning and their gonads have almost ripened during
migration in the North Pacific Ocean. In the second type such as sockeye salmon and
masu salmon, the fly spends in the natal river for about 16-18 months, and individuals
obtain the ability of seawater tolerance throughout the smoltification process and start
downstream migration for ocean. Adult salmon carry out upstream migration to their
natal river about five months prior to the gonadal maturation.

Anadromous salmonids are important resources for fisheries in Japan.
Recently, the resources of chum and pink salmon are abundant and become very
important food materials in fishing industry. On the other hand, the resources of masu
and sockeye salmon are fluctuated year by year and are low levels in comparison with
the former species. Hence, the propagation of these species needs the development of
efficient techniques for both producing smolt and improving adult returns, and the
elucidation of imprinting mechanisms in anadromous salmonids has become one of the
most important subject in salmon propagation project.

The olfactory system of fish mediates prey and kin recognition, reproductive

behaviors, and escape from danger. To accomplish these tasks, the olfactory system



detects many substance including amino acids, nucleotides, steroids, and prostaglandins.
In teleost, the olfactory epithelium is composed of the olfactory receptor cell, basal cell,
supporting cell, goblet cell, crypt cell and ciliated nonsensory cell. In mammals, two
functionally distinct classes of chemicals, odorants and pheromones, are detected and
processed through anatomically segregated neural pathways in the main olfactory
system and the vomeronasal system, respectively (Buck, 2000; Mombaerts, 2004).
Volatile odorants are received by a large repertoire of odorant receptors (ORs) expressed
in the ciliated olfactory sensory neurons (OSNs) in the olfactory epithelium. In
contrast, pheromones are received mostly by vomeronasal receptors (VRs) in the
microvillous sensory neurons in the vomeronasal organ. On the other hand, both the
ciliated and microvillous OSNs are equally distributed in the olfactory system of fish.
Odorant substances dissolved in water are detected by these two types of OSNs in the
olfactory epithelium.

The first ORs were identified in the rat, and now referred as the OR superfamily
of odorant receptors (Buck and Axel, 1991; Mombaerts, 2004). Subsequent to the
initial discovery of the OR superfamily of odorant receptors, two unrelated types of G
protein-coupled receptors were identified in the mammalian vomeronasal organ, the
VIR receptors (Dulac and Axel, 1995) and the V2R receptors (Matsunami and Buck,
1997; Ryba and Tirindelli, 1997; Herrada and Dulac, 1997).

The OR gene superfamily is the largest multigene superfamily described in
mammalian genomes. The completion of the mouse genome confirmed the existence
of about 1068 potential OR genes (Zhang and Firestein, 2002; Zhang et al., 2004). On
the other hand, molecular cloning and genomic DNA blot hybridizations in fish species

suggest an OR repertoire size approximately five- to ten-fold smaller than that of



mammalian species (Ngai et al., 1993; Barth et al., 1997). Recently, several odorant
receptors have been isolated from the Atlantic salmon, Salmo salar, (Wickens et al.,
2001; Dukes et al., 2004, 2006).

In general, olfactory transduction initiates the binding of odorants to G protein-
coupled seven transmembrane domain receptors in the ciliary membrane of ciliated
olfactory receptor neurons (CORNs) and then leads to the activation of adenylate cyclase
or phospholipase C to produce the second messenger such as adenosine 3°,5’-cyclic
monophospate (cAMP) and inositol 1,4,5-triphosphate (IPs;; Lowe et al., 1989; Buck
and Axel, 1991). Increase in intercellular levels of these second messengers opens
cyclic nucleotide-gated channels and IPs-activated channels in the membrane of cORNSs,
resulting in the membrane depolarization of action potentials (Nakamura and Gold,
1987). This depolarization further activates voltage-gated ion channels and generates
spike activities, which are transmitted as olfactory information by the axons of cORNs
to the olfactory bulb.

Anadromous salmonids are well known by the accurate homing migrations
guided by odors imprinted on their natal stream. Behavioral studies have
demonstrated that coho salmon (O. kisutch) are unable to return their home stream when
their olfactory sense was blocked during their homing migration, suggesting that
olfaction was crucial for homing migration (Wisby and Hasler, 1954). These studies
led to the olfactory hypothesis that salmon memorize the odors of home stream water
during their river life (olfactory imprinting) and return to the same home stream by
recollecting natal odors. Cooper et al. (1974) reported that the home stream odors
were non-volatile.  Electrophysiological studies in masu salmon showed that the

olfactory organ can discriminate the difference in composition of amino acids between



different river waters (Shoji et al., 2000).

For the timing of olfactory imprinting, Hasler and Scholz (1983) suggested with
artificial odorants that juvenile coho salmon learn the odors of their home stream during
smoltification, parr-smolt transformation (PST). Nevitt et al. (1994) demonstrated that
the peripheral olfactory system of coho salmon is sensitized to a specific odorant after
exposure to that odorant during the PST. Dittman et al. (1996) also confirmed the
importance of the PST as a sensitive period for olfactory imprinting by coho salmon.

During the PST, the plasma concentration levels of several hormones such as
thyroxine (T4), cortisol, insulin-like growth factor-I, and growth hormone are changed.
Morphological and physiological changes such as body silvering and osmoregulatory
adaptation to seawater are controlled by these hormones. T4 also influences the
olfactory function in salmonids. Scholz (1980) demonstrated that pre-PST coho
salmon with artificially elevated T4 levels exposed to an odor are able to retain
long-term memories as compared with untreated control fish. On the other hand, it is
also known that T4 depresses electro-encephalography (EEG) activity, with no
measurable change in electro-olfactogram (EOG) activity, in response to nasal
stimulation with L-alanine in Atlantic salmon (Morin et al., 1995). In addition, the
tritodothyronine (Ts)-specific binding value of thyroid hormone receptor in the
olfactory epithelium were increased markedly at the PST (Kudo et al., 1994).
Moreover, thyroid hormone induced olfactory cellular proliferation during the PST
(Lema and Nevitt, 2004).

The formation of memory has been intensively studied in mammals from several
aspects such as biochemistry, molecular biology, pharmacology, and electrophysiology.

Recently, much of the relevant experimental studies are concentrated on the possible



role of long-term potentiation (LTP) in learning and memory, and many of the studies
have focused on N-methyl-p-aspartate (NMDA) receptor which induces LTP and the
expression of immediately early genes such as c-fos. LTP is formed in the brain of
zebrafish, Danio rerio (Nam et al., 2004), rainbow trout, O. mykiss (Kinoshita et al.,
2004), carp, Cyprinus carpio (Satou et al., 2006), and lacustrine sockeye salmon (Satou
et al., 1996). c-fos is also reported to be expressed in the brain of lacustrine sockeye
salmon (Fukaya, 1999) and rainbow trout (Matsuoka et al., 1998; Kinoshita et al., 2005).
These findings support the possibility that olfactory imprinting of salmon is controlled
at the gene level, and that the genes related to imprinting are expressed in the olfactory
system (olfactory epithelium, olfactory bulb and olfactory nerve) of salmonid species
during the PST.

In this context, the cDNA-representational difference analysis (cDNA-RDA) is
available, because it can detect small differences between two samples from sequential
stages of development, such as parr and smolt stages. This PCR-based was originally
designed to identify genomic differences between two complex genomes (Lisitsyn et al.,
1993). The cDNA-RDA was later adapted to enable the isolation of gene transcripts
which are differentially expressed in one sample relative to another (Hubank and Schatz,
1994), allowing the detection of low-abundance transcripts in a sample (O’Neill and
Sinclair, 1997).

In the present study, I attempted to elucidate the mechanism of olfactory
imprinting in salmonids and to isolate the imprinting period related gene from the
olfactory system of lacustrine sockeye salmon during the PST by subtractive
hybridization technique of cDNA-RDA (chapter II-1). Using the olfactory bulb of

one-year-old lacustrine sockeye salmon at a phase of the PST as a tester and



three-year-old fish at a phase of feeding migration stage as a driver, the cDNA-RDA
was carried out. From the subtractive cDNA library, I succeed in isolating two clones,
clone 2 (sockeye salmon olfactory imprinting related gene; SOIG) and clone 3 (salmon
glutamate carboxypeptidase; sGCP), both of which show different mRNA expression
levels between the olfactory bulbs of one- and three-year-old lacustrine sockeye salmon.

In chapter I1-2, a cDNA clone encoding the full-length SOIG was isolated from
the cDNA library constructed from the olfactory epithelium, and the sequence analysis
of SOIG was performed. The distribution of SOIG expression in several tissues of
lacustrine sockeye salmon, masu salmon, chum salmon, pink salmon, and rainbow trout
were examined by Northern blot and in situ hybridization. Moreover, changes in the
SOIG mRNA levels of the olfactory epithelium during the PST, downstream migration,
sexual maturation, and homing migration in either lacustrine sockeye salmon or chum
salmon was revealed by real time PCR.

In chapter III, the full-length sGCP cDNA was isolated from the cDNA library
of whole brain and its sequence was analyzed. Moreover, expression patterns and
changes in the sGCP mRNA levels in the olfactory bulb of lacustrine sockeye salmon

during the PST were examined by semi-quantitative RT-PCR and real time PCR.



II-1. Isolation of olfactory imprinting related genes from lacustrine

sockeye salmon by cDNA-representational difference analysis

Materials and methods
1) Fish

One- and three-year-old lacustrine sockeye salmon reared in the Toya Lake
Station, Field Science Center for Northern Biosphere, Hokkaido University, were used.
The fish were reared in 1400 L circular tanks under the natural photoperiod with
continuous flow of spring water. Fish were fed on standard commercial pellets.

One-year-old smolt fish (Fork length: 9.5-16 cm, Body weight: 8.1-37.6 g) were
sampled in May, 2002. Three-year-old fish (Fork length: 15.2-20.4 cm, Body weight:
37.9-91.8 g) were also sampled in June, 2002. The body color of one-year-old smolt
fish was silver, and their fins revealed clear intense black pigments. The
three-year-old fish did not show any smolt characteristics. Twenty fish were used
from each age group. Fish were anesthetized with 0.005% eugenol (4-ally-2-methoxy-
phenol; Wako, Osaka, Japan), and then the olfactory epithelia and olfactory bulbs were
surgically isolated. ~Total RNA was isolated from each tissue using ISOGEN

(Nippongene, Toyama, Japan) according to the manufacturer’s instruction.

2) Construction of a forward subtractive cDNA library

Subtractive cDNA libraries were constructed using 2 ug of total RNA extracted
from the olfactory bulbs of the one- and three-year-old fish (for each group, n=20).
First and second strand of cDNA synthesis employed a SMART PCR ¢cDNA Synthesis
Kit (Clontech, Palo Alto, CA, USA).

Subtraction was performed in two directions. In the forward subtraction



experiment, the olfactory bulb of one-year-old fish was the tester, and in reverse
subtraction, the tester was three-year-old fish. The c¢cDNA-RDA technique was
performed according to the protocol of Niwa et al. (1997; Fig. 1). Briefly, double
stranded cDNA was digested with Mbol and ligated to R-Bgl-12 and R-Bgl-24 adaptors
at 16°C for 16 hr (for primer sequences see Table 1). Amplicons for both tester and
driver were generated with PCR reactions using R-Bgl-24. Mbol digestion was used
to remove the R-Bgl-12/24 adaptors from both tester and driver amplicons before the
tester was ligated to J-Bgl-12/24 adaptors. Subtractive hybridizations were performed
at 67°C for 20 hr. To generate a first difference product (DP1), 0.4 pg of J-Bgl-12/24
adaptors ligated tester was mixed with 40 ug of driver at a ratio of 1:100. DP1 was
digested with Mbol to remove J-Bgl-12/24 adaptors before ligation of N-Bgl-12/24
adaptors. To generate DP2, 50 ng of N-Bgl-12/24 adaptors ligated DP1 was mixed
with 40 pg of driver at a ratio of 1:800 (DP2). To generate a third difference product
(DP3), 100 pg J-Bgl-12/24 adaptors ligated DP2 was mixed with 40 pg of driver at a
ratio of 1:400,000. Finally, DP3 was digested with Mbol and the forward subtraction
product was subcloned into the Bam HI site of pBluescript I SK (+) vector (Stratagene,
La Jolla, CA, USA). The libraries were plated onto agar plates (50 pg/ml ampicillin)
and incubated at 37°C for 14 hr and then briefly at 4°C to allow the blue/white staining

to be clearly distinguishable.

3) Differential screening
Differential screening was carried out to identify the false positive clones in
forward subtractive cDNA library. Approximately 1000 white colonies from the

forward subtraction library were randomly picked. The insert of each colony was
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Fig. 1 Schematic protocol for cDNA-representational difference analysis (cDNA-RDA).



Table 1. Sequence of primers used for cDONA-RDA

Primer Sequences
R-Bgl-12 5-GATCTGCGGTGA-3’
R-Bgl-24 5-AGCACTCTCCAGCCTCTCACCGCA-3’
J-Bgl-12 5-GATCTGTTCATG-3’

J-Bgl-24 5-ACCGACGTCGACTATCCATGAACA-3’
N-Bgl-12 5-GATCTTCCCTCG-3’

N-Bgl-24

5-AGGCAACTGTGCTATCCGAGGGAA-3’
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amplified by PCR using T7 and T3 primers. The amplification profile was comprised
of an initial cycle of 4 min at 94°C followed by 30 cycles as follows: 94°C for 30 sec
(dissociation), 55°C for 30 sec (annealing), and 72°C for 1 min (extension). Two
microliter aliquot of each amplifications was dot-blotted on to a Hybond-N" membrane
(Amersham Biosciences, Buckinghamshire, UK). Two identical membranes were used
for all the PCR amplifications. DIG High Prime (Roche, Mannheim, Germany) was
used for generation of hybridization probes. After being treated with denaturing
solution (0.5 M NaOH, 1.5 M NaCl), neutralizing solution (1.5 M NacCl, 0.5 M Tris-HCI
pH 7.2, 0.001 M EDTA) and fixation solution (0.4 M NaOH), these membranes were
prehybridized for 4 hr in a solution of 50% formamide, 5xstandard saline citrate (SSC;
16.65 mM NaCl, 16.65 mM sodium citrate, pH7.0), 0.1% N-lauroylsarcocine, 0.02%
sodium dodecyl sulfate (SDS) and 1% blocking reagent (Roche) at 42°C. Membranes
were then hybridized in the same buffer at 42°C for 16 hr with forward or reverse
probes from subtraction products. Membranes were washed twice in 2xSSC
containing 0.1% SDS for 5 min, followed by 0.1xSSC containing 0.1% SDS for 15 min
at 68°C. Membranes were incubated for 30 min with alkaline phosphatase-conjugated
sheep anti-digoxigenin Fab fragments (Roche) at 37°C. The signals were detected
with nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP)
reaction.

The clones that hybridized to the forward subtraction probe only were collected
and purified (Fig. 2). Sequence was determined by ABI PRISM ™ 377 DNA
Sequencer (PerkinElmer Life Sciences, Tokyo, Japan) using the Big dye terminator RR
mix (Cycle Sequencing Ready Reaction Kit, Applied Biosystems, Warrington, UK).

The sequences were submitted to the DNA Data Bank of Japan (DDBJ: http://www.ddbj

11
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Fig. 2 Typical results of differential screening. The open circles show positive clones.
The dotted circles indicate false positive clones. Forward and reverse subtraction

product probes were indicated by A and B, respectively.
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.nig.ac.jp).

4) Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR)
Semi-quantitative RT-PCR was performed using the same olfactory bulb total
RNA as that used for the cDNA-RDA. Single-stranded cDNAs were synthesized from
2.5 pg of the olfactory bulb total RNA from one- and three-year-old fish using a
Superscript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instruction. PCR amplification was performed with
0.5 pl of the first strand cDNA solution using primers for clone 1, 2, 3 and 4 (Table 2).
The amplification profile was comprised an initial cycle of 2 min at 94°C followed by
35 cycles as follows: 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min. Amplifica-
tion of B-actin was also performed with the same first strand cDNA using primers
B-actin (Table 2). The amplification profile was comprised an initiating cycle of 2 min
at 94°C followed by 35 cycles as follows: 94°C for 30 sec, 57°C for 30 sec, and 72°C for
30 sec. The amplified products were electrophoresed on a 3% agarose gel
(Nippongene). A scanning densimeter was used to determine the ratio of intensity of
each band relative to B-actin. Densimetric analysis of gel bands was performed by

using the National Institutes of Health (NIH) image analysis program.
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Table 2. Sequences of primers used for semi-quantitative RT-PCR. AS, Anti-sense

primer; S, Sense primer.

Primer Sequences

1-S 5"-ACAGCTGGTCCAGATGTTCA-3"
1-AS 57-GCCTTCCATGTAGTCCTCAT-3"
2-S 5"-ACACTCAAGTCCATTGTGGG-3"
2-AS 5"-GGACGACCATTTTTGTCAGTC-3"
3-S 5"-TTGGCGTTACCCTACCGTTA-3"
3-AS 5"-ACTGATCATGGTCACCTTCAG-3~
4-S 5"-ATCCGTCGTATCATGAGACC-3"

4 -AS 5"-TTGAGGAGCTTGCTGACCACAT-3"
3 -actin-S 5"-TGTAACATGGGCAGTATCCTT-3"

f3 -actin-AS 5"-GATGTCGGAACACATGTGCACT-3"

14



Results
1) One-year-old fish specific cDNAs

I obtained six clones that hybridized to the forward subtraction probe from
differential screening. Their sequences were compared with the data deposited in the
DDBJ (Table 3). The clone 1 is 98% similar to TAT-binding protein-1 (TBP-1) of
rainbow trout. TBP-1 was discovered as human immunodeficiency virus-related
protein from human (Nelbock et al., 1990). In rodents, TBP-1 mRNA exists widely in
the brain and is strongly expressed in the olfactory bulb. Moreover, TBP-1 is mainly
expressed in the sensory nuclei and many cortical neurons (Nakamura et al., 1998),
suggesting that clone 1 is one of the principal molecules in the olfactory bulb of
lacustrine sockeye salmon.

The clone 3 shows 67% similarity to glutamate carboxypeptidase-like protein of
African clawed frog (Xenopus laevis). Glutamate carboxypeptidase IT (GCP 1II) is a
metallopeptidase which cleaves N-acetylaspartylglutamate (NAAG) into N-acetylaspar-
tate and glutamate in the central nervous system (Carter and Coyle, 1998). NAAG
was discovered in the mammalian central nervous system (Curatolo et al., 1965) and its
function as a neurotransmitter was demonstrated (Coyle, 1997). Recently, Puttfarcken
et al. (1993) was reported that NAAG may act as a partial agonist/antagonist at NMDA
receptor. The function of clone 3 may engage in the olfactory imprinting if the clone
cleaved NAAG which affects as antagonist at NMDA receptor in the olfactory bulb at
the PST.

The clone 2 is 60% similar to a mouse (Mus musculus) gene, and clone 4 shows
82% similarity to a zebrafish (Danio rerio) gene, but these genes showed no similarity

to the known sequences in the Genbank database. However, it is likely that clones 2
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and 4 may represent untranslated regions of the known genes, because these clones have
very short fragments (clone 2: 170 bp, clone 4: 167 bp; Table 3).

On the contrary, clone 5 is 90% similar to 40S ribosormal protein for catfish
(Ictalurus punctatus) and clone 6 shows 99% similarity to beta globin subunit mRNA
for sockeye salmon (O. nerka). These clones were therefore excluded from the

candidates for further semi-quantitative RT-PCR analysis.

2) Semi-quantitative RT-PCR analysis
Semi-quantitative RT-PCR was performed with the aim of finding a difference in
the expression levels of mRNA between the olfactory bulbs of one- and three-year-old
fish (Fig. 3). No differences in the expression levels of clones 1 and 4 were detected in
the olfactory bulbs between the two age classes of fish, but clones 2 and 3 mRNA
expression levels in the olfactory bulb of one-year-old fish were tended to be higher
than that of three-year-old.
In chapters II-2 and III, the characterization of clones 2 and 3 were performed,

respectively.
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A B |

Clone 3

Clone 4 Clone 3

. 0.8
f3-actin

Expression relative to -actin

Clone 4

Fig. 3 Semi-quantitative RT-PCR amplification of clones 1, 2, 3 and 4. (I) Results of
3% agarose gel electrophoresis of semi-quantitative RT-PCR products.  Specific
products for clones 1, 2, 3, 4 and B-actin mRNAs were amplified from aliquots of the
same mRNAs of the olfactory bulb of one- and three-year-old fish. RT-PCR was
performed using pooled samples (20 fish per each group). (II) Expression levels of
clones 1, 2, 3 and 4 in the olfactory bulb of one- and three-year-old relative to pB-actin.

A and B indicate the olfactory bulb of one- and three-year-old fish, respectively.
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II-2. Characterization of an olfactory imprinting related gene (SOIG)

in adromous salmonids

Materials and methods
1) Fish

For mRNA expression analysis and SOIG cloning, one-year-old lacustrine
sockeye salmon, masu salmon, rainbow trout, under yearling chum salmon and pink
salmon were used. Males of masu salmon (Fork length: 9.5-11.0 cm, Body weight:
6.25-12.49 g), rainbow trout (Fork length: 11.3-13.5 cm, Body weight: 11.40-16.47g),
and chum salmon (Fork length: 6.7-8.1 cm, Body weight: 2.35-3.78 g) were reared in
the Toya Lake Station in May, 2006, and lacustrine sockeye salmon in May, 2004 (Fork
length: 10.1-11.6 cm, Body weight: 9.78-11.24g). Pink salmon were obtained from the
Shibetsu Salmon Museum in May, 2006 (Fork length: 8.2-9.4 cm, Body weight: 2.87-
4.01g).

For construction of cDNA library and Ts injection, one-year-old male lacustrine
sockeye salmon (Fork length: 9.6-10.4 cm, Body weight: 8.32-12.7 g) were obtained
from the Toya Lake Station in May, 2005.

Fish were anesthetized with 0.005% eugenol and then the olfactory epithelium,
gill, liver, heart, head kidney, spleen, muscle, intestine, testis and brain were surgically
isolated. For Northern blot analysis, brains of lacustrine sockeye salmon were
dissected into the olfactory bulb, telencephalon, hypothalamus, optic tectum, cerebellum,
and medulla oblongata. Total RNA was isolated from each tissue using ISOGEN
(Nippongene) according to the manufacturer’s instruction.

For quantitative analysis of SOIG mRNA expression during ontogeny of

19



lacustrine sockeye salmon, embryos reared in the Toya Lake Station in 2005 were
sampled at 43 and 60 days after fertilization. At each sampling, five embryos were
collected. Alevin (5 fish, 65 days after fertilization) were sampled in the Toya Lake
Station in 2005. Total RNA was isolated from the whole embryos and the whole body
of alevin where the yolk was surgically removed.

For quantitative analysis of serum T4 levels and SOIG mRNA expression levels
in the olfactory epithelium, tissues of lacustrine sockeye salmon and chum salmon were
sampled at several stages in their life history. Fly, one-year-old lacustrine sockeye
salmon (from February to September) and three-year-old fish (from June to Octorber)
were sampled in the Toya Lake Station in 2006 (5 fish of both sexes). Fork length
(FL), body weight (BW), condition factor (CF), and gonadsomatic index (GSI) of one-
and three-year-old lacustrine sockeye salmon are shown in Table 4 and Figure 4. CF
was calculated by [BW (g)/FL (cm)’] x 10°.  GSI was calculated by [gonadal weight
(g)/BW (g)] x 10°.  Under yearling chum salmon were sampled from January to May,
2006 in the Toya Lake Station, and July, 2006 in the Chitose Salmon Aquarium (5 fish
of both sexes, Table 5).

Chum salmon during feeding migration were caught by longline at sampling point
56° 30' N, 177° 00' E in the North Pacific Ocean (Bering Sea) as part of the research
cruise of the Wakatake-Maru, and the fish during homing migration stage were caught
at six locations along their homing route from offshore to spawning ground, the Chitose
Salmon Hatchery in 2003 and 2004 (Fig. 5). FL, BW, and GSI of sampled chum
salmon are shown in Table 5 and Figure 6. Fish were anesthetized with 0.005%
eugenol and then blood samples of one-year-old lacustine sockeye salmon were

collected from the caudal vasculature, and centrifuged at 3000 rpm for 15 min to obtain
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Table 4. Fork length (FL), body weight (BW), condition factor (CF), and gonado-
(A) One-year-old

(B) Three-year-old lacustrine

somatic index (GSI) of lacustrine sockeye salmon in 2006.

lacustrine sockeye salmon from February to September.

sockeye salmon from June to October during sexual maturation.

A

Year Sex Date FL (cm) BW (g) CF (%)
2006 Male 2 Feb 7.94 £ 044 4150 = 0.693 8.05 = 0.24
-re
Female 7.92 £029 4208 0415 837 =*x0.17
Male 8.70 = 0.33 6.048 = 0.581 9.11 = 0.29
23-Mar
Female 9.16 = 0.17 7283 £0.395 9.44 £ 0.17
Male 896 = 0.18 6.018 =0.436 8.30 £ 0.19
18-Apr
Female 9.62 £ 032 7.723 = 0.889 8.51 = 0.19
Male 10.16 = 0.27 8390 = 0919 7.86 = 0.21
22-May
Female 10.18 = 0.40 8.693 = 0.901 8.14 = 0.16
Male 9.40 £0.19 7.614 £0305 9.14 = 0.22
26-Jun
Female 9.14 =022 5.689 = 0.789 6.62 = 0.36
Male 10.44 = 0.28 9.794 £ 0.633  8.57 £ 0.19
31-Jul
Female 1038 == 0.44 9.724 = 1.124 8.52 = 0.41
Male 10.50 = 0.43 10.687 £ 1.212 9.10 = 0.36
23-Aug
Female 10.72 = 0.36  10.979 %= 0.648 9.03 £ 0.81
Male 11.04 = 0.62 13.394 = 1.648 10.00 %= 0.95
11-Sep
Female 12.04 = 0.19 16.948 = 0.473 9.72 = 0.25
Sperminatio or
Year Sex Date n FL (cm) BW (g) GSI (%) Ovulation
2006 Male 6.1 5 2120 £ 1.46 89.52 = 22.71 291 = 1.37 No
Female —n 5 2228 £1.38 119.40 = 30.51 321 £ 042 No
Male Lol 5 2177+ 142 10642 *2485 1.10=*1.05 No
Female e 5 21.90 = 0.65 10524 = 7.91 483 +1.17 No
Male 5 2142 £ 046 11222 £583 4.71 £0.30 No
24-Aug
Female 5 24.96 £ 1.09 178.83 £ 29.01 10.64 £ 1.21 No
Male 1S 5 22.72 £ 0.53 129.56 £ 14.82 331 £ 0.27 No
Female P 5 23.14 £ 0.60 144.52 + 13.84 12.99 £ 0.22 No
Male 5 20.98 = 0.34 98.22 £ 6.00 3.13 +£ 0.28 Yes
3-Oct
Female 5 22.18 £ 0.77 118.20 = 14.37 12.92 £+ 0.88 Yes
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Fig. 4 Changes in condition factor (CF), and gonadosomatic index (GSI) of lacustrine
sockeye salmon in 2006. (A) CF of one-year-old lacustrine sockeye salmon from
February to September is shown. (B) GSI of three-year-old lacustrine sockeye salmon
from June to October during sexual maturation is shown. The bold and normal letters
are represented significant differences for males and females among the months,
respectively. Values represent the means = SEM. Significant differences among the
months are indicated (p < 0.05 by one-way ANOVA following Tukey’s test).
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Fig. 5 Maps of North Pacific Ocean (I), from offshore to spawning ground (II) showing
the sampling stations of chum salmon during homing migration. a: North Pacific
Ocean (Bering Sea), b: offshore (Atsuta), c¢: coastal sea (Ishikari Bay), d: estuary
(Ishikari), e: branch point (Ebetsu), f: pre-spawning ground (Hanazono), g: spawning
ground (the Chitose Branch of National Salmon Resources Center).
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Table 5. Fork length (FL), body weight (BW), and gonadosomatic index (GSI) of chum

salmon.

salmon during homing migration in 2003 and 2004.

(A) Under yearling chum salmon from January to July in 2006.

(B) Chum

a: Bering Sea, b: offshore, c:

coastal sea, d: estuary, e: branch point, f: pre-spawning ground, g: spawning ground.

A

B

Year Sex Date n FL (cm) BW (g)
2006 23-Jan 5 4.15 £0.07 0.515 £ 0.030
22-Feb 5 4.82 £0.06 0961 *= 0.029
3-Mar 5 6.06 = 0.16  1.853 = 0.120
Male 5 6.98 = 0.15 2.412 %+ 0.085
18-Apr
Female 5 7.12 = 0.19  2.643 = 0.215
Male 5 7.18 = 0.19 2.618 £ 0.244
22-May
Female 5 726 = 0.12 2.574 = 0.155
Male 7.68 = 0.67 4.860 = 1.623
28-Jul
Female 7.32 = 0.08 3.640 = 0.154
Spermiatio or
Year Sex  Point Date n FL (cm) BW (g) GSI (%) Ovulation
2003 Male a 5 429%26 1010 = 110 0.25 = 0.04 No
b 24-Sep 5 646=*138 3250 £ 310 2.74 £+ 0.81 No
c 29-Sep 5 619%538 3360 % 370 5.21 = 0.64 No
d 8-Oct 5 593%32 3040 = 570 6.35 £ 0.67 No
e 2-Oct 5 6l.6*+29 3060 * 520 5.51 = 0.15 No
f 30-Sep 5 715%209 4280 =+ 580 3.75 = 031 No
g 1-Oct 5 680%52 3790 % 520 5.78 = 0.19 Yes
Female a 5 449+%22 1050 %= 180 0.92 = 0.11 No
b 24-Sep 5 65619 3450 =+ 330 15.62 = 0.81 No
c 29-Sep 4 63.0x21 2950 =+ 240 13.92 + 3.36 No
d 8-Oct 5 65.1=%x1.0 3110 =90 15.09 = 1.41 No
e 2-Oct 3 675%+03 3710 = 90 16.46 = 0.67 No
f 30-Sep 5 709=*12 4010 = 330 21.30 = 1.18 No
g 1-Oct 5 67.6%x19 3940 =+ 430 20.63 = 2.66 Yes
2004 Male a 5
b 30-Sep 5 67.0%x33 3390 £ 470 5.8 + 0.36 No
c 28-Sep 5 689%22 3860 =% 400 5.70 = 0.62 No
d 1-Oct 5 61717 3680 =+ 370 6.14 = 0.14 No
e 1-Oct 5 684=%15 3910 =+ 340 4.54 += 0.67 No
f 29-Sep 5 694=*13 3590 * 190 4.01 =029 No
g 29-Sep 5 692=*18 3800 == 400 4.70 = 0.44 Yes
Female a 5
b 30-Sep 5 655=*05 3070 %= 120 14.80 = 0.56 No
c 28-Sep 5 66925 3660 =+ 430 15.11 = 0.92 No
d 1-Oct 4 65312 3230 = 170 16.63 = 0.36 No
e 1-Oct 5 655=*1.1 3340 =+ 240 15.67 = 1.25 No
f 29-Sep 5 65.1=%07 2980 =+ 140 22.73 += 0.93 No
g 29-Sep 5 66.5=*=08 3330 * 220 18.96 + 1.03 Yes
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Fig. 6 Changes in gonadosomatic index (GSI) of chum salmon during homing migration.
GSI of male (A) and female (B) fish in 2003 and 2004 are shown. The bold and
normal letters are represented significant difference for 2003 and 2004 among the
sampling points, respectively. Values represent the means + SEM. Significant
differences among the sampling points are indicated (p < 0.05 by one-way ANOVA
following Tukey’s test).
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plasma samples, which were stored at -30°C until assays of T4. The olfactory
epithelium was surgically isolated and then these tissues were stored at -80°C until

preparation of total RNA.

2) Northern blot analysis

Each Northern blot analysis was performed using pooled samples from 5 fish.
Total RNA (10 pg) was electrophoresed on a 1% formaldehyde agarose gel and
transferred to Hybond-N" membrane. The blotted membranes were air dried and
baked at 60°C for 30 min. RNA probes were synthesized employing a non-radioactive
method using a DIG RNA Labeling Kit (Roche). A partial fragment of clone 2
subtracted by previous experiment was subcloned into pBluescript II SK (+) vector, and
then RNA probes were transcribed in vitro using T3 or T7 RNA polymerase.
Membranes were prehybridized for 2 hr in a buffer of 50% formamide, 5xSSC, 0.1%
N-lauroylsarcocine, 0.02% SDS and 2% blocking reagent (Roche) at 50°C. Mem-
branes were then hybridized in the same buffer at 50°C for 16 hr with cRNA probes
(100 ng/ml). Membranes were washed under the same conditions as used for
differential screening. The signals were detected with a disodium-3-[4-methoxyspiro
(1,2-dioxetane-3,2°-(5’-chloro) tricycle [3.3.1.1.] 3,7 decan)-4-yl] phenylphosphate (CS

PD; Roche) reaction.

3) In situ hybridization
The olfactory epithelia and olfactory bulbs of one-year-old lacustrine sockeye
salmon were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2; PB),

rinsed with 0.1 M PB, dehydrated in a graded series of ethanol, and embedded in
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paraffin (Histosec; Merck, Darmstadt, Germany).

For in situ hybridization, digoxigenin (DIG)-labeled single stranded sense and
anti-sense RNA probes were synthesized from the same template clones as for
generation of Northern blot probes using T3 or T7 RNA polymerase. Serial sections
were cut at approximately 5 um thickness using a microtome, mounted on MAS-coated
glass slides (Matsunami, Osaka, Japan), and deparaffinized with xylene.

Deparaffinized sections were treated with PBS buffer (100 mM NaCl, 10 mM, sodium
phosphate, pH 7.4) containing proteinase K (10 pg/ml) at 37°C for 15 min, then
hybridization was carried out at 55°C for 16 hr with hybridization buffer containing 500
ng/ml DIG-labeled RNA probe. The composition of hybridization buffer was 50%
formamide, 17 mM Tris-HCI (pH 8.0), 2 mM EDTA, 1xDenhard’s solution (0.02%
BSA, 0.02% polyvinyl pyrrolidone, 0.02% Ficoll 400), 250 mM NacCl, 80 pg/ml yeast
tRNA and 8% dextran sulfate. The sections were washed as follows: (1) 2xSSC/50%
formamide at 50°C for 30 min; (2) TNE buffer (10 mM Tris-HCI pH 7.5, 500 mM NaCl,
1 mM EDTA) at 37°C for 10 min; (3) RNase A treatment (20 pg/ml) at 37°C for 30
min; (4) TNE buffer at 37°C for 10 min; (5) 2xSSC at 50°C for 30 min; and (6) two
washes in 0.2xSSC at 50°C for 20 min. For signal detection, samples were incubated
with anti-DIG antibody coupled to alkaline phosphatase (Roche) at a 1:1,000 dilution at
4°C for 16 hr. The signals were detected with NBT and BCIP reaction. Sections

adjacent to hybridization were stained with Carazzi’s hematoxylin and eosin.

4) Construction of cDNA library
mRNA was purified from the total RNA extracted from the olfactory epithelium

of one-year-old lacustrine sockeye salmon using an Oligotex™-dT30 (Super) mRNA
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Purification kit (TaKaRa, Shiga, Japan) according to the manufacturer’s instruction.
Five pg poly (A)" RNA was used to synthesize cDNA primed with an oligo (dT) adapt-
or primer using a cDNA synthesis kit (Stratagene) according to the manufacture’s
instructions. The cDNA insert containing ECORI and Xhol linkers were then ligated
into the ECORI/Xhol sites of Uni-ZAP XR vector (Stratagene). Approximately 1.2 x

10° primary clones were recovered with an average insert size of 2.0 kb.

5) Screening and cloning

Screening of the library was performed with DIG-labeled DNA probes. After
plaques were transferred onto Hybond-N" membranes, the membranes were treated with
denaturing solution, neutralizing solution and fixation solution. The membrane were
prehybridized for 2 hr in a buffer of 50% formamide, 5xSSC, 0.1% N-lauroylsarcocine,
0.02% SDS and 1% blocking reagent (Roche) at 42°C. Membranes were then
hybridized in the same buffer at 42°C for 16 hr with DIG-labeled probes (25 ng/ml).
Membranes were washed under the same conditions as used for differential screening.
Positive plaques were picked up to SM buffer [S0 mM Tris-HCI (pH 7.5), 100 mM
NaCl, 10 mM MgSO;, - H,0, 0.01% gelatine] and in vivo excision was performed using
ZAP-cDNA Gigapack IIT Gold Cloning Kit (Stratagene) according to the manufact-
urer’s instructions. The obtained sequences were searched against ‘Fasta Sequence
Similarity search’ (DDBJ), motif database (PROSITE: http://br.expasy.org/prosite/) and

signal peptide analysis (SignalP 3.0: http://www.cbs.dtu.dk/services/SignalP/).

6) Accession numbers

The Gen Bank accession numbers for sequences cited in this study are as

28


http://br.expasy.org/prosite/

follows: AAF71751, human uPAR; L03545, cattle uPAR; AF302074, monkey uPAR;

P05533, mouse LY6 A; P09568, mouse LY6 C; and P13987, human CD59.

7) Cloning of cDNA fragments encoding SOIG from salmonids

To isolate cDNA fragments encoding SOIG from salmonids, oligonucleotide
primers were designed based on SOIG nucleotide sequence (SOIG-F1, SOIG-R1 for
masu salmon and chum salmon, SOIG-5’UTR, SOIG-3’UTR for pink salmon and
rainbow trout; Table 6). Single-stranded cDNAs were synthesized from 2.5 ug of
olfactory epithelium total RNA of these salmonids using a Superscript First-Strand
Synthesis System for RT-PCR (Invitrogen). The amplification profile comprised an
initiating cycle of 2 min at 94°C followed by 30 cycles as follows: 94°C for 1 min, 55°C
for 1 min, and 72°C for 1 min. The PCR-amplified DNA fragments were subcloned
into pGEM T-Easy vector (Invitrogen) and sequenced. Sequence determination was
performed as described in chapter II-1. Homology of the amplified cDNA fragments
was confirmed by comparison with SOIG amino acid sequence in the Clustal W program

(Thompson et al., 1994).

8) Amplification of 5’ and 3’ ends of cDNA fragments encoding SOIG of masu
salmon and chum salmon

The 3’ end of cDNA fragments encoding SOIG was amplified by the 3’-Full
Race Core Set (TaKaRa) according to the manufacturer's instructions. Based on the
nucleotide sequence of the partial cDNA encoding SOIG, sense primers were
synthesized (SOIG-3’-F1; Table 6). PCR was initiated at 94°C for 4 min, followed by

30 cycles of amplification under conditions of 94°C for 1 min, 55°C for 1 min, and 72
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Table 6. Primers and TagMan probe used in this study.

Name Description Sequences

SOIG-F1 Forward primer for cloning 5’-GAGGACGCATCCATTTTAGC-3’

SOIG-R1 Reverse primer for cloning 5’-GTGGTGGTTGTTATCCCAAC-3’
SOIG-3’-F1 Reverse primer for 3’ RACE 5’-GGTTCTGGTTCTGACTCTGGTTCTG-3’
SOIG-5’-RT Primer for reverse transcription for 5> RACE 5’-CTGTCCAACACC-3’

SOIG-5’S1 Forward primer for 1st PCR of 5 RACE 5’-CCTGCTGTGAGGGAAGTCTCTGCAA-3’
SOIG-5’AS1 Reverse primer for 1st PCR of 5° RACE 5’-CTAGTGGGTCAGGGAGTGACAAGGT-3’
SOIG-5’S2 Forward primer for 2nd PCR of 5° RACE 5’-GTGGGATCTGTTGCTTGTTGCTCATCAG-3’
SOIG-5’AS2 Reverse primer for 2nd PCR of 5° RACE 5’-CAGGCTGAGCGGAATTCATAGCCCT-3’
SOIG-5’UTR Forward primer for cloning 5’-GGTAATCATTGCTTCAGCTCAG-3’
SOIG-3’UTR Reverse primer for cloning 5’-TCAAGAAACCCCCAATCAAGA-3’
SOIG-P TaqMan probe for real time PCR 5> FAM_TCAAGAAACCCCCAATCAAGA-BHQ 3°
SOIG-F2 Forward primer for real time PCR 5’-TTCACTTCTTCGTGCTGCAACT-3’
SOIG-R2 Reverse primer for real time PCR 5-TGCAAGAAAAACACTCAAGTCCAT-3’
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°C for3 min. After the last cycle, elongation was extended to 10 min at 72°C.
5’-RACE was performed using a 5’-Full Race Core Set (TaKaRa) according to
the manufacturer's instructions. Briefly, 500 ng of olfactory epithelium mRNA of
masu salmon and chum salmon was reverse-transcribed using 5 units of AMV Reverse
Transcriptase XL with specific primer (SOIG-5’-RT; Table 6). PCR was performed
using first (SOIG-5’S1 and SOIG-5’AS1) and second specific primer sets (SOIG-5’S2
and SOIG-5’AS2; Table 6). The PCR-amplified DNA fragments were fractionated in a
2% agarose gel. DNA fragments obtained from the 3’ and 5> RACE were subcloned

into pGEM T-Easy vector (Invitrogen), and sequenced as just described.

9) Time-resolved fluoroimmunoassay for serum thyroid hormone

Serum levels of thyroid hormones (T4 and T3) were measured by time-resolved
fluoroimmunoassay (TR-FIA) method using the protocols for T4 and T; assays
developed by Yamada et al. (1997). Antiserum for T4 or T3 was immobilized at the
surface of the microtiter plates (Wallac Oy, Turku, Finland) by physical adsorption for
18 hr at 4°C. After three washes with 0.9% saline, the plates were blocked with a
blocking solution [50 mM Na,HPO,, 3% sucrose, 0.1% bovine serum albumin (BSA),
0.05% NaN3;] for 1 hr at room temperature. Then the plate was washed with 0.9%
saline for immunoassay. In the assay, standards of T4 or T3 were applied in triplicate,
and samples in duplicate. Assay buffer (50 mM Tris, 0.9% NacCl, 0.5% BSA, 0.05%
NaN3s, 0.01% Tween 40, 20 uM diethylenetriamine-N,N,N',N",N"-pentaacetic acid, pH
7.75), standards of T4and Tj, serum samples, and europium (Eu) T4 or T3 BSA were
added, then incubated at room temperature for 4 hr. After three washes with 0.9%

saline, europium was dissociated from the antibody-antigen complex on the surface of
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the wells with enhancement solution (Wallac Oy). Intensity of fluorescence from
dissociated Eu was measured with a time resolved fluorometer (1234 DELFIA
fluorometer, Wallac Oy) using DOS based multicalc software. Standard curves in each
assay were plotted and values were calculated automatically by the time-resolved
fluorometer. The intra-assay coefficient of variations (CV) ranged 7.9%, and inter-

assay CV was 12.6%.

10) Real time PCR

Total RNA was extracted from whole bodies of embryos and alevins, and single
olfactory epithelium, using ISOGEN (Nippongene) according to the manufacturer’s
instruction. The concentrations of total RNA were determined by measurement of
optical density at 260/280 nm and its quantity and also integrity were verified by gel
electrophoresis. RT reaction was performed with ExScript® RT reagent kit (TaKaRa).
Total RNA (200 ng) was used for RT reaction in a mixture containing 1xExScript”
Buffer (50 mM KCI, 10 mM Tris—HCL, pH 8.3), 0.5 mM dNTP Mixture, 50 uM
Random 6 mers, 25 U ExScript® RTase and 5 U RNase inhibitor. The reaction was
performed at 42 °C for 15 min, and stopped at 92 °C for 2 min.

Real time PCR was carried out with Mx3000P QPCR System (Stratagene).
Nucleotide sequences of primers and probes are shown in Table 6. The PCR reaction
mixture contained 1xPremix Ex Taq™ (TaKaRa), 1xROX Reference Dey II, 100 nM
each forward and reverse primers and 130 nM of fluorogenic probe. Amplification
profile was 40 cycles of 95°C for 15 sec and 60°C for 1 min (annealing and extension).
To determine the amounts of SOIG mRNA, the full-length cDNA was used as a

standard. The standard cDNA was serially diluted in the concentration of 1 x 10*-1 x
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10" copy (Fig. 7). In the assay, several doses of standard cDNA were applied in
triplicate and sample cDNA prepared from total RNA were applied in duplicate. A
standard sample was applied in triplicate to estimate coefficients of variation (CV)
within and between runs. The range of intra-assay CV ranged 2.2-9.8% and
inter-assay CV was 18.56%. The amounts of SOIG mRNA were expressed as copies

per microgram total RNA.

11) Triiodothyronine (T5) injection

As the treatment group fish were injected intraperitoneally with T3 [0.1 and 1
ug/BW (g), 3,3’,5-triiodo- -thyronine; Sigma, St. Louis, USA] dissolved in salmon
Ringer solution (150 mM NaCl, 31 mM KCl, 3 mM MgSO4, 10 mM MgCl,, 34 mM
CaCl,, 40 mM HEPES, 0.1% glucose, pH 7.5, 0.01 N NaOH) and fish injected with
salmon Ringer solution alone were served as the control group. The injected fish were
returned to water tanks and five individuals were randomly sampled from each group
48 hours post-injection. Plasma samples were collected and stored at -30°C until
assays of T;. Fish were anesthetized with 0.005% eugenol and then the olfactory
epithelium was surgically isolated. These tissues were stored at -80°C until prepa-

ration of total RNA.

12) Statistical analysis
All data are expressed as means + SEM. Statistical differences were deter-
mined using one-way analysis of variance (ANOVA) followed by Tukey’s test. Data

were considered significant when p<0.01 and p<0.05.
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Fig. 7 Typical standard curve for quantitative real time PCR for SOIG mRNA.
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Results
1) Northern blot analysis for SOIG mRNA expression in five salmonids

Expression of clone 2 mRNA in the brain (telencephalon, hypothalamus, optic
tectum, cerebellum, and medulla oblongata) and body tissues (olfactory epithelium, gill,
liver, heart, head kidney, spleen, muscle, intestine, and testis) from one-year-old
lacustrine sockeye salmon, masu salmon, rainbow trout, under yearling chum salmon
and under yearling pink salmon were analyzed by Northern blotting. Hybridized
signal corresponding to 1.7 kb was detected in the olfactory epithelium of lacustrine
sockeye salmon (Fig. 8). No signal was detected by Northern blot analysis in other
tissues. I named this clone “Sockeye salmon Olfactory system Imprinting related
Gene” (SOIG). Moreover, in four salmonid species, SOIG cRNA probe was

hybridized only in the olfactory epithelium (Fig. 9).

2) Localization of SOIG mRNA in the olfactory system of lacustrine sockeye
salmon

To determine the distribution of SOIG mRNA expression in the olfactory
epithelium and olfactory bulb, in situ hybridization was performed using DIG-labeled
sense and anti-sense RNA probes. The signals for SOIG were observed mainly in the
olfactory receptor and basal cells in the olfactory epithelium of one-year-old lacustrine
sockeye salmon (Fig. 10). The hybridization with labeled sense control probe showed
no detectable hybridized signals in adjacent sections. On the other hand, no SOIG

probe was detected in the olfactory bulb (data not shown).
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Fig. 8 Northern blot analysis of one-year-old lacustrine sockeye salmon SOIG mRNA.
(A) Brain tissues (lane 1, olfactory bulb; lane 2, telencephalon; lane 3, hypothalamus;
lane 4, optic tectum; lane 5, cerebellum; lane 6, medulla oblongata, and lane 7,
olfactory epithelium). (B) Body tissues (lane 1, olfactory epithelium; lane 2, gill; lane
3, liver; lane 4, heart; lane 5, head kidney; lane 6, spleen; lane 7, muscle; lane 8,
intestine, and lane 9, testis). Total RNA (10 pg) isolated from brain and body tissues
were blotted to nylon membranes. The positions of SOIG transcripts are indicated by
arrows. The relative positions of 28S and 18S ribosomal RNA are indicated.

Northern blot analysis was performed using pooled samples from 5 fish.
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Fig. 9 Northern blot analysis of one-year-old masu salmon (A), under yearling chum
salmon (B), under yearling pink salmon (C) and one-year-old rainbow trout (D) SOIG
mRNA in the whole brain and body tissues. Lane 1, olfactory epithelium; lane 2, gill;
lane 3, liver; lane 4, heart; lane 5, head kidney; lane 6, spleen; lane 7, muscle; lane 8§,
intestine; and lane 9, whole brain. Total RNA (10 pg) isolated from each tissues were
blotted to nylon membranes. Maker is indicated by arrows. The relative positions of
28S and 18S ribosomal RNA are indicated. Northern blot analysis was performed

using pooled samples from 5 fish.
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Fig. 10 Expression of SOIG mRNA demonstrated by in situ hybridization in the
olfactory epithelium of lacustrine sockeye salmon. (A) Adjacent sections were stained
with Carazzi’s hematoxylin and eosin. (B) Section hybridized with antisense probes.
(C) Section hybridized with sense probes as a negative control. a, olfactory receptor
cell. b, basal cell. Scale bar: 100 um.
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3) Expression of SOIG mRNA in the olfactory bulb of one-year-old individual
lacsutrine sockeye salmon

Semi-quantitative RT-PCR was performed to detect the expression levels of
SOIG mRNA in the olfactory bulb of one-year-old individual male fish in May, 2003
(n=3). The saturation of B-actin in the olfactory bulb was detected in 30 cycles in all
fish (data not shown). On the other hand, a weak band of SOIG mRNA in the
olfactory bulb of fish 1, 2 and 3 were detected at 48-50 cycles (Fig. 11). I predicted
that the characterization of SOIG mRNA in the olfactory bulb would be difficult,
because the amount of SOIG mRNA in the olfactory bulb was very low. Hence, to
obtain the characterization of SOIG, I carried out using the olfactory epithelium in the

future analysis.

4) cDNA cloning and characterization of SOIG

To isolate a full-length SOIG c¢cDNA, a cDNA library from the olfactory
epithelium of one-year-old lacustrine sockeye salmon was constructed. The cDNA
library was screened using the cDNA probe, which was synthesized from the same
template as that used to generate Northern blot probes. The screening of approximate-
ly 1.2 x 10° plaques from the cDNA library yielded positive clones for SOIG, and these
clones were subjected to sequence analysis.

The longest SOIG cDNA was 1,700 bp in length, having an open reading frame
of 756 bp encoding 252 amino acids. A putative polyadenylation signal was located
19 and 29 nucleotides upstream of the poly (A) tail. The first ATG codon was located
at nucleotides 7 to 9. The partial SOIG cDNA isolated from forward subtraction

cDNA library was located at nucleotides 318 to 487 of the full-length cDNA (Fig. 12).
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Fish 1 Fish 2

40 48 cycle 45 50 cycle
SOIG

Fish 3
45 50 cycle

3-actin

Fig. 11 Semi-quantitative RT-PCR amplification of SOIG mRNA in the olfactory bulb.
RT-PCR was performed using the olfactory bulb of one-year-old individual fish.
Results of 3% agarose gel electrophoresis of semi-quantitative RT-PCR products are
shown. SOIG products and B-actin mRNAs were amplified from aliquots of the same
mRNAs of the olfactory bulb of individual fish.
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1 CTCAGAATGAAACACACCATCATTCTCTTACTGGCTTGTATGCTGCTCTGCATTGCCGTC
Mok HL LU LLLLLLLL A M LLLG LA 18

61 TCTTGTTCAGCCGCTCTGCAGTGTTTCACCTGTAAAGATCTGGCAGACACCCACTGCTTA
Sonb S 4,0, L0 I DG 35

121  GAACAAACCCTGGAGACCTGCAGTGATGGACAAGTGTGTTCCACAAACTCCAGCAGCTCT
EQTLETC CSDG G QVCSTNSSS S 58

181 CTGCGATCCTCCGTAGTTGTTAATGACAGAGGACGCATCCATTTTAGCATTTGGGACGTT

L RSSVVVNDIRSGRIHZFSI1T WDV 78
241 GACATTGATATCCGCTGGGGAAAAGACCGTACAGCAACCAACCCCAACGTTGTTTCAAAC

DI DI RWGKUDIRTATNUPNWVV SN 98
301 TCAAGTATCAATGAGAGGATCGTGAAGGGATGCATGGACGACCATTTTTGTCAGTCAAGC

s S1 NERI VKGCMDUDWHZFZCAQS S 118
361 CCCAAAATGTCTTTGAATATCGGTTTCCATCAATTCACTTCTTCGTGCTGCAACTCATCT

P KM SLNIGFHAOQFTS S CUCNS S 138

421 GGCTGCAACAGTGACACTTTCTCTGACGACCCCCACAATGGACTTGAGTGTTTTTCTTGC
G CNSDTZFSDUDUPHNSGTILEIIC FEF S C 158
481 ACTGATCCAGAAGATGAGGTTTGTAATCAGGCTGTGACCTGCCAGGGAGTTCAGGATCAC
T bDPEDEVCNOQAVTCOQGV Q DH 178
541 TGTCTTAATGACACAGTGACAGCAAGTAATGGTCGGTCTGTGACTCTTCGAGGCTGTGTC
c LNDTUVTASNSG GRSV TLRGT CV 198
601 TCCAGGAGTATGTGTGGTTCCGGTTCTGGTTCTGTGTCCTGCTGTGAGGGAAGTCTCTGC
S RSMCGSGSGSV S CCEGS L C 218
661 AACAGAAACAGGGCTATGAATTCCGCTCAGCCTGTAGCACTTACAGTCCTCACTCTGCTA
NR NRAMNSAQPV AL TV L T L L 238
721 GTTGGGATAACAACCACCACACTTCTACAATCAGTCGATCAATGAATATCTTGATTGGGG
v 6 I T T TTULULQ SV D Q * 252
781 TTTCTTGAGGATTTGCATATTTTTCTCATGAGGATTAGTTTTGTGGGCATCTACTTCTGG
841 GGCTTTCACACTCTGTATTGTCCAAAGTGTAACGACCTTGTCACTCCCTGACCCACTAGA
901 GTACTGTGGGATCTGTTGCTTGTTGCTCATCAGAAGGCTGCTGAATATAACAATTCTGAC
961 CAACAAAAGAATACTTGATGGTGTTGGACAGAAACTCTTCTGAAATTATGCATTTCATTT
1021 ATTAAACTTGGAGGTTGTGTTGAGTGATGAAATTATGGGTATTCTAACTTTCTTTTCTTT
1081 TAATCTAGCCTGTTCGATTACTGTAAAGCTCTTTGTGGTCTAAGCCGGGTTACTGTAAAG
1141 CTCTTGGTGGTCTAAGCCGGGTTACTGTAAAGCTCTTTGTGGTCTATGCCGGGTTACTGT
1201 AAAGCTCTTTGTGGTCTAAGCCGGGTTACTGTAAAGCTCTTTGTGGTCTAAGCCGGGTTA
1261 CTGTAAAGCTCTTTGTGGTCTAAGCCGGGTTACTGTAAAGCTCTTTGTGGTCTAAGCCGG
1321 ATTACTGTAAAGCTCTTTGTGGTCTAAGCCGGGTTACTGTAAAGCTCTTTGTGGTCTAAG
1381 CCAGGTTTCTGCAAAGCTCTTTGTGGTCTAGGCCGGGTTACTGTAAAGCTCTTTGTGGTC
1441 TAAGCCGGGTTACTGTAAAGCTCTTTGTGGTCTAAGCCGGGTTACTGTAAAGCTCTTTGT
1501 GGTTTAGGCCAGGTTCCTGCAAAGCTCTTTGTGGTCTAGGCCAGGTTCCTGCAAAGCTCT
1561 TTGTGACAACTGTTGATGTAAAAGGGACTTACATTTTATTGATTGATGAATTAACAAATG
1621 TACATCAACACAGGCATTTAATCAAACATGTTAATAAATAATAATAAACATTCATACTAC
1681 TAAAAAAAAAAAAAAAAAAA 1700

Fig. 12 Nucleotide sequence and deduced amino acid sequence of full-length SOIG
cDNA. The stop codon (TGA) and polyadenylation signal (AATAAA) are indicated
by an asterisk and thin underlines, respectively. The nucleotide sequence of partial
SOIG cDNA isolated from forward subtractive cDNA library is colored in red.
Conserved cysteine residues are in bold letters. Lymphocyte antigen-6 (Ly-6) domain

is indicated by shade. The putative sequence of signal peptide is dotted underline.
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The deduced amino acid sequence had a calculated molecular mass of 27.0 kDa, and
signalP peptide analysis revealed that it contained a putative signal peptide of 23 amino
acids. DDBJ search revealed SOIG identity 23, 21 and 21% similarity with the amino
acid sequence of u-PAR from human (Zhu et al., 2000), cattle (Kratzschmar et al., 1993)
and monkey (Engelholm and Behrendt, 2001), respectively (Fig. 13). The domain
search revealed that SOIG amino acid contained two homologous cysteine-rich domains
of lymphocyte antigen-6 (Ly-6; positions 26-141, 155-219; Figs. 12 and 14A). Ly-6
superfamily domain consists of 8 to 10 conserved cysteine residues with the character-
istic spacing pattern. Comparison of each domains of SOIG with members of Ly-6
superfamily showed that SOIG contains six of these cysteines with the conserved

spacing (Fig. 14B).

5) Isolation of cDNA encoding SOIG from four salmonid species

The cloned full-length cDNA encoding SOIG of masu salmon and chum salmon
consists of 1,586 and 1,802 bp, respectively (Figs. 15 and 16). The open reading
frame of masu salmon and chum salmon is composed of 251 and 256 amino acid
residues, and the transcripts contain polyadenylation signal in 5’ untranslated region
(nucleotide 1,527-1,532, masu salmon; nucleotide 1,763-1,768 and 1,773-1,778, chum
salmon). The deduced amino acid sequence had calculated molecular mass of 26.6
and 27.2 kDa. The putative open reading frame of cDNA of pink salmon and rainbow
trout consists of 765 bp, encoding 255 amino acids (Fig. 17). The deduced amino acid
sequence had a calculated molecular mass of 27.2 kDa. SignalP program predicted
that the N-terminus would be cleaved at between Ala* and Leu®* by translational

processing in masu salmon, chum salmon, pink salmon and rainbow trout, and this
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b
Human uPAR MGHPPLLP—LLLLLHTCVPASWbLRCMQCKTNGDCRVEECALGQDLCRTTIVRLWEEGEE 59
Monkey uPAR  MGHPLLLPLLLLLLHTGVPASWGLRCMQCNGHGNCRVEECALGQONLCRTTSVRHWEEGEE 60
Bovine uPAR MGQPLLLL---LLVYTYIPGSWGLRCLQCENTTSCSVEECTPGQDLCRTTVLSVWEGGNE 57
SOIG MKHT IITLLLACMLLCIAVSCSAALQCFTCK=======——- DLADTHCLEQTLETCSDGQ- 49

DI >

> 4_
Human uPAR LELVEKSCTHSEKTNRTLSYRTGLKITSLTEVVCGLDLCNQGNSGRAVTYSRSRYLECIS 119
Monkey uPAR VEMVEKSCTHSEKTNRTMSFRTGVRITTLTEAVCGLDLCNQDSSGPAVTFPRSRFLECIS 120
Bovine uPAR MNVVRKGCTHPDKTNRSMSYRAADQI ITLSETVCRSDLCNKPNPGRDATVSRNRYLECAS 117
SOIG e VCST---NSSSSLRSSVVVNDRGRIHFS 74

D 11

Human uPAR CGSSDMSCERGRHQSLQCRSPEEQCLDVVTHWIQEGEEGRPKDDRHLRGCGYLPGCPGSN 179
Monkey uPAR CGSSDMSCERGRHQSLQCTSPKEQCLDMVTHRTSEAEEGRPKDDHHIRGCGHLPGCPGIA 180
Bovine uPAR CSSTDLSCERGWDQTMQCLKSRDQCVDV ITHRSLKEN---PGDERHIRGCGILPGCPGPT 174
SOIG IWDVDIDIRWGKDRTATN==————- PNVVSNSS—-—----- INERIVKGCMDDHFCQSSP 119

b d
Human UPAR GFHNNDTFHFLK--CCNTTKCNEGP ILELENLPQNGRQCYSCKGNSTHGCSSEETFLIDC 237
Monkey uPAR GFHSEDTFHFLK--CCNTTKCNGGP ILSLANLPKNGHRCYSCQGNSTHGCSSENTVLTDC 238
Bovine uPAR GFHNNHTFHFLR--CCNTTKCNAGSVLELQNLPPNGLQCYSCEGNGAHRCSSEETFLIDC 232
SOIG KMSLNIGFHQFTSSCCNSSGCNSD---TFSDDPHNGLECFSCTDPEDEVCN----QAVTC 172

D 111

Human uPAR RGPMNQCLVATGTHEPKNQSYMVRGCATASMCQHAHLGDAFSMNHIDVSCCTKSGCNHPD 297
Monkey uPAR RGPMNQCLEATGIYEPLSESYMVRGCATSSMCQHDHVSDAFSMSHIDVACCTENDCNNPA 298
Bovine uPAR RGPMNQCLEATGTKGLRNPSYTIRGCAAPSWCQSLHVAEAFDLTHVNVSCCTGSGCNHPA 292
SOIG QGVQDHCLNDT-VTASNGRSVTLRGCVSRSMCGSGSG-====——-~— SVSCCEGSLCNR-- 220

—
Human UuPAR LDVQYRSGAAPQPGPAHLSLTITLLMTARLWGGTLLWT 335
Monkey uPAR EDIQHRSEAAPQPGPAHLSLTITGLMTARLWGGTLLWT 336
Bovine uPAR RDDQPGKGGAPKTSPAHLSFFVSLLLTARLWGATLLCT 330
SOIG --—NRAMNSAQPVALTVLTLLVGITTTTLLQSVDQ--- 252

Fig. 13 Amino acid sequence comparison of SOIG, human uPAR, cattle uPAR and
monkey uPAR. This alignment was performed using ClustalW (Thompson et al.,
1994). Identical amino acids are indicated by red characters. Similar amino acids are
depicted in blue characters. Dash represents a gap in the sequence introduced to
maximize alignment. The three positions of LY-6 superfamily domains in human,
cattle and monkey uPAR are indicated by lines (DI: positions 21-112, DII: 113-208,
DIII: 209-300).
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26 [OF KDLADTHCLEQTLE SDGQV[OSTNSSSSLRSSVVVNDRGRIHFS IMDVDIDIRIG 85
155 [JFSOTDPED-—————-- NQAVTIQGVQDHCLNDTVTASN=G=———— === ——m—— 189

86 KDRTATNPNVVSNSSlNERlVKggMDDHagQSSPKMSLN|GFHQFT3§Z§NSSjEN 141
190 --RSVT—————mmmmmmmee LR GSGS-————- G----SVSCJEGS

VSRS N 219

B

SOIG domain 2 DPEDEVCNQA----VT[CRGVQDHCLNDTVT---ASN-GRSVTLRG----——-- 196
Bovine uPAR domain 3 GNGAHRCSSEETFL IDCRGPMNQCILEATGT---KGLRNPSYTIRG—==---—~ 257
Mouse LY6 A domain GVPFETSCPS----1T|CPYPDGVCVTQEAA-—-VIVDSQTRKVKN-=—————— 71
Mouse LY6 C domain GVPIETSCPA----VT|ICRASDGHC{IAQNIE---L1EDSQRRKLKT == ===——~ 71
SOIG domain 1 DLADTHCLEQT--LET|CSDGQ-VCSTNSSS—---SLRSSVVVNDRGRIHFSIWD 77
Human CD59 domain N-PTADCKTA----VNCSSDFDACL I TKAG---LQVYNKCWKFEH---———-- 69
Bovine uPAR domain 2 S-TDLSCERGWDQTMQCLKSRDQCVDV I THRSLKENPGDERHIRG——==———~— 163
SOIG domain 2 197 -CVSRSMCGS--------- GSGSVS----- EGSLCN-=-======———mm e 219
Bovine uPAR domain 3 258 -CAAPSWCQSLHVAEAFDLTHVNVS----- CCTGSGCN--HPARDDQPGKG—-===—--- 300
Mouse LY6 A domain 72 -NLCLPICPPNIESMEILGTKVNVKT----SCCQEDLICN--VAVPNGGSTWTMAG----~- 119
Mouse LY6 C domain 72 -RQCLSFCPAGVP---1KDPNIRERT----SCCSEDLICN--AAVPTAGSTWTMAG----- 116
SOIG domain 1 78 VDIDIRWGKDRTATNPNVVSNSSINER I VKGCMDDHHACRS-SPKMSLNIGFHQFTSSCCN 136
Human CD59 domain 70 -CNFNDVTTR------ LRENELTYY-=--- CCKKDLICNFNEQLENGGTSLS-------~ 108
Bovine uPAR domain 2 164 -CGILPGCPGPTG--FHNNHTFHFLR-----CCNTTKCNAGSVLELQNLPPNG-~-----~ 208

SOIG domain 2~ ————-
Bovine uPAR domain 3 = —-——-—-
Mouse LY6 A domain = -—----
Mouse LY6 C domain --———-
SOIG domain 1 137 SSGCN 142
Human CD59 domain  -———-
Bovine uPAR domain 2 = —-———-

Fig. 14 (A) The two homologous cysteine-rich domains of SOIG are shown aligned to
each other. Upper and lower sequences are SOIG domain 1 and 2, respectively. (B)
Amino acid sequence comparison of each domains of SOIG and Ly-6 superfamily.
The protein sequences were retrieved from the Swissprot database (http://www.genom
e.jp) and aligned to ClustalW. Identical amino acids are shown in red. Conserved
cysteine residues are enclosed in boxes. Dash represents a gap in the sequence
introduced to maximize alignment. Similar amino acids are depicted in blue.
Numbers preceding the sequences indicate the first amino acid of Ly-6 superfamily
domain. Ly-6 motif (CCXXXXCN) is indicated by underlines.
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61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441

1501
1561

Fig. 15 Nucleotide sequence and deduced amino acid sequence of full-length cDNA
encoding SOIG of masu salmon.
(AATAAA) are indicated by an asterisk and underline, respectively.

cysteine residues are shown in bold letters.

GGTACTGGTAATCATTGCTTCAGCTCAGAATGAAACACACCACCATTCTCTTACTGGCTT

U G« O I O O O o
GTATGCTGCTCTGCATTGCCGTCTCTTGTTCAGCCGCTCTGCAGTGTTTCACCTGTAAAG
Gl L b G ALY LSS ALALL Q ICET I C K

ATCCAGCAGACACCCACTGCTTAGAACAAACCCTGGAGTCCTGCAGTGATGGACAAGTGT
DPADTUHE CLTET QTLEST ST CSDGOQV
GTTCCACAAACTCCAGCAGCTCTCTGCAATCCTCCGATGTTAATGACAGAGGACGCATCC
CSTNSSSSLGQSSDVNDTRGR R I
ATTTTAGCATTTGGGACGTTGACATTGATATCCGCTGGGGAAAAGACCGTACAGCAACCA
HES T WDVDTIDIRMWGIKTDTRTAT
ACCCCAACGTTGGTATCAATGAGAGGATCGTGAAGGGATGCATGGATGACCAGTTTTGTC
NP NV GINETRTIVYIKSG® CMDTUDTOQFC
AGTCAAGCCCCAAAATATCTCTGAATATCGGTTTCCATCAATTCACTTCTTCGTGCTGCA
Q SSPKISLNTIGTFHTO QEFEFTSSTCC
ACTCATCTGGCTGCAACAGTGACACTTTCTCTGACGACGCCCACAATGGACTTGAGTGTT
N“S"S"G"C"N S D TF SDDAUHNGTL EIC
TTTCTTGCACTGATCCAGAAGATGAGATTTGTAATCAGGCTGTGACCTGCCAGGGAGTTC
F'SCTDPETDTETILIT CNO QAVTTCROQGV
AGGACCACTGTCTTAATGACACAGTGACAGCAAGTAATGGTCGGTCTGTGACTCTTCGAG
Q DHCLNDTVTASNGT RSV TLR
GCTGTGTCTCCAGGAGTATGTGTGGTTCTGGTTCTGGTTCTGACTCTGGTTCTGTGTCCT
G CVSRSMCGSGSGSDSG S VS
GCTGTGAGGGAAGTCTCTGCAACAGAAACAGGGCTATGAATTCCGCTCAGCCTGGAGCAC
C'C'E'G'S'L'CNR N RAMNSAGQ QTPG A
TTACAGTCCTCTCTCTGCTAGTTGGGATAACAACCACCACACTTCTACAATCAGTCGATC

L Tv.LSLLV G111 TTTTULTULIGQS VD
AATGAACATCTTGATTGGGGGTTTCTTGAGGATTTGCATATTTTTCTCATGAGGTTTAGT
Q *

TTTGTGGGCATCTACTTCTGGGGCTATCACACTCTGTGTTGTCCAAAGTGTAACAACCTT
GTCACTCCCTGACCCACTAGAGTACTGTGGGATCTGTTGCTTGTTGCTCATCAGAAGGCT
GCTGAATATAACAATTCTGACCAACAAAAGACAACTTGGATGGTGTTGGACAGAAAACTC
TTCTGAAAATGATGCATTTCATTTATTCAACTTGGAGGTTGTGTTGAGTGATGAAATTAT
GGGTATCCTAACTTTCTTTTCTTTTAATCTAGCCTGGTTAGATTACTGTAAAAGCTCCTT
TGTGGTCTAAGCCGGGCTACTGTAAAGCTCTTGGTGGTCTATGACAGGCTACTGTAAAGC
TCATTGTGGTCTTGGCCAGGTTTTCTGCAAAGCTCTTTGTGGTCTAGGCCAGGTTACCTG
TAAATTTCTTTGTGGTCTAGGCCAGGTTACTGTAAAGCTCTTTGTGGTCTAGGCCAGGTT
TCTGCAAAGCTATTTGTGGTATAGGCCAGGTTAACTGTAAAGCTCTTTCTGGTGTAGGCC
AGGTTACCTGTAAAGCTCTTTGTGGTGTAGGCCAGGTTACTGTAAACGCTCTTTGTGGCA
ACTGTTGATGTAAAAGGGACTTACATTTTATTGATTGATAAATTAACAAATGTACATCAA
CACTGGCATTTAACTCAAACATAAATAATAAAAAATAAAAATAAATAAATAATAATAAAC
ATTCATACTACATAAAAAAAAAAAAA 1586

shade. The putative sequence of signal peptide is dotted underline.
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961
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Fig. 16 Nucleotide sequence and deduced amino acid sequence of full-length cDNA
encoding SOIG of chum salmon.
(AATAAA) are indicated by an asterisk and underline, respectively.

cysteine residues are shown in bold letters.

GTACTGGTAATCATTGCTTCAGCTCAGAATGAAACACACCATCATTATCTTACTGGCTTG
TATGCTGCTCTGCTTTGCCGTCTCTTGTTCAGCCGCTCTGCAGTGT T TCACCTGTARAGA
ML LL G ELALYLSLELSLALALL Q CTFT T CT KD
TCCGGCAGACACCCGCTGCT TAGAACAAACCCTGGAGACCTGCAGTGATGGACAAGTGTG
PADTRTCLET QTLTETT CSDGO QVC
TTCCACAAACTCCAGCAGCTCTCTGCAATCCTCCGCTATTGATAATGACAGAGGACGCAT
S TN SSSSLQSSATIDNDTRGR RI
CCATTTTAGCATTTGGGACGTTGACACTGATATCCGTTGGGGAAAAGACCGTACAGCAAC
HFSI1WDUVDTUDTIRWGI KT DT RTAT
CAACCCCAACGTTGTTTCAAACTCAAGTAATAATGAGAGGATCGTGAAGGGATGCATGGA
NP NV VSNSSNNETRTIVYVZKTGT CMD
TGACCATTTTTGTCAGTCAAGCCCCAAAATGTCTTTGAATATCGGTTTCCATCAATTCAC
DHFCQSSPIKMSTLNTIGTEHO QEFT
TTCTTCGTGCTGCAACTCATCTGGCTGCAACAGTGACACTTTCTCTGACGACCCCCACAA
SSC C N S"S"G'CN SDTTFSDTUDTPH N
TGGACTTGAGTGTTTTTCTTGCACTGATCCAGAAGATGAGGTTTGTAATCAGGCTGTGAT
G LECFSOCTDTPEDTEVCNO QAVI
CTGCCAGGGTGGTCAGGATCACTGTCTTAATGACACAGTGACAGCAAGTAATGGTCGGTC
C QG GQDHCLNDTVTASNTGTR R S
TGTGACTCTTCGAGGATGTGTCTCCAGGAGTATCTGTGGTTCCGGTTCTGGTTCTGACTC
VTLRGCVSRSICGSGSGSTD S
TGGTTCTGTGTCCTGCTGTGAGGGAAGTCTCTGCAACAGAAACAGGGCTATGAATTCCGC
GUSTVS T C e ENGES T CN R N R A M N S A
TCAGCCTGTAGCACTTACAGTCCTCGCTCTGCTAGTTGGCATAACAACCACCACACTTCT
Q PVALTVLALLVYGITTTTLIL
ACAATCAGTCGATCAATGAATATCTTGATTGGGGTTTCTTGAGGATTTTCATATTTTTCT
Q SV DOQ *
CATGAGGATTAGTTACGTGGGCATCTATTTCTGGGGCTATCACACTCTGTGTTGTCCAAA
GTGTAACAACCTTGTCACTCCCTGACCCACTAGAGTACTGTGGGATCTGTTGCTTGTTGC
TCATCAGAAGGCTGCTGAATATAACAATTATGACCAAAAAAAGACTACTTGATTGATGGT
GTTGGACAGAAACTCTTCTGAAATGATTCATTTCATGTATTAAACTTGGAGGTTGTGTTG
AGTGATGAAATTATATTATATAAATATATATATAATATATTATATGTATAAATTATGGGT
ATTCTAACTTTCTTTTCTTTTAATCTAGCCTGTTCGATTACTGTAAAGCTCTTGGTGGTC
TAAGCCGGGTTACTGTAAAGCTCTTGGTGGTCTAAGCCGGATTACTGTAAAGCTCTTTGT
GGTCTAAGCCGGGTTACTGTAAAGCTCTTGGTGGTCTAAGCTGGGTTACTGTAAAGCTCT
TGGTGGTCTAAGCCGGGTTACTGTAAAACTCTTTGTGGTCTAAGCCAGGCTACTGTAAAG
CTCTTTGTGGTGTAGGCCAGGCTACTGTAAAGCTCTTTGTGGTGTAGGCCAGGTTCCTGC
AAAGCTCTTTGTGGTCTAGGCCAGGTTACTGTAAAGCTCTTTTTGGTGTAGGCCAGGTTC
CTGTAAAGCTCGTTGTGGTTTAGGCCAGGTTACTGTAAAGCTCTTTGGTCTAGGCCAGGT
TACTGTAAAGCTCTTTTTGGTTTAGGCCAGGTTACTGTAAAGCTCTTTGTGGTTTAGGCC
AGGTTACTGTAAAGCTCTTTGTGGTGTAGGCCAGGTTCCTGTAAAGCTCTTTGTGGCAAC
TGTTGATGTAAAAGAGACTTCCATTTTATTGATTGATGAATTAACAAATGTACATCAACA
CTGGCATTTAATCAAACATGTTAATAAATAATAATAAACATTCATACGAAAAAAAAAAAA
AA 1802

shade. The putative sequence of signal peptide is dotted underline.
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A 1 ATGAAACGCACCATCACTCTCTTACTGGCTTGTATGCTGCTCTGCATTGCCGTCTCTTGT
KR ALGL ML L LG L ALYLLSLG 20

61 TCAGCCGCTCTGCAGTGTTTCACCTGTAAAGATCCGGCAGACGCCCGCTGCTTAGAACAA
cPese et s, O IS G SO S R_ 40

121 ACCCTGGAGACCTGCAGTGATGGACAAGTGTGTTCCACAAACTCCAGCAGCTCTCTGCAA
TLETCSDG G QVCSTNSSSSLQ 60

181 TCCTCCGTTGATAATGACAGAGGACGCATCCATTTTAGCATTTGGGACGTTGACATTGAT

S SVDNDRGRI HFS 1T WDVD 1 D 80
241 ATCCGCTGGGGAAAAGACCGTACAGCAACCAACCCCAACGTTGTTTCAAACTCAAGTATC
I RWGKDIRTATNZPNVV S NS S I 100

301 AAAGAGAGGATCGTGAAGGGATGCATGGATGACCATTTTTGTCAGTCAAGCCCCAAAATG

K ER 1 V KGOCMDUDUHTFETCIOQS S P KM 120
361 TCTTTTAATATCGGTTTTCATCAATTCACTTCTTCGTGCTGCAACTCATCTGGCTGCAAC

S FNI1ITGFHO QFTSSOCCNSSGC N 140
421 AGTGACACTTTCTCTGACGACCCCCACAATGGACTTGAGTGTTTTTCTTGCACTGATCCA

S DTF SDDGPHNG L ErCopsSsCoToDop 160
481 GAAGATGAGGTTTGTAATCAGGCTGTGATCTGCCAGAGTGTTCAGGATCACTGTCTTAAT

EDEVCNO QA AV I CQSV QDUHTCTL N 18
541 GACACAGTGACAGCAAGTAATGGTCGGTCTGTGACTCTTCGAGGCTGTGTCTCCAGGAGT

DTV TASNGRSVYVYTLRGT CV SR S 200
601 ATGTGTGGTTCCGGTTCTGGTTCTGACTCTGGTTCTGTGTCCTGCTGTGAGGGAAGTCTC

M CGSGSGSDSGSV SCCEGS L 22
661 TGCAACAGAAACAGGGCTATGAATTCCGCTCAGCCTGTAGCACTTACAGTCCTCGCTCTG

CoNTR N R AMNGSAOQPVALTVL AL 240
721 CTAGTTGGCATAACAACCACCACACTTCTACAATCAGTCAATCAATGA 768

LVGITTTTLLG GQSVNQ Q * 255

1 ATGAAACGCACCATCACTCTCTTACTGGCTTGTATGCTGCTCTGCATTGCCGTCTCTTGT
KGR LU L L LALLM L L LG AL MLLSLG 20

61 TCAGCCGCTCTGCAGTGTTTCACCTGTAAAGATCCGGCAGACGCCCGCTGCTTAGAACAA
S.A AL Q CF T CKDPADA ARG C L EQ 40

121 ACCCTGGAGACCTGCAGTGATGGACAAGTGTGTTCCACAAACTCCAGCAGCTCTCTGCAA
TLETCSDGI QVCSTNSSSSLQ 60

181 TCCTCCGTTGATAATGACAGAGGACGCATCCATTTTAGCATTTGGGACGTTGACATTGAT

s SVDNDRGRI HFS 1T WDVD 1 D 80
241 ATCCGCTGGGGAAAAGACCGTACAGCAACCGACCCCAACGTTGTTTCAAACTCAAGTATC

Il R WG KD RTATDZPNV VS NS S I 100
301 AAAGAGAGGATCGTGAAGGGATGCATGGATGACCATTTTTGTCAGTCAAGCCCCAAAATG

K ER I V KGCWMDUDHZEFTCAQS S P K M 12
361 TCTTTTAATATCGGTTTCCATCAATTCACTTCTTCGTGCTGCAACTCATCTGGCTGCAAC

S F NI GFHOQFTSSCCNSSGC N 140

421 AGTGACACTTTCTCTGACGACCCCCACAATGGACTTGAGTGTTTTTCTTGCACTGATCCA

S DT F S DDWPWHNGTL EF S CTD®P 160
481 GAAGATGAGGTTTGTAATCAGGCTGTGATCTGCCAGAGTGTTCAGGATCACTGTCTTAAT

EDEVCNO QAVI CQSVQDHTCTLN 180
541 GACACAGTGACAGCAAGTAATGGTCGGTCTGTGACTCTTCGAGGCTGTGTCTCCAGGAGT

DTV TASNG GRSV TLRSGT CVS R S 200
601 ATGTGTGGTTCCGGTTCTGGTTCTGACTCTGGTTCTGTGTCCTGCTGTGAGGGAAGTCTC

mMm€¢cGSGS G SDSGS VS COCETGS L 22
661 TGCAACAGAAACAGGGCTATGAATTCCGCTCAGCCTGTAGCACTTACAGTCCTCGCTCTG

CNNR NR AMNSAQPV AL TV L A L 240
721 CTAGTTGGGATAACGACCACCACACTTCTACAATCAGTCGATCAATGA 768

L v 61 T TTTULULOGQSVDQ * 255

Fig. 17 Nucleotide sequences and deduced amino acid sequences of full-length cDNA
encoding SOIG of pink salmon (A) and rainbow trout (B). The stop codon (TGA) is
indicated by an asterisk. Conserved cysteine residues are showed in bold letters.
Ly-6 superfamily domain is shaded. The putative sequence of signal peptide is dotted

underline.
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cleaved position corresponds to the cleaved position of SOIG. The amino acid
sequence of SOIG was compared with SOIG homologs of four salmonid species (Fig.
18). SOIG showed high identity (93-94%) with SOIG homologs of masu salmon,

chum salmon, pink salmon, and rainbow trout.

6) Changes in condition factor and serum T4 concentrations of one-year-old
lacustrine sockeye salmon

Condition factors (CF) in both sexes tended to decrease from March to June and
then increased toward September (Fig. 4A). In the males, CF in June (6.62 + 0.1%)
tended to lower than in March (Fig. 4A). On the other hand, CF in June of the females
(6.62 + 0.36%) was significantly lower than those in other months.

Serum T4 concentrations were measured in one-year-old lacustrine sockeye
salmon from February to September 2006. Serum T, levels of the males peaked in
May (3.06 = 0.2 ng/ml) and decreased toward in June (Fig. 19). Especially, the serum
T4 concentrations in May to June were significantly higher than those in February and
July. On the other hand, serum T4 of the females also peaked in May (4.28 + 0.8
ng/ml) and then sharply decreased in June. The T4 serum concentrations in May were
significantly higher than those in other months.

It is reported that CF decreases at the PST (Hoar, 1988), and plasma Ty
increased during the PST (Dickhoff et al., 1978; Yamauchi et al., 1984). Hence,
samples using in this study correspond to pre-PST from February to March, PST from

April to June, and post-PST from July to September.
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Chum salmon
SOIG
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Pink salmon
Rainbow trout
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Pink salmon
Rainbow trout
Chum salmon
SOIG

Masu salmon

Pink salmon
Rainbow trout
Chum salmon
SOIG

Masu salmon

salmon, chum salmon, pink salmon, and rainbow trout.

Similar amino acids are depicted in blue.
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MDDH
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CRSSPK

NSS
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performed using ClustalW. Gaps are introduced to maximize homology.

salmonid species is indicated by arrowhead.
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Fig. 18 The amino acid sequence alignment of SOIG and SOIG homologs of masu
The multiple alignment was
Identical
amino acids are shown in red. Conserved cysteine residues are enclosed in boxes.
Ly-6 motif (CCXXXXCN) is indicated by
The signal peptide cleavage site of SOIG and SOIG homologs of four
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Fig. 19 Changes in serum thyroxine (T4) concentrations of one-year-old lacustrine
sockeye salmon in 2006. T, levels of one-year-old lacustrine sockeye salmon from
February to September are shown. Values represent the means = SEM. The bold and
normal letters are represented significant differences for males and females among the
months, respectively. Significant differences among the months are identified with
different letters (p < 0.05 by one-way ANOVA following Tukey’s test).
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7) Sexual maturation of lacustrine sockeye salmon and chum salmon

In three-year-old fish of lacustrine sockeye salmon, GSI of female increased
significantly in August (10.64 + 1.21%) and reached maximum value in September
(12.93 + 1.98%; Fig. 4B). On the other hand, GSI of males peaked in August (4.71 +
0.30%) and decreased toward September (Fig. 4B). Final maturations as ovulation and
spermiation were confirmed all fish in September.

In male chum salmon, the GSI peaked in the estuary (6.35=+0.67%, 2003;
6.14 £ 0.14%, 2004) and then decreased toward the spawning ground, because of
completion of spermatogenesis and release of milt into abdomen (Fig. 6A). In females,
the GSI peaked in the pre-spawning ground (21.30 £ 1.18%, 2003; 22.73 £ 0.93%,
2004; Fig. 6B). In both sexes, ovulation and spermiation were confirmed for all fish in

spawning ground.

8) Changes in SOIG mRNA levels during ontogeny of lacustrine sockeye salmon
Expression levels of SOIG mRNA of alevin were significantly higher than those
of embryos 43 and 60 days after fertilization (Fig. 20). On the other hand, the SOIG
mRNA levels at embryonic day 60 tended to be higher than those at day 43. However,
the SOIG mRNA levels between embryonic day 43 and 60 were not statistically

significant.

9) Changes in SOIG mRNA levels in the olfactory epithelium of lacustrine sockeye
salmon from emergence to post-PST
In both sexes, the basal level of SOIG mRNA was 0.023-0.058 x 10° copies/ug

total RNA as measured in fly, and constantly elevated till March at the pre-PST.
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Fig. 20 Changes in SOIG mRNA levels during ontogeny of lacustrine sockeye salmon.

Data are represented as means £ SEM.

Significant differences among the sampling

days after fertilization are indicated (*p < 0.01 by one-way ANOVA following Tukey’s

test).
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During the PST, SOIG of male fish peaked in May and significantly increased when
compared to SOIG mRNA levels from July to September in the post-PST (Fig. 21A).
On the other hand, SOIG mRNA levels of female fish peaked in March, and then tended
to decrease from March to May (Fig. 21A). Thereafter, SOIG mRNA levels of female
fish tend to increase in June and toward the post-PST as in male fish. Especially,
SOIG mRNA levels of females in June were significantly higher than in August at the

post-PST.

10) Changes in SOIG mRNA levels in the olfactory epithelium of lacustrine
sockeye salmon during sexual maturation

In the male fish, SOIG mRNA peaked in July and decreased gradually toward
the spawning period (Fig. 21B). On the other hand, it increased gradually from June to
August in the female fish. Thereafter, SOIG mRNA of the females decreased in
September and peaked in October. In both sexes, these changes were not statistically

significant.

11) Comparison of SOIG mRNA levels in one-year-old and three-year-old
lacustrine sockeye salmon

In both sexes, SOIG mRNA levels of one-year-old fish in the PST were higher
than three-year-old (Figs. 22A and B). In males, the SOIG mRNA levels showed
twofold increase in April at the PST in comparison with June, August, September and
October during sexual maturation. On the other hand, the mRNA levels in females in

June at the PST were significantly higher than those in three-year-old fish in June.
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Fig. 21 Changes in SOIG mRNA levels in the olfactory epithelium of lacustrine
sockeye salmon. (A) Changes in SOIG mRNA levels of lacustrine sockeye salmon
from fry to post-PST in 2006. (B) Changes in SOIG mRNA levels of three-year-old
lacustrine sockeye salmon during sexual maturation in 2006. Gray area indicates the
spawning period. Data are represented as means + SEM. Significant differences
among the months are indicated (**p < 0.01, *p < 0.05 by one-way ANOVA following
Tukey’s test).
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(p <0.05 by one-way ANOVA following Tukey’s test).
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12) Changes in SOIG mRNA levels in the olfactory epithelium of chum salmon
from early emergence to downstream migration

In under yearling chum salmon, SOIG mRNA indicated low levels from January
to April, then increased dramatically in May, and decreased in July in both sexes (Fig.
23). In females, SOIG mRNA levels in May were significantly higher than in other
months. In males, SOIG mRNA levels in May were significantly increased as

compared to the rest of months except in April.

13) Changes in SOIG mRNA levels of chum salmon during homing migration
During homing migration from branch point to spawning ground, SOIG mRNA
levels of males in 2003 increased at the pre-spawning ground, and then sharply
decreased toward the spawning ground (Fig. 24A). These levels at the pre-spawning
ground in 2003 were significantly higher than the rest of sampling points. On the
other hand, these levels of males in 2004 increased at the pre-spawning ground, with a
slight increase toward the spawning ground (Fig. 24A). In 2004, SOIG mRNA levels
of males at the pre-spawning point and spawning point were significantly higher than
those in the Bering Sea. In the females, the SOIG mRNA levels at the pre-spawning
ground tended to be higher than those from the Bering Sea to coastal sea in both years
(Fig. 24B). In 2004, SOIG mRNA levels of females at the pre-spawning ground
significantly higher than those at the branch point and spawning ground. Although
SOIG mRNA levels of females in 2003 also had the same tendency as in 2004 from
branch point to spawning ground, these changes were not statistically significant. In
both years, SOIG mRNA levels at the estuary tended to be higher than those at the

coastal sea in both sexes, but these increases were not also statistically significant.
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Fig. 23 Changes in SOIG mRNA levels in the olfactory epithelium of under yearling
chum salmon from January to July in 2006. Data are represented as means £ SEM.
Significant differences among the months are indicated (**p < 0.01, *p < 0.05 by
one-way ANOVA following Tukey’s test).
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Fig. 24 Changes in SOIG mRNA levels in the olfactory epithelium of males (A) and
females (B) during homing migration of chum salmon in 2003 and 2004. The bold
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sampling points, respectively. Significant differences among the sampling points are
indicated (p < 0.05 by one-way ANOVA following Tukey’s test).
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14) Influence of T; treatment

I analyzed whether the expression levels of SOIG mRNA in the lacustrine
sockeye salmon olfactory epithelium is influenced by the administration of Ts by real
time PCR analysis (Fig. 25). At 48 hours after injection of T3, the serum concentration
levels of T in both experimental groups were significantly higher than control group.
On the other hand, there were no significant changes in SOIG mRNA levels of the

olfactory epithelium between the Ts-treatment groups and the control group.
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Fig. 25 Changes in serum concentrations of T3 (A) and SOIG mRNA levels in the
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T3 dose are indicated (*p < 0.01 by one-way ANOVA following Tukey’s test).
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Discussion

In the present study, four partial cDNAs were isolated from a forward
subtractive cDNA library, and it was found that the expression levels of clone 2 (SOIG)
in the olfactory bulb of one-year-old lacustrine sockeye salmon was higher than that of
three-year-old fish. The predicted open reading frame of SOIG encodes a protein of 252
amino acids and displayed low amino acid sequence similarity with u-PAR which
belongs to Ly-6 superfamily. Overall amino acid identity between members of Ly-6
superfamily and SOIG is also low, ranging between 16% and 22%. However, this
family is defined by the presence of cysteine-rich domains, which contains 8 to 10
conserved cysteine residues (Palfree, 1996). SOIG contains two cystein-rich domains
that are homologous to each other, showing 35% identity, and conserved nine cysteine
residues (Fig. 14A). In each SOIG domains, 6 cysteins are conserved in Ly-6 super-
family (Fig. 14B). However, all Ly-6 superfamily contain a “signature sequence”, a
conserved sequence found around last 2 C-terminal cysteine residues of the domain.
This signature sequence consists of 8 residues with the sequence CCXXXXCN. This
sequence is also found twice in SOIG (positions 134-141, 212-219; Fig. 14B).

The u-PAR, a member of Ly-6 superfamily, has an important role in proteolysis
of extracellular matrix proteins (Tarui et al., 2001). The u-PAR is a heavily glycosyl-
ated signal-chain protein with a molecular weight of 50-60 kDa (Roldan et al., 1990),
and organized into three Ly-6 superfamily domains, differently folded domains of
approximately 90 amino acids, with four to five disulphide bonds (Ragno, 2006). In
contrast, the calculated molecular weight of SOIG is 27.0 kDa, and SOIG contains only
two Ly-6 superfamily domains. SOIG may be a novel member of the Ly-6 superfamily,

or a distant relative of this suprefamily that shares similar structure.
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Ly-6 superfamily members have been identified in several different species,
including human and mouse (McKenzie et al., 1977; Bickmore et al., 1993; Suh et al.,
1994), but the function of Ly-6 superfamily, except for uPAR, remains to be elucidated.
However, Chou et al. (2001) reported that Ly-6-related protein, odr-2, which contains
two Ly-6 superfamily domains has been isolated from C. elegans, and suggested that
odr-2 may regulate the olfactory neuron signaling within the neuronal network required
for chemotaxis. SOIG may have an important role in neurotransduction related with
olfaction in the olfactory epithelium of salmonids.

Northern blot analysis and in Situ hybridization revealed that SOIG mRNA was
expressed in the olfactory receptor cells and basal cells of the olfactory epithelium of
lacustrine sockeye salmon (Figs. 8 and 10). The major role of the olfactory receptor
cell may be the chemical stimulus detection, recognition of food and environmental
conditions (Wysocki and Meredith, 1987; Zielinski and Hara, 1988, 1992). On the
other hand, basal cells are the progenitor cells giving rise to all of the olfactory sensory
neurons, and the development and turnover of the olfactory receptor cells in the
olfactory epithelium occurs by proliferation of multipotent basal stem cells (Huard et al.,
1998; Jang et al., 2003). In rodent, the differentiation period from basal cell to mature
olfactory receptor cell was reported to be about one week using autoradiographic
analysis (Graziadei and Monti-Graziadei, 1979). In teleost, Yanagi et al. (2004)
reported that the differentiation period from basal cell to mature olfactory receptor cell
of one-year-old lacustrine sockeye salmon was found to be 7 days by monitoring cell
proliferation using 5-bromo-2’-deoxiyuridine (BrdU). Moreover, they demonstrated
that differentiation period from basal cell to immature olfactory receptor cell was 3 days,

and the present SOIG mRNA signal sites of the olfactory epithelium by in situ
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hybridization seemed to be similar to the localization of the BrdU immunoreactive site
in the immature olfactory receptor cells in the olfactory epithelium of lacustrine sockeye
salmon. Moreover, the SOIG mRNA levels of olfactory epithelium tended to increase
during homing migration of chum salmon (Fig. 24). Kudo (1994) reported that the
number of ciliated and microvillous olfactory receptor cells of chum salmon tends to
increase during homing migration by histological analysis. These reports suggest that
SOIG may play an important role in the differentiation period from basal cell to
olfactory receptor cell. In fact, Ly-6 superfamily related genes are expressed in the
stem cell of hematopoietic cell or immature thymocyte cell, and these genes are used as
a marker of precursor cells (van de Rijn et al., 1989; Classon and Coverdale, 1994;
Capone et al., 1996). Taken together, it is likely that these molecules play roles in cell
proliferation.

In this study, the amount of SOIG mRNA in the olfactory bulb of lacustrine
sockeye salmon was very low. Wensely et al. (1995) observed the localization of
olfactory maker protein (OMP) mRNA in the olfactory system of rat by in situ
hybridization, and suggested that OMP mRNA was synthesized in receptor cell bodies
in the olfactory epithelium and was transported into the axons and terminals in the
olfactory bulb. So, there is possibility that SOIG mRNA which is expressed in the
olfactory epithelium may be also transported in the olfactory bulb through the axons.
That is why there was low amount of SOIG mRNA in the olfactory bulb and it may
subject to change at the various periods of life history of salmon.

Yanagi et al. (2004) observed the development of the olfactory system during
ontogeny of lacustrine sockeye salmon, and reported that the cilia of the ciliated

receptor cells, and the olfactory nerve axons projecting from the olfactory placodes to
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the olfactory bulbs were observed at embryonic day 43 after fertilization. They
classified the component cells of the olfactory pit into olfactory receptor cells, basal
cells, supporting cells, and goblet cells at embryonic day 70 (hatched). In the present
study, the expression levels of SOIG mRNA of alevin was significantly higher than
those of embryos 43 and 60 days after fertilization, and the SOIG mRNA levels at
embryonic day 60 tended to be higher than embryonic day 43. These results raise a
possibility that the expression of SOIG mRNA may depend on the development of
olfactory system during ontogeny.

cDNAs encoding SOIG isolated from four salmonid species showed highly
homologous to SOIG (amino acid level: 93-94%) and contained two Ly-6 superfamily
domains and motifs (Figs. 15-18). The molecular weights of SOIG homologs were
very closed to each other (27.0 kDa in sockeye salmon; 26.6 kDa in masu salmon; 27.2
kDa in chum salmon; 27.2 kDa in pink salmon; 27.2 kDa in rainbow trout). Moreover,
SOIG RNA probe was hybridized in the olfactory epithelium of four salmonid species
by Northern blot analysis (Fig. 9). These results indicate that SOIG was commonly
expressed in the olfactory epithelium of four salmonid species. However, localization
of SOIG expression in the olfactory epithelium of the four salmonid species remains to
be established by means of in situ hybridization. Further histological study is required
to investigate the localization of SOIG in four salmonids species.

The present study describes the changes in expression levels of SOIG mRNA in
the olfactory epithelium during different stages of salmon life history by real time PCR.
In the olfactory epithelium of lacustrine sockeye salmon, the SOIG mRNA levels in
both sexes increased during the PST, and then the expression levels decreased at the

post-PST (Fig. 21A). These changes in SOIG mRNA suggest that SOIG has a
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particular role in the olfactory epithelium during the PST. Moreover, these changes in
the olfactory sensitivity and cell proliferation during the PST are closely related with
thyroid hormone. The olfactory sensitivity is enhanced during the PST and enhanced
olfactory sensitivity coincided with increased thyroid activity and imprinting ability in
Atlantic salmon (Salmo salar; Morin et al., 1989a, b, 1994; Morin and Dgving, 1992).
Moreover, Nevitt et al. (1994) showed that the peripheral olfactory system of coho
salmon is sensitized to artificial odorant (PEA; phenyl ethyl alcohol) after exposure to
that odorant during the PST. It has been reported in rodent that thyroid hormone
stimulates proliferation of basal cells (Mackay-Sim and Beard, 1987; Paternostro and
Meisami, 1989, 1994). In teleost, Lema and Nevitt (2004) reported that thyroid
hormone induces the olfactory cell proliferation, and suggested that fluctuations in
plasma thyroid hormone are reflected in changes in cell proliferation in the olfactory
epithelium of coho salmon. Changes in expression levels of SOIG mRNA in the
olfactory epithelium seem to be similar with changes in serum concentration levels of
T4 during the PST (Fig. 19). However, no significant correlation (Pearson’s correlation
test) was observed between SOIG mRNAs and serum levels of T4 in the both sexes
(data not shown). The influence of T3 on the expression levels of SOIG mRNA in the
olfactory epithelium during the PST was investigated by the administration of Ts.
However, SOIG mRNA levels of the olfactory epithelium after 48 hours post T;
injection revealed no changes (Fig. 25B). The previous study showed that thyroid
hormone induces olfactory cellular proliferation in salmon by intraperitoneally
implanted T; pellets for 16-20 days to mimic smolting using coho salmon parr (Lema
and Nevitt, 2004). This report suggests that olfactory cellular proliferation may occur

in fish before PST by long term administration of Ts. Changes in the expression levels

65



of SOIG mRNA in the olfactory epithelium may be induced by long term administration
of Ts in the early stage of the PST.

When compared SOIG mRNA levels in the olfactory epithelium of lacustrine
sockeye salmon during the PST and sexual maturation showed that the SOIG mRNA
levels during the PST were higher than those during sexual maturation (Fig. 22).
Especially, the SOIG mRNA levels of male fish in April and female fish in Jun during
the PST showed twofold increase in comparison with June during sexual maturation.
On the other hand, SOIG mRNA levels in the olfactory epithelium during sexual
maturation showed no significant changes. These results suggested that SOIG may act
during the PST rather than sexual maturation in lacustrine sockeye salmon.

In the present study, the expression levels of SOIG mRNA in the olfactory
epithelium of under yearling chum salmon increased dramatically in May during
downstream migration and then sharply decreased in July (Fig. 23). The plasma T,
concentration of under yearling chum salmon increased during downstream migration
and decreased after downstream migration (Parhar and Iwata, 1996; Iwata et al., 2003).
T4 changes from these reports seem to be similar to the changes in SOIG mRNA levels
in the olfactory epithelium of under yearling chum salmon. However, I did not
analyze the plasma T4 contents of fish used in this experiment during downstream
migration. Moreover, under yearling fish in July used in this experiment were reared
in freshwater. The analysis of under yearling chum salmon after river life is necessary
to determine the changes in SOIG mRNA levels during downstream migration.

The expression levels of SOIG mRNA in the olfactory epithelium of chum
salmon during homing migration were analyzed by real time PCR. The SOIG mRNA

levels at the estuary tended to be higher than at the coastal sea (Fig. 24). The
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concentration of Ca®" (approximately 10 mmoll™') in seawater is quite higher than
freshwater (Bentley, 1998; Withers, 1996). Recently, Shoji et al. (2000) showed that
Ca®" is not a major component of the home stream odorants by masu salmon, and
suggested that amino acids are major component of the home stream odors by means of
EEG. On the other hand, Bodznick (1978) proposed that Ca®" in home stream water
plays an important role in the olfactory discrimination of freshwater-reared sockeye
salmon by recording extracellularly from the olfactory bulb (olfactory -electro-
encephalograph, EEG). In vertebrates, Ca*" plays an important role in the olfactory
reception. Odorants bind to G protein-coupled receptors to activate adenylate cyclase
to generate transient increases in cCAMP (Buck and Axel, 1991). cAMP in turn opens
an olfactory cyclic nucleotide-gated channel, which allows influxes of Na™ and Ca*" to
enter the olfactory receptor cells (Nakamura and Gold, 1987). Changes in intracellular
Ca®" have effects of activation or inhibition on olfactory adenylate cyclase activity
(Heldam and Lancet, 1986; Sklar et al., 1986). Hubbard et al. (2000) reported that the
olfactory system of sea bream (Sparus aurata) is highly sensitive to reductions in
environmental Ca>” by EEG. The elevation of SOIG mRNA levels at the estuary may
be caused by reduction of Ca*" concentration due to change of water environment, and
SOIG might involve in enhancing olfactory sensitivity for detecting the natal stream
odors.

Sex pheromone plays an important role in finding for mating partners in
vertebrates. The existence of sex pheromones that are released in water during pre-
and post-ovulation has been shown in some teleost fish (Sorense, 1992). Moore and
Scott (1991) reported that precocious Atlantic salmon parr was only sensitive to a

putative pheromone, testosterone, during a brief period just prior to spawning.
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Moreover, Yambe et al. (2006) showed that sex pheromone ‘i -kynurenine” in the urine
of ovulated female masu salmon detected only to precocious spermiating males by
electrophysiological and behavioral analysis. On the other hand, Ito et al. (1992)
showed that sex pheromones were released from males and affected females in the ayu
(Plecoglossus alltivelis). The peak levels of SOIG mRNA levels in both sexes at the
pre-spawning ground may be related to the detection of sex pheromones. It is known
that pheromone is recognized in the olfactory receptor of VR type in mammals. In
teleost, these receptors are expressed in the microvillous olfactory receptor cells. In
this study, although SOIG mRNA was expressed in the olfactory receptor cells, it
remains to be solved whether the SOIG mRNA is localized in the ciliated olfactory
receptor cells and/or the microvillous olfactory receptor cells.

During homing migration, several hormones related to sexual maturation
changes in anadromous salmonids. Fitzpatrick et al. (1986) reported that surges in
plasma levels of the reproductive hormone gonadotropin II (luteinizing hormone: LH)
and several steroid hormones occur just prior to spawning and coincide with enhanced
olfactory sensitivity in coho salmon. Immature coho salmon injected with gonadotro-
pins demonstrated increased olfactory sensitivity to their imprinted odor (Hasler and
Scholz, 1983), and androgen treatment of a cyprinid fish (Puntius schwanenfeldi)
enhanced peripheral olfactory sensitivity to a specific putative sex pheromone (Cardwell
et al., 1995). The elevation of SOIG mRNA levels at the pre-spawning ground may be
associated with reproductive hormone levels. In fact, the plasma testosterone levels at
the pre-spawning ground in 2003 and 2004 were higher than at the spawning ground
(Minywelet, unpublished).

In conclusion, SOIG mRNA was expressed in the olfactory epithelium in five
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salmonid species, and the amount of SOIG mRNA increased during the PST in the
olfactory epithelium of lacustrine sockeye salmon. On the other hand, the SOIG
mRNA levels in the olfactory epithelium of chum salmon peaked in May during
downstream migration and just prior to spawning during homing migration. These
results suggest that SOIG may have an important role either as a neurotransduction in
relation to the olfaction or as a promoter of cell proliferation in basal cells at the crucial

period of olfactory imprinting and homing in salmonids.
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III. Characterization of salmon glutamate carboxypeptidase (sGCP)

in lacustrine sockeye salmon

Materials and methods
1) Fish

For semi-quantitative RT-PCR (5 male fish, FL 9.6-10.2 cm, BW 7.9-9.9 g) and
construction of cDNA library (3 male fish, FL 9.8-10.8 cm, BW 7.2-11.4 g; 3 female
fish, FL 9.8-11.8 cm, BW 7.5-14.0 g), one-year-old lacustrine sockeye salmon were
obtained from the Toya Lake Station, Field Science Center for Northern Biosphere,
Hokkaido University in May, 2005.

For quantitative real time PCR of sGCP mRNA levels in the olfactory bulb,
one-year-old lacustrine sockeye salmon reared at the Toya Lake Station were collected
from February to September 2006. Five fish of both sex in each month, which are the
same as the fish used for the study of SOIG were sampled (Table 4A).

Fish were anesthetized with 0.005% eugenol and then the olfactory epithelium,
gill, liver, heart, head kidney, spleen, muscle, intestine, testis and brain were surgically
isolated. For analysis of brain distributions, brains of lacustrine sockeye salmon were
dissected into the olfactory bulb, telencephalon, hypothalamus, optic tectum, cerebellum,
and medulla oblongata. Total RNA was isolated from each tissue using ISOGEN

(Nippongene) according to the manufacturer’s instruction.

2) Semi-quantitative RT-PCR

Single-stranded ¢cDNAs were synthesized from 2.5 pg of the olfactory bulb,

telencephalon, hypothalamus, optic tectum, olfactory epithelia, gill, liver, heart, head
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kidney, spleen, muscle, intestine and testis from one-year-old fish using a Superscript
First-Strand Synthesis System for RT-PCR (Invitrogen) according to the manufacturer’s
instruction. PCR amplification was performed with 0.5 pl of the first strand cDNA
solution using primers for clone 3 (Table 2). The amplification profile comprised an
initial cycle of 2 min at 94°C followed by 30 cycles as follows: 94°C for 1 min, 58°C for
1 min, and 72°C for 1 min. Amplification of B-actin was also performed with the same
first strand cDNA using primers B-actin (Table 2). The amplification profile
comprised an initiating cycle of 2 min at 94°C followed by 30 cycles as follows: 94°C
for 30 sec, 57°C for 30 sec, and 72°C for 30 sec. The amplified products were

electrophoresed on a 3% agarose gel (Nippongene).

3) Construction of cDNA library and screening

The mRNA was purified from total RNA extracted from the olfactory bulb of
one-year-old lacustrine sockeye salmon using an Oligotex™-dT30 (Super) mRNA
Purification kit (TaKaRa) according to the manufacturer’s instruction. Poly (A)” RNA
(5 ng) was used to construct of cDNA library by the same method of chapter II-2.
Approximately 1.3 x 10° primary clones were recovered with an average insert size of
2.5 kb.

Screening of the library was performed with DIG-labeled probes. Screening
was carried out by the same method of chapter II-2. The obtained sequences were
searched against ‘Fasta Sequence Similarity search’ (DDBJ), motif database (PROSITE:
http://br.expasy.org/prosite/), signal peptide analysis (SignalP 3.0: http:// www. cbs. dtu.
dk/services/SignalP/), and hydrophobicity analysis (SOSUI: http://sosui.proteome.bio.

tuat.ac.jp/sosuiframe0.html).
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4) Accession numbers

The Gen Bank accession numbers for sequences reported in this study are as
follows: Q8AWFS, Xenopus laevis GCP; Q9P6I2, Schizosaccharomyces pombe GCP;
Q4WWD5, Aspergillus fumigatus GCP; CAD10388, Homo sapiens hGCP-2;
CAC69883, Homo sapiens hGCP; BAB22991, Mus musculus mGCP; AAM48397,
Drosophila melanogaster dGCP; and Q04609, Homo sapiens N-acetylated-alinked

acidic dipeptidase.

5) Real time PCR

Total RNA was extracted from the olfactory bulb using ISOGEN (Nippongene)
according to the manufacturer’s instruction. RT reaction was used ExScript® RT
reagent kit (TaKaRa). Total RNA (250 ng) was used for RT reaction in a mixture
containing 1xExScript” Buffer (50 mM KCI, 10 mM Tris—HCI, pH 8.3), 0.5 mM dNTP
Mixture, 50 uM Random 6 mers, 25 U ExScript® RTase, and 5 U RNase inhibitor. The
reaction was performed at 42 °C for 15 min, and stopped at 92 °C for 2 min. Real time
PCR was carried out with a Mx3000P QPCR System (Stratagene). The PCR reaction
mixture contained 1xPremix Ex Taq™ (TaKaRa), 1xROX Reference Dey II, 100 nM
each forward and reverse primers (forward primer: 5’-GGCCACTGTGCCATCA-3’,
reverse primer: 5’-CATGGGAGGGAAGGTGGAA-3’) and 150 nM of fluorogenic
probe (5’- MGCTCTTGTACGCCGATGTCCACCA™MR** .37 Amplification profile
was 10 sec at 95 °C, followed by 40 cycles of 95 °C for 15 sec and 59 °C for 1 min
(annealing and extension). To determine the amounts of sSGCP mRNA, plasmid cDNA
of full-length sGCP was used as the standard cDNA. The standard cDNA was serially

diluted in the concentration of 1.41 x 10°~1.41 x 10° copy (Fig. 26). In the assay,
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Fig. 26 Typical standard curve for quantitative real time PCR for sGCP mRNA.
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several doses of standard cDNA were applied in triplicate and sample cDNA prepared
from total RNA were applied in duplicate. In each assay, a standard sample was
applied in triplicate to estimate coefficients of variation (CV) within and between runs.
The range of intra-assay CV ranged 5.6-9.5% and inter-assay CV was 19.74%. The

amounts of sSGCP mRNA were expressed as copies per microgram total RNA.

6) Statistical analysis
All data are expressed as means = SEM. Statistical differences were
determined using one-way analysis of variance (ANOVA) followed by Tukey’s test.

Data were considered significant when p<0.05.
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Results
1) Tissue distributions of sGCP mRNA in lacustrine sockeye salmon

Tissue specific distributions of sGCP mRNA in the brain (olfactory bulb,
telencephalon, hypothalamus, optic tectum, cerebellum and medulla oblongata) and
body tissues (olfactory epithelium, gill, liver, heart, head kidney, spleen, muscle,
intestine and testis) from one-year-old lacustrine sockeye salmon were examined by
semi-quantitative RT-PCR. The sGCP mRNA was widely expressed in the brain (Fig.
27A). Moreover, sGCP was expressed in the heart, intestine, head kidney, and testis (Fig.

27B).

2) ¢cDNA cloning and characterization of sGCP

To isolate a full-length sGCP cDNA, a cDNA library from one-year-old
lacustrine sockeye salmon whole brains was constructed. The cDNA library was
screened using the sSGCP ¢cDNA probe which was synthesized from clone 3 (Table 3).
The screening of approximately 1.2 x 10° plaques from the ¢cDNA library yielded
positive clones for sGCP, and these clones were subjected to sequence analysis.

The complete cDNA and deduced amino acid sequences for sGCP are shown in
Figure 28. The full-length sGCP ¢cDNA consists of 1,803 bp sequence which contains
1,221 bp open reading frame encoding a polypeptide of 407 amino acids. The 3’
untranslated region contains a polyadenylation signal (AATAAA) 14 bp upstream from
the poly (A) tail. The deduced amino acid sequence had calculated molecular mass of
45.1 kDa. Homology search revealed that sGCP has 53, 49 and 47% similarity with
the amino acid sequence of glutamate carboxypeptidase of Xenopus laevis,

Schizosaccharomyces pombe and Aspergillus fumigatus, respectively (Pera et al., 2003).
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Fig. 27 Semi-quantitative RT-PCR analysis of one-year-old lacustrine sockeye salmon
sGCP mRNA. (A) Brain tissues (lane 1, olfactory bulb; lane 2, telencephalon; lane 3,
hypothalamus; lane 4, optic tectum; lane 5, cerebellum and lane 6, medulla oblongata).
(B) Body tissues (lane 1, olfactory epithelium; lane 2, heart; lane 3, intestine; lane 4,
head kidney; lane 5, spleen; lane 6, gill; lane 7, liver; lane 8, testis and lane 9, muscle).
Results of 3% agarose gel electrophoresis of semi-quantitative RT-PCR products are
shown.
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Fig. 28 Nucleotide sequence and deduced amino acid sequence of full-length sGCP
cDNA. The stop codon (TAG) and polyadenylation signal (AATAAA) are indicated
by an asterisk and thin underline, respectively. The nucleotide sequence of partial
sGCP cDNA isolated from forward subtractive cDNA library are red characters.
Peptidase family M20 domain and peptidase M20 dimerisation domain are indicated by

shade and thick underlines, respectively. The putative sequence of signal peptide is

GGCACGAGGAGACAAGGGCAACATTAAAGAAGTACCAAACTTACAAGGCTACGAGATGAC
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SignalP program predicted that the N-terminus would be cleaved out at between Thr'
and His *° by translational processing. Hydrophobicity analysis indicated that sGCP
did not contain the transmembrane domain. The domain search revealed that sGCP
amino acid contained peptidase family M20 domain (positions 118-365, Fig. 28) and
peptidase M20 dimerisation domain (positions 230-391, Fig. 28). Peptidase family
M20 domains are found in glutamate carboxypeptidases (Rawlings and Barrett, 1995;
Sherwood and Melton, 1998), and these proteins belong to the group of zinc
metallopeptidases that hydrolyze peptide bonds and depend on zinc for their activity.
sGCP is most closely related to a African clawed frog glutamate carboxypeptidase-like
protein (fGCP). The two proteins share 53% amino acid identity. Other proteins
related to sGCP include human glutamate carboxypeptidase 2 (hGCP2), human
glutamate carboxypeptidase (hGCP), homologous hypothetical proteins in mouse
(mGCP) and Drosophila melanogaster glutamate carboxypeptidase (dGCP). The
share of sGCP and these proteins was 51, 51, 51 and 48% amino acid identity,
respectively (Figs. 29 and 30).

In order to determine whether the zinc-ligand residues are conserved in sGCP, |
compared amino acid residues of Pseudomonas glutamate carboxypeptidase (pGCP)
which was already identified as the zinc-ligand residues (His/Asp''?, Asp''?, Asp'*!,
Glu'”, Glu'”, Glu/Asp™™, His*®) with several species of glutamate carboxypeptidase
including sGCP.  As the result, six active sites were conserved in sGCP (Hism, Aspm,

Asplss, Glulgg, Glulgo, Gluzlg; Fig. 31).
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sGCP  ———————- MTIWQLPSMLLVV ISSVSTHPHHL-FKYDELSQYVDSHQEEYVQTLRDWVAV 51

fGCP - MFRLFIIFLLTYQVLLSPVPN----NGVFQY I DAHQDEF IQRLKDWVAI 45
hGCP2  MDPKLGRMAASLLAVLLLLLLERGMFSSPSPPPALLEKVFQY IDLHQDEFVQTLKEWVAI 60
hGCP -—= -—= - ---MAALTTLFKY IDENQDRY IKKLAKWVAI 28
mGCP —---MSALKAVFQY IDENQDRYVKKLAEWVAT 28

dGCP MPELSSELQKFFAFVDGKKEDY IGALKTVVGI 32
SGCP ESDSSDVLR--RPDCHRMMGMTAEKLQAMGGKVELVD I GVQELPDGKTVALPKVVTAQFG 109
TGCP ESDSSDPSK--RDLVNKMMEMTKDY ILKLGGSVEMAE I GEQELSSGEKIPLPPVILAELG 103

hGCP2 ESDSVQPVPRFRQELFRMMAVAADTLQRLGARVASVDMGPQQLPDGQSLP IPPVILAELG 120
hGCP  QSVSAWPEK--RGEIRRMMEVAAADVKQLGGSVELVD IGKQKLPDGSEIPLPPILLGRLG 86
mGCP  QSVSAWPEK--RGEIRRMMEVAAADVQRLGGSVELVD I GKQKLPDGSEIPLPPILLGKLG 86
dGCP  QSVSAWPEK--RGEIGRMVEWTADRLRSLGAETELADVGQQTLPNGQIIPLPKVLLGTLG 90

sGCP SDPSKQTVCVYGHVDVQPAKLEDGWATEPYNLTD INGHLYGRGASDNKAPVLAWIHTVEA 169
fGCP NDKSKPTVCFYGHMDVQPAKQTDGWLTEPYTVVEKDDNLYGRGTSDDKGQVLALLHALES 163
hGCP2 SDPTKGTVCFYGHLDVQPADRGDGWLTDPYVLTEVGGKLYGRGATDNKGPVLAWINAVSA 180
hGCP SDPQKKTVCI1YGHLDVQPAALEDGWDSEPFTLVERDGKLHGRGSTDDKGPVAGWINALEA 146
mGCP SDPQKKTVCI1YGHLDVQPAALEDGWDSEPFTLVEREGKLYGRGSTDDKGPVAGWMNALEA 146
dGCP KDPSKKTVLVYGHLDVQPALKEDGWNTNPFELTEVDGKLFGRGASDDKGPVLCWIHAIEA 150

SGCP  YQALSIDLPVNVKFI IEGMEETGSNGLDAMIVAQKDTFFSDVDY I'1 ISDCGWLS-RRPAL 228
TGCP  VNVMG--LPVNVKLAIEGMEEVGSDGLEKLVEDKKDTFFSNVDY IVVTDTPWLS-KKPGI 220
hGCP2 FRALEQDLPVNIKFI 1EGMEEAGSVALEELVEKEKDRFFSGVDY IVISDNLWISQRKLAT 240
hGCP  YQKTGQEIPVNVRFCLEGMEESGSEGLDEL IFARKDTFFKDVDYVCISDNYWLGKKKPCI 206
mGCP  YOKTGQEIPVNLRFCLEGMEESGSEGLDEL I FAQKDKFFKDVDYVCISDNYWLGKNKPCI 206
TGCP  YOKLNIALPVNVKFVFEGMEESGSEGLDDLLLERKDNFLADVDFVCISDNYWLGKKRPCL 210

SGCP  TYGTRGNCYFFAEVEGPKQDLHSGVYGGTVIEPMTDLIGILDTLISPSGKILIPGIREAV 288
TGCP  TYGARGNCYFFIEVQGARRDLHSGGFGGTVHEAMSDLIYLLNTLADGKGR ILVPGIYEAV 280
hGCP2 TYGTRGNSYFMVEVKCRDQDFHSGTFGGILHELMADLVALLGSLVDSSGHILVPGIYDEV 300
hGCP TYGLRGICYFFIEVECSNKDLHSGVYGGSVHEAMTDL ILLMGSLVDKRGN ILIPGINEAV 266
mGCP  TYGLRGICYFFIEVECSDKDLHSGVYGGSVHEAMTDL ISLMGCLVDKKGKILIPGINDAV 266
dGCP  TYGLRGLAYFQVEVECSSKDLHSGVFGGTVHEAMPDLCHLLSILVDKDTN ILVPGVDRDV 270

SGCP  APLSDEEWKMYQD IEFDIESFKSKIGVSQLMYS-NKVDLLAHRWRYPTVTIHGIEGAFSG 347
fGCP  APVGENETDLYKNLEFSLEEMQADTGVKQFLHD-TKEDLLMHRWRYPSLSIHGIEGAFSG 339
hGCP2  VPLTEEEINTYKAIHLDLEEYRNSSRVEKFLFD-TKEEILMHLWRYPSLSIHGIEGAFDE 359
hGCP  AAVTEEEHKLYDD IDFDIEEFAKDVGAQILLHS-HKKDI LMHRWRYPSLSLHGIEGAFSG 325
mGCP  APVTDEEHALYDHIDFDMEEFAKDVGAETLLHS-CKKD I LMHRWRYPSLSLHGIEGAFSG 325
dGCP  APQIKNEQSIYENIDFEVSEYKKD IGVEQLPHNGDKTRLLQARWRYPSLSVHGIEGAFYE 330

sGCP PGSKTVIPAKVIAKFS IRQVPNMDPAVVKKQVTDYLYSVFAKRKSPNKLKVTMIIGLSPG 407
fGCP  TGTKTVIPAKVIGKFSIRQVPNMEPSVVNKQVTDYLEAKFSERKSPNKIKVTMVIGAKPW 399
hGCP2 PGTKTVIPGRVIGKFS IRLVPHMNVSAVEKQVTRHLEDVFSKRNSSNKMVVSMTLGLHPW 419
hGCP  SGAKTVIPRKVVGKFSIRLVPNMTPEVVGEQVTSYLTKKFAELRSPNEFKVYMGHGGKPW 385
mGCP  SGAKTVIPRKVVGKFS IRLVPDMIPEVVSEQVSSYLSKKFAELQSPNKFKVYNMGHGGKPW 385
dGCP PGAKTVIPKKVIGKFS IRLVPNQDPKH IEECVVKYLNDKWAERGSPNKMKVTMLSAGKPW 390

seCP -
TGCP LADMNEPQYLAARRAVKRVFNLEADMIRAGGT IPIAKTLEDVLGKSVMLLGIGGPDDAPH 459
hGCP2 1ANIDDTQYLAAKRAIRTVFGTEPDMIRDGST IP1AKMFQE I VHKSVVLIPLGAVDDGEH 479
hGCP VSDFSHPHYLAGRRAMKTVFGVEPDLTREGGS I PVTLTFQEATGKNVMLLPVGSADDGAH 445
mGCP VSDFNHPHYQAGRRALKTVFGVEPDLTREGGS IPVTLTFQEATGKNVMLLPVGSADDGAH 445
dGCP TEDPNHPHYEAAKRAIKHVFNVEPDMTREGGS I PVTLTLQEATGKNV I LVPVGACDDGAH 450
SGCP -

TGCP GQNEKISKYNY IEGTKLYASYLQELSSTSS 489

hGCP2 SONEK INRWNY IEGTKLFAAFFLEMAQLH- 508

hGCP SQONEKLNRYNY IEGTKMLAAYLYEVSQLKD 475

mGCP  SQNEKLNRLNY IEGTKMLAAYLYEVSQLKN 475
dGCP  SQNEKIDIYNYIEGTKLLGAYLHEVGKL-- 478

Fig. 29 Amino acid sequences alignment of sGCP, Xenopus glutamate carboxypepti-
dase (fGCP), human glutamate carboxypeptidase-like protein 2 (hGCP2), human
glutamate carboxypeptidase (hGCP), mouse glutamate carboxypeptidase (mGCP) and
Drosophila melanogaster glutamate carboxypeptidase (dGCP). The multiple align-
ment was performed using ClustalW. Gaps are introduced to maximize homology.
Identical amino acids are shown in bold red. Similar amino acids are depicted in blue.
The signal peptide cleavage site of sGCP, f{GCP and hGCP2 is indicated by arrowhead.
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Fig. 30 Evolutionary relationships of sGCP and other members of the GCP family.
Proteins displaying the greatest sequence similarity group together, and branch lengths

are proportional to distance.

80



hGCP  SDPQKKTVC I YGHHQVQPAALEDGWDSEPFTLVERDGKLHGRGSTDDKGPVAGWINALEA 146
mGCP SDPQKKTVCIYGH‘I QPAALEDGWDSEPFTLVEREGKLYGRGSTDDKGPVAGWMNALEA 146
dGCP KDPSKKTVLVYGH‘D QPALKEDGWNTNPFELTEVDGKLFGRGAYDPKGPVLCWIHAIEA 150
hGCP2 SDPTKGTVCFYGH‘IVQPADRGDGWLTDPYVLTEVGGKLYGRGA KGPVLAWINAVSA 180

sGCP QPAKLEDGWATEPYNLTD INGHLYGRGAYDNKAPVLAWIHTVEA 169

TGCP OVQPAKQTDGWLTEPYTVVEKDDNLYGRGTYDPKGQVLALLHALES 163

pGCP OTVYLKGILAKAPFRVE--~--GDKAYGPGI KGGNAVILHTLKL 155
6

hGCP  YQKTGQEIPVNVRFCLEG
mGCP  YQKTGQE IPVNLRFCLEGA

EF] 'YWLGKKKPCI 206
dGCP  YQKLNIALPVNVKFVFEGMEESGSEGLDDLLLERKDNFLADVDFVCI

EH]

EE]

YWLGKKRPCL 210
LWISQRKLAI 240
GWLS-RRPAL 228
PWLS-KKPGI 220
TSAG--DEKL 209

hGCP2 FRALEQDLPVNIKFIIEG AGSVALEELVEKEKDRFFSGVDY IVI
SGCP  YQALSIDLPVNVKFIIEG ITGSNGLDAMIVAQKDTFFSDVDY 111
FGCP  VNVMG--LPVNVKLAIEGMEENGSDGLEKLVEDKKDTFFSNVDY IV
PGCP  LKEYGVRDYGTITVLFNTOEEKGSFGSRDL I QEEAK----LADYVLS|

hGCP  TYGLRGICYFFIEVECSNKDLHSGVYGGSVHEAMTDLILLMGSLVDKRGNILIPGINEAV 266
mGCP  TYGLRGICYFFIEVECSDKDLHSGVYGGSVHEAMTDL I SLMGCLVDKKGKILIPGINDAV 266
dGCP  TYGLRGLAYFQVEVECSSKDLHSGVFGGTVHEAMPDLCHLLSILVDKDTNILVPGVDRDV 270
hGCP2 TYGTRGNSYFMVEVKCRDQDFHSGTFGG I LHELMADLVALLGSLVDSSGHILVPGIYDEV 300
SGCP  TYGTRGNCYFFAEVEGPKQDLHSGVYGGTVIEPMTDLIGILDTLISPSGKILIPGIREAV 288
TGCP  TYGARGNCYFFIEVQGARRDLHSGGFGGTVHEAMSDLIYLLNTLADGKGRILVPGIYEAV 280
PGCP  SLGTSGIAYVQVNITGKASHAGAAPELGVNALVEASDLVLRTMN IDDKAKNLRFNWT IAK 269

hGCP  AAVTEEEHKLYDD IDFD I EEFAKDVGAQILLHS-HKKD ILMHRWRYPSLSLHGIEGAFSG 325
mGCP  APVTDEEHALYDH I DFDMEEFAKDVGAETLLHS-CKKD I LMHRWRYPSLSLHGIEGAFSG 325
dGCP  APQIKNEQSI'YENIDFEVSEYKKDIGVEQLPHNGDKTRLLQARWRYPSLSVHGIEGAFYE 330
hGCP2 VPLTEEEINTYKAIHLDLEEYRNSSRVEKFLFD-TKEE ILMHLWRYPSLSIHGIEGAFDE 359
SGCP  APLSDEEWKMYQD IEFD IESFKSKIGVSQLMYS-NKVDLLAHRWRYPTVTIHGIEGAFSG 347
FGCP  APVGENETDLYKNLEFSLEEMQADTGVKQFLHD-TKEDLLMHRWRYPSLSIHGIEGAFSG 339
PGCP  AGNVSNI IPASATLNADVRYARNE----- - - DFDAAMKTLEE 304

hGCP  SGAKTV IPRKVVGKFSIRLVPNMTPEVVGEQVTSYLTKKFAELRSPNEFKVYMGHGGKPW 385
mGCP  SGAKTVIPRKVVGKFSIRLVPDMIPEVVSEQVSSYLSKKFAELQSPNKFKVYMGHGGKPW 385
dGCP  PGAKTVIPKKV IGKFSIRLVPNQDPKH IEECVVKYLNDKWAERGSPNKMKVTMLSAGKPW 390
hGCP2 PGTKTVIPGRV IGKFSIRLVPHMNVSAVEKQVTRHLEDVFSKRNSSNKMVVSMTLGLHPW 419
SGCP  PGSKTVIPAKVIAKFSIRQVPNMDPAVVKKQVTDYLYSVFAKRKSPNKLKVTMIIGLSPG 407
FGCP  TGTKTVIPAKVIGKFSIRQVPNMEPSVVNKQVTDYLEAKFSERKSPNKIKVTMV IGAKPW 399
PGCP  RAQQKKLPEADVKV IVTRGRPAFNAGEGGKKLVDKAVAYYKEAGGTLGVEERTGGGTDAA 364
7
hGCP  VSDFSHPHYLAGRRAMKTVHGVEPDLTREGGS I PVTLTFQEATGKNVMLLPVGSADDGAH 445
mGCP  VSDFNHPHYQAGRRALKTVHGVEPDLTREGGS IPVTLTFQEATGKNVMLLPVGSADDGAH 445
dGCP  TEDPNHPHYEAAKRAIKHVANVEPDMTREGGSIPVTLTLQEATGKNVILVPVGACDDGAH 450
hGCP2 TANIDDTQYLAAKRAIRTVHGTEPDMIRDGST IP IAKMFQE IVHKSVVLIPLGAVDDGEH 479

SGCP - -—- - - -
FGCP  LADMNEPQYLAARRAVKRVHNLEADMIRAGGT IPIAKTLEDVLGKSVMLLGIGGPDDAPH 459
PGCP  YAALSGKPV IESLGLPGFGYHSDKAEYVDISAIPRRLYMAAR---—— LIMDLGAGK---- 415

hGCP  SQNEKLNRYNY IEGTKMLAAYLYEVSQLKD 475
mGCP  SQNEKLNRLNY IEGTKMLAAYLYEVSQLKN 475
dGCP  SQNEKIDIYNYIEGTKLLGAYLHEVGKL-- 478
hGCP2 SQNEKINRWNY IEGTKLFAAFFLEMAQLH- 508
sGCP - -—

TGCP  GQNEKISKYNYIEGTKLYASYLQELSSTSS 489

Fig. 31 Amino acid sequences alignment of sGCP, Xenopus glutamate
carboxypeptidase (fGCP), human glutamate carboxypeptidase-like protein 2 (hGCP2),
human glutamate carboxypeptidase (hGCP), mouse glutamate carboxypeptidase
(mGCP), Drosophila melanogaster glutamate carboxypeptidase (dGCP) and
Pseudomonas glutamate carboxypeptidase (pGCP). The multiple alignment was
performed using ClustalW. Gaps are introduced to maximize homology. Predicted
zinc-ligand residues and identical amino acid are shown in bold red and bold black

characters, respectively. Numbers represent zinc-ligand residues.
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3) Changes in the expression levels of sGCP mRNA in the olfactory bulb of
lacustrine sockeye salmon from pre-PST to post-PST

During the PST, the expression levels of sGCP mRNA in the olfactory bulb of
male lacustrine sockeye salmon peaked in May and decreased sharply in June (Fig. 32).
Thereafter, sGCP mRNA levels of male fish increased from August to September at the
post-PST. On the other hand, sGCP mRNA levels of female fish showed the low
levels from February to August, and then tended to increase in September at the

post-PST. However, in both sexes, these changes were not statistically significant.
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Fig. 32 Changes in sGCP mRNA levels in the olfactory bulb of lacustrine sockeye
salmon from pre-PST to post-PST in 2006. Data are represented as means + SEM.
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Discussion

In this chapter, the characterization of sGCP was carried out by molecular
biological techniques. The full-length sGCP ¢cDNA encoded a 407 amino acids protein
containing a putative signal peptide at N-terminus, M20 peptidase family domain and
M20 dimerisation domain (Fig. 28). M20 peptidase family domains are found in
glutamate carboxypeptidases (Rawlings and Barrett, 1995; Sherwood and Melton, 1998).
These proteins are predicted as the secreted protein and belongs to the group of zinc
metallopeptidases that hydrolyze peptide bonds and depend on zinc for their activity.
The sGCP showed 48-53 % similarity to glutamate carboxypeptidase of several species
and was predicted in the same cleaved position of signal peptide with hGCP2 and fGCP
(Fig. 29).  On the other hand, sGCP is weakly homologous to human GCP II (N-acety-
lated-alinked acidic dipeptidase; 9 % amino acid identity; Rawlings and Barrett, 1997).
In contrast to M20 peptidase family, GCP Il is a transmembrane protein and belongs to
the M28 peptidase family (Rawlings and Barrett, 1997), and this family also has the
function of catalytic zinc metallopeptidases. The function of GCP II plays an impor-
tant role in neurotransduction with N-acetyl-aspartyl-glutamate (NAAG; Robinson et al.,
1987; Coyle, 1997), and it is known that NAAG acts as a partial agonist/antagonist of a
NMDA receptor in the hippocampus of rodents (Puttfarcken et al., 1993). Therefore, |
conclude that sGCP is a novel member of M20 family of evolutionarily conserved
glutamate carboxypeptidases, because the amino acid sequence of sGCP lacks a
transmembrane sequence.

In M20 peptidases family, glutamate carboxypeptidase of Pseudomonas sp has
active sites of seven zinc-ligand residues (His/Aspm, Aspm, Aspm, Glu”s, Glu176,

Glu/Asp™®, His*™; Jozic et al., 2002). Amino acid residues of GCPs including sGCP
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contained all active sites except for His**

of Pseudomonas sp (Fig. 31). These results
suggest that these sGCP may contain other potential zinc-ligand residues replaced with
His®® or receive zinc only by six zinc-ligand residues.

The sGCP mRNA was expressed in the brain, heart, intestine, head kidney and
testis (Fig. 27). There has been little report about tissue distributions of M20 peptidase
family. However, there are several reports about tissue distributions of GCP II.  GCP
IT is mainly investigated in human, and it is expressed in several tissues as follows;
kidney (Chang et al., 1999), testis (Pangalos et al., 1999), ovary (Sokoloff et al., 2000),
brain (Luthi-Carter et al., 1998a, b, c; O’Keefe et al., 2004; Troyer et al., 1995),
intestine (Troyer et al., 1995), liver (O’Keefe at al., 2004), spleen (O’Keefe et al., 2004;
Pangalos et al., 1999), and skeletal muscle (Chang et al., 1999). Especially, GCP Il
was extensively expressed in the brain, and the localization of GCP II was observed in
the cortical astrocytes in mouse (Cassidy and Neale, 1993). Astrocyte cells form an
almost complete envelope around the olfactory glomerulus and send processes into the
central neuron (Valverde and Lopez-Mascaraque, 1991; Bailey and Shipley, 1993).
The expression of sSGCP mRNA in tissues corresponded to these reports about the tissue
distributions of GCP II in human, and the expression of sGCP mRNA in the brain
tended to be higher than the body tissues of lacustrin sockeye salmon (Fig. 27). These
findings suggest that sGCP may have similar function of GCP II which acts as a
neurotransduction in the brain of salmon.

Metallopeptidases play an important role in tissue repair, neurological processes,
protein maturation, hormone-level regulation, cell-cycle control and protein-degradation
processes. Recently, Charli et al. (2006) reported that pyroglutamyl peptidase II (PP

II)-related zinc metallopeptidase localized on the plasma membrane of TRH (thyro-
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tropin-releasing hormone) target neurons and regulated the release of TRH in mouse
brain. TRH is also expressed in the brain of teleost. Hamano et al. (1996) demon-
strated that the concentration of TRH in the olfactory bulb increased significantly just
before the upstream migration or entering the river and dropped after entering the natal
stream in chum salmon, and suggested that TRH which distributed in the olfactory bulb
may be related to the olfactory function of homing. However, the changes in the
expression levels of sGCP mRNA in the olfactory bulb during the PST were not
statistically significant (Fig. 32). sGCP may be related to olfaction during homing
migration in salmon.

Zinc has crucial roles in enzyme function as an integral constituent of a large
number of metalloenzymes. In rainbow trout, zinc deficiency causes growth
depression, high mortality, lens cataracts, erosion of fins and skin, and short body
dwarfism (Ogino and Yang, 1978; Satoh et al., 1983). However, there is little detailed
report about the influence of zinc in the brain in teleost. The influence of zinc in the
brain is mainly investigated in rodent. Zinc blocks the current of voltage-dependent
calcium channel (Takahashi and Akaike, 1991). In contrast, Izumi et al. (2006)
reported that low micromolar concentrations of zinc is dose not depress of LTP using
slice of rat brain.  Zinc also inhibits NMDA receptors (Traynelis et al., 1998) and may
inhibit intracellular response induced by activation of metabotropic glutamate receptors
(Xie et al., 1993). These studies suggest that the zinc-metallopeptidases, which shows
activity depending on zinc, might be an important role in the formation of memory in
rodent. The sGCP may function as a neuromodulator, the activation of which depends
on the concentration of zinc in the olfactory bulb of lacustrine sockeye salmon.

In conclusion, sGCP contains zinc-ligand residues and peptidase family M20
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domain. sGCP may be a novel member of peptidase family M20 which belongs to
zinc-metallopeptidases. It remains for future studies to determine whether the

activation of sGCP is caused by zinc or not.
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IV. General discussion

The present study are attempted to isolate the olfactory imprinting related genes
from the olfactory system by the cDNA-representational difference analysis
(cDNA-RDA), aiming at elucidation of the mechanism of the olfactory imprinting in
salmonids. I obtained two kinds of clones, SOIG (sockeye salmon olfactory
imprinting related gene) and sGCP (salmon gulutamte carboxypeptidase), from
subtraction cDNA library in chapter II-1. Several molecular biological techniques
characterized SOIG and sGCP, and possible functions of these genes in the olfactory
system of salmonids are discussed.

In chapter II-2, SOIG mRNA is found to be exclusively expressed in the
olfactory epithelium of salmonids, and its levels increase both during the PST and just
prior to spawning. It is suggested that SOIG may have relation to the olfaction or cell
proliferation during the PST and the final stage of homing.

In chapter III, the characterization of sGCP mRNA reveals that sGCP contains
peptidase family M20 domain which belongs to the group of zinc metallopeptidases
with conserved zinc-ligand residues, and it is suggested that sGCP may be a novel
member of this family.

The timing of olfactory imprinting of chum salmon differs from lacustrine
sockeye salmon. Harden-Jones (1968) and Brannon (1982) proposed that juvenile
chum and pink salmon learn a series of olfactory waypoints during their migration
through freshwater, and later adult salmon retrace this odor sequence during homing
migration. In this study, SOIG mRNA levels in the olfactory epithelium of chum
salmon increased in May during the downstream migration and at the pre-spawning

ground during homing migration. In chum salmon, SOIG may play important roles in
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relation to the olfactory imprinting. However, there are few reports on the timing of
the olfactory imprinting of chum salmon. Further study should elucidate the critical
timing of the olfactory imprinting of chum salmon. On the other hand, many studies
on the timing of the olfactory imprinting were carried out in sockeye salmon and it was
suggested that specific odorant factor of the natal river was imprinted during the PST.
The PST is a transitional period starting the downstream migration, where individuals
undergo a serial morphological, physiological and behavioral changes (Dickhoff et al.,
1982; Dickhoft and Sullivan, 1987; Yamauchi et al., 1984). During the PST, there are
changes in cytosolic protein pattern of the olfactory epithelium of masu salmon by
two-dimentional polyacrylamide gel electrophoresis (Shimizu et al., 1995). Morin and
Doving. (1992) performed a stimulation experiment on the olfactory epithelium with
L-alanine and recorded the electrophysiological response in the olfactory bulb of
L-alanine-exposed and -nonexposed Atlantic salmon from parr to post-PST by means of
EEG. They reported that the peaks of electrophysiological response to L-alanine
occurred throughout the PST in nonexposed fish, whereas no peaks were observed in
exposed fish. Nevitt et al. (1994) reported that the olfactory receptor neurons (ORNs)
isolated from 6-9 months fish following phenyl ethyl alcohol (PEA) imprinted coho
salmon during the PST was retained highly sensitivity to the imprinted PEA odor. This
report suggested that the level of the peripheral olfactory system was linked to the
olfactory imprinting and the recall of the imprinted odor. The present study showed
that SOIG mRNA levels in the olfactory epithelium of lacustrine sockeye salmon
drastically increased in the PST, suggesting that SOIG may be related in the olfactory
imprinting. However, unlike wild chum salmon during homing migration, SOIG

mRNA levels of lacustrine sockeye salmon during sexual maturation were not
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significantly increased. Further study should analyze the expression levels of SOIG
mRNA in the olfactory epithelium of wild sockeye salmon during sexual maturation.

In vertebrates, odor detection is normally initiated by the interaction of odorants
with G protein-coupled receptors in the olfactory receptor cells. The activated receptor
stimulates adenylate cyclase, causing a rapid increase in cAMP. Increased cAMP
activates cyclic nucleotide-gated channels, resulting in membrane depolarization of
action potentials. On the other hand, guanylate cyclase in the olfactory neurons also
sutimulates cyclic nucleotide-gated channels.  Normally, Cyclic 3’°,5’-guanosine
monophosphate (¢cGMP) has a role in the photoreception in vertebrates, and the
production of cGMP was controlled by soluble guanylate cyclase which was activated
by nitric oxide (NO). NO is produced by the enzyme nitric oxide synthase (NOS).
Chen et al. (2004) reported that NOS is transiently expressed in developing and
regenerating OSNSs in mice, suggesting that NO-mediated cGMP responses may play a
role during the proliferation or maturation of developing and regenerating OSNs.
Moreover, Kendrick et al. (1997) reported that the formation of olfactory memories
mediated by NO in sheep. Nevitt and Moody. (1992) recorded the electrical properties
of the ciliated olfactory receptor cells isolated from different stages such as the PST,
sea-run and spawning of coho salmon using the whole-cell of patch-clamp technique,
and reported that relaxation of the outward current was slowed by dialysis with cGMP
only in the ciliated olfactory receptor cells at the PST and sea-run stage, but not in those
of spawning stage. Dittman et al. (1997) reported that stimulation of guanylate cyclase
activity by PEA was significantly greater in the olfactory cilia isolated from
PEA-imprinted coho salmon compared with PEA-naive fish only at the time of the

homing migration, 2 years after PEA exposure. Additionally, Harden et al. (2006)
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measured the expression levels of transcription factor, 0tx2, which was isolated from the
olfactory epithelium of PEA-exposed zebrafish, by in situ hybridization, and they
demonstrated that otx2 is up regulated in the olfactory epithelium of PEA-exposed fish
comparison with non-PEA-exposed fish. These reports suggest that, unlike normally
olfactory reception mediated cAMP, unique signaling pathway for the olfactory
imprinting may exist in the olfactory epithelium of salmonids. The present study
suggests that SOIG may have an important role in neurotransduction related to the
olfaction during critical period such as the PST and homing of salmonids (Fig. 33-I).
The function of SOIG may be able to be identified by the patch clamp methods if the
expression of SOIG mRNA in the olfactory receptor cells which were isolated from
artificial odorants-imprinted salmon may be silenced by RNA interference.

Several olfactory-specific proteins have been identified, including OMP
(Margolis, 1972; Keller and Margolis, 1975, 1976) and salmonid olfactory system-
specific protein (N24; Shimizu et al., 1993; Kudo et al., 1996, 1999). In the function
of OMP, there is report that OMP contributes to olfactory sensitivity by electrophysio-
logical technique using OMP-knockout mice (Buiakova et al., 1996; Ivic et al., 2000;
Youngentob et al., 2001). On the other hand, N24, a glutathione S-transferase isoform,
is suggested to play a role in the olfactory termination by xenobiotic function in the
olfactory receptor cells and neuromodulation in the glomerulus of salmon (Kudo et al.,
1996, 1999). Although both proteins are localized in the mature olfactory receptor
cells, immunoreactive sites of these proteins seem to be different to the expression sites
of SOIG mRNA. The SOIG mRNA was expressed also in the immature olfactory
receptor cells which are the stem cell of the olfactory receptor cells. The present study

described that SOIG was expressed in the basal cells, and suggested that SOIG may
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promote the cell proliferation (Fig. 33-1). However, it has not been investigated yet
whether SOIG is present as a protein in the olfactory system of salmon. Recently, the
growth-associated protein B-50/GAP-43 (GAP-43) is used as an olfactory marker for
recognizing immature olfactory receptor neurons in mouse olfactory epithelium
(Holtmaat et al., 1999). Further work will be required to characterize SOIG protein by
imunohistochemical and molecular biological study and to isolate GAP-43 mRNA from
the olfactory epithelium of salmon.

In general, memory is thought to involve changes in neurons and neural
connections in the brain, and many studies on the olfactory memory in mammals were
focused on the main or accessory olfactory bulb. In mammals, zinc plays an important
role in engaged memory and the activity of zinc-metallopeptidase might be involved in
the formation of memory. The present study suggested that zinc-metallopeptidases
(sGCP) belonging to peptidase family M20 were expressed in the olfactory bulb of
lacustrine sockeye salmon (Fig. 33-II). Further study should elucidate the enzyme
activity of sGCP with zinc using recombinant sGCP. Zinc causes several physiologi-
cal changes in fish. Fish utilize zinc from water through the gills and the absorbed
zinc is conveyed to the brain throughout the blood. In female channel catfish
(Ictalurus punctatus), accumulation of zinc in the livers and ovaries increase during
sexual maturation (Banks et al., 1999), thereby the relation of zinc and steroid hormones
is suggested. Moreover, zinc deficiency causes reduction in testosterone production in
male rats (Pekary et al., 1993). The distribution of sGCP mRNA in lacustrine sockeye
salmon showed that sGCP was expressed in the testis and brain. In vertebrates, steroid
hormone (neurosteroid) exists also in the brain, suggesting that steroid hormone

functions as a neuromodulator. The action of neurosteroid is thought to be mediated
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through GABA receptor and NMDA receptor (Kawato et al., 2002), and these receptors
play important role in neuronal plasticity which are involved in memory and learning.
GCP may play a role in relation to the secretion and production of steroid hormone (Fig.
33-1I). However, the expression levels of sGCP mRNA in the olfactory bulb of
salmonids during homing migration remains to be established by means of real time
PCR. In addition, it has not been investigated yet whether the activation of sGCP is
caused by zinc and which peptides are hydrolyzed by sGCP in salmon brain. Further
research should explore the levels of sSGCP mRNA and neurosteroid in the salmon brain

during homing migration.
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V. Summary

The present study was conducted to elucidate the mechanism of olfactory
imprinting by means of molecular biological approaches using lacustrine sockeye
salmon, masu salmon, chum salmon, pink salmon, and rainbow trout. In order to
isolate the imprinting related genes from the olfactory system during the parr-smolt
transformation (PST), subtractive hybridization technique of cDNA-representational
difference analysis (cDNA-RDA) was carried out using the olfactory bulb of
one-year-old lacustrine sockeye salmon at the PST as a tester and three-year-old fish at
the feeding migration as a driver. SOIG (Sockeye salmon olfactory imprinting related
gene) and sGCP (salmon glutamate carboxypeptidase), whose mRNA expression levels
in the olfactory bulb of one-year-old fish were tended to be higher than the olfactory
bulb of three-year-old, were obtained from subtractive cDNA library. Finally, these

genes are characterized by molecular biological techniques.

1. By Northern blot analysis and in situ hybridization using several tissues of
lacustrine sockeye salmon at the PST, the localization of SOIG mRNA was investigated.
SOIG mRNA was expressed in the immature olfactory receptor cells and basal cells of
the olfactory epithelium. On the other hand, the expression of SOIG mRNA in the

olfactory bulb was not detected by Northern blotting.

2. The full-length of SOIG mRNA was isolated from a cDNA library constructed
from the olfactory epithelium of lacustrine sockeye salmon at the PST. SOIG cDNA
was 1,700 bp in length, having an open reading frame of 756 bp encoding 252 amino

acids which two Ly-6 superfamily domains.
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3. In the analysis of SOIG mRNA expression levels in the olfactory epithelium of
lacustrine sockeye salmon from emergence to post-PST, the SOIG mRNA levels during
the PST were higher than those at the post-PST in both sexes. Moreover, the SOIG
mRNA levels during the PST tended to be higher than those in three-year-old fish
during sexual maturation. During ontogeny, the expression levels of SOIG mRNA in

alevin were significantly higher than those in embryos 43 and 60 days after fertilization.

4. Complementary DNA clones encoding SOIG homologs were isolated from the
olfactory epithelium of masu salmon, chum salmon, pink salmon and rainbow trout.
Predicted amino acid sequences of these cDNAs were very similar to SOIG (93-94% at
the amino acid level) and contained two Ly-6 superfamily domains. Furthermore,

these mRNAs were only observed in the olfactory epithelium by Northern blot analysis.

5. The changes in SOIG mRNA levels in the olfactory epithelium of chum salmon
during downstream and homing migration were measured by real time PCR. SOIG
mRNA levels sharply increased in May during downstream migration in both sexes.
During homing migration of chum salmon, SOIG mRNA levels in the olfactory

epithelium was elevated at the estuary and pre-spawning ground.

6. sGCP was expressed in the brain, heart, intestine, head kidney and testis of

lacustrine sockeye salmon by semi-quantitative RT-PCR

7. sGCP has 1,221 bp open reading frame that encodes a polypeptide of 407 amino

acids with peptidase family M20 domain and M20 dimerisation domain. Moreover,
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six zinc-ligand residues were conserved in sGCP (His *°, Asp ", Asp >, Glu ™", Glu ™,

Glu®™®).

8. The changes in the expression levels of sGCP mRNA levels in the olfactory bulb of
lacustrine sockeye salmon from pre-PST to post-PST were investigated by real time

PCR. However, the changes in sGCP mRNA levels were not statistically significant.
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