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ABSTRACT Goldfish reproduction is coordinated by
pheromones that are released by ovulating females and de-
tected by males. Two highly potent pheromones, a dihy-
droxyprogesterone and a prostaglandin, previously have been
identified, and their effects on goldfish behavior have been
studied in depth. We have cloned goldfish olfactory epithelium
cDNAs belonging to two multigene G-protein coupled receptor
families as a step toward elucidating the molecular basis of
pheromone recognition. One gene family (GFA) consists of
homologs of putative odorant receptors ('320 residues) found
in the olfactory epithelium of other fish and mammals. The
other family (GFB) consists of homologs of putative phero-
mone receptors found in the vomeronasal organ (VNO) of
mammals and also in the nose of pufferfish. GFB receptors
('840 residues) are akin to the V2R family of VNO receptors,
which possess a large extracellular N-terminal domain and
are homologs of calcium-sensing and metabotropic glutamate
receptors. In situ hybridization showed that the two families of
goldfish receptors are differentially expressed in the olfactory
epithelium. GFB mRNA is abundant in rather compact cells
whose nuclei are near the apical surface. In contrast, GFA
mRNA is found in elongated cells whose nuclei are positioned
deeper in the epithelium. Our findings support the hypothesis
that the separate olfactory organ and VNO of terrestrial
vertebrates arose in evolution by the segregation of distinct
classes of neurons that were differentially positioned in the
olfactory epithelium of a precursor aquatic vertebrate.

A vast number of odorants can be discriminated by the
olfactory system of vertebrates (1–3). Electrophysiological
studies have revealed that olfaction is mediated by the inter-
play of neural signals arising from many different kinds of
sensory neurons (4). The cloning of three large multigene
families of putative odorant and pheromone receptors has
revolutionized the field (5–9). What is the mechanism of this
remarkable combinatorial recognition process? Goldfish are
an attractive model system for the study of this intriguing
problem for several reasons. First, the reproductive behavior
of goldfish is coordinated by several pheromones of known
structure. Preovulatory females release 17a,20b-dihydroxy-4-
pregnen-3-one and related hormones a day before ovulation
(10–11). The detection of these steroids by the olfactory system
of males leads to the production of sperm and seminal f luid.
Shortly after ovulation, females release prostaglandin F2a and
derivatives, which immediately trigger courtship behavior by
males (12). Second, these pheromones are effective at very low
concentration. The threshold is in the picomolar to nanomolar
range, compared with micromolar to millimolar for most
olfactants. Third, olfaction in fish may be simpler than in
mammals, given the 10-fold smaller size of their receptor
repertoire (13).

Aquatic vertebrates have a single kind of olfactory epithe-
lium, whereas terrestrial vertebrates possess a vomeronasal
organ (VNO) in addition to a main olfactory epithelium
(MOE) (14, 15). The VNO of rodents and other land animals
plays a key role in detecting pheromones that govern mating
behavior (16). However, the VNO does not have a monopoly
on the sensing of pheromones nor does the MOE on all other
odorants. Pigs, for example, detect the potent pheromone
androstenone by using their MOE (17). Conversely, the VNO
in garter snakes plays a role in feeding as well as courtship
behavior (18). Understanding how olfactory recognition tasks
in terrestrial vertebrates are partitioned between the VNO and
MOE may be deepened by knowing how they are accom-
plished in the single olfactory apparatus of fish. It is also
noteworthy that the olfactory epithelium of fish contains both
ciliated and microvillar cells, whereas the MOE is predomi-
nantly ciliated and the VNO microvillar (15, 19). Delineating
the development and function of ciliated and microvillar
sensory neurons in fish is likely to shed light on how the MOE
and VNO came into being in terrestrial vertebrates.

Electrophysiological and behavioral studies of goldfish ol-
faction are well advanced. In contrast, little is known about
goldfish olfaction at the molecular level. We report here the
cloning of two multigene families of G-protein-coupled recep-
tors from goldfish olfactory epithelium as a step toward
identifying pheromone receptors and understanding how their
activation leads to specific recognition. One family (termed
GFA) encodes homologs of putative odorant receptors that
are present in the MOE of mammals, whereas the other
(termed GFB) encodes homologs of putative pheromone
receptors of the V2R class present in the VNO of mammals.
Significantly, these two families are expressed in neurons
whose nuclei are positioned at different vertical levels of the
goldfish olfactory epithelium.

MATERIALS AND METHODS

Cloning of Homologs of Mammalian MOE Receptors. Mo-
lecular cloning experiments were carried out by using standard
procedures (20, 21). Two pairs of degenerate primers based on
sequences in transmembrane segments 3 and 7 of putative rat
odorant receptors (13) were used in PCR to isolate partial-
length homologs from goldfish genomic DNA. One microgram
of genomic DNA isolated from goldfish liver served as the
template for each reaction. The first cycle of PCR was carried
out at 94°C for 4 min, 45°C for 2 min, and 72°C for 3 min, and
the next 35 cycles at 94°C for 1 min, 45°C for 2 min, and 72°C
for 3 min. One-fifth of the first PCR served as the template for
the second PCR using the same primers and conditions. The
predicted-sized PCR products ('520 nt) were obtained and
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subcloned for sequencing. Seven distinct partial-length gold-
fish receptor (GFA) genes belonging to three divergent sub-
families were isolated. A goldfish olfactory epithelium cDNA
library was constructed in lZIP (GIBCO). Five hundred
thousand plaques were screened at high stringency with a pool
of three partial GFAs representing different subfamilies. Both
strands of each candidate gene were sequenced by an Applied
Biosystems automated sequencer. Four full-length cDNAs
were obtained.

Cloning of Homologs of Mammalian VNO Receptors. A pair
of degenerate primers was designed based on sequences of
putative rat and mouse pheromone receptors belonging to the
V2R class (7–9). The 59 primer was: 59-ACNCCNAT(TyCy
A)GTNAA(AyG)GCNAA(TyC)AA-39, corresponding to the
amino acid sequence TPIVKANN in the first intracellular loop
of the receptor. The 39 primer was: 59-(TyC)TTNGC(Ty
C)TC(AyG)TT(AyG)AANG(CyT)(AyG)TC-39, correspond-
ing to D(AyT)FNEAK in the third intracellular loop. Eight
distinct PCR fragments were identified by sequencing. Screen-
ing of the goldfish olfactory epithelum cDNA with a mixture
of these PCR fragments yielded two full-length cDNA clones
and seven partial-length cDNA clones.

Genomic Southern Blots. Ten micrograms of genomic DNA
isolated from goldfish liver was digested with either EcoRI,
HindIII, or HaeIII, and electrophoresed on 0.8% agarose gels.
The digested DNA samples then were transferred to nylon
membranes for hybridization. 32P-labeled probes were synthe-
sized by random priming of each cloned gene. About 5 3 107

cpm of each probe in 5 ml was used for hybridization at high
stringency.

Northern Blots. RNA was extracted and purified from
goldfish olfactory epithelium, brain, heart, liver, intestine, and
eggs. One microgram of each poly(A)1 RNA was applied to a
blot. Hybridization at high stringency was carried out by using
32P-labeled DNA probes made from a pool of GFA cDNAs
(GFA2, GFA25, and GFA28) or of GFB cDNAs (GFB1 and
GFB8). The blot was stripped and then probed with goldfish
b-actin DNA as a quantitation standard.

In Situ Hybridization. Goldfish were anesthetized with 0.5%
3-aminobenzoic acid ethyl ester (MS222, Sigma) and then
sacrificed. The olfactory epithelium was dissected and fixed
with 4% fresh paraformaldehydeyPBS overnight. Olfactory
epithelium then was transferred into 30% sucroseyPBS for 3
hr, embedded in Tissue-Tek OCT compound, and sectioned at
14 mm on a Cryostat. In situ hybridization was carried out
essentially as described (22). Digoxigenin-labeled antisense
and sense RNA probes were generated from full-length GFA
and GFB cDNAs and from partial-length GFB cDNAs. The
probes were fragmented to 100- to 200-bp pieces by alkaline
hydrolysis before hybridization.

Sequence Analyses. DNA and protein sequences were an-
alyzed by using GCG programs (Wisconsin Package Version
9.1, GCG), BLASTP (Version 2.0.4, National Center for Bio-
technology Information) (23), Kyte-Doolittle hydrophobicity
analysis in DNASIS version 2.0, and CLUSTALW multiple se-
quence alignment (24).

RESULTS

Cloning of a Multigene Family of MOE Receptor Homologs.
Degenerate PCR performed with two pairs of primers derived
from transmembrane segments 3 and 7 of rat putative odorant
receptors led to the isolation of seven different clones from
goldfish genomic DNA. Sequence and Southern blot analyses
showed that these clones belong to three subfamilies. A
goldfish olfactory epithelium cDNA library then was screened
at high stringency with probes representing these three sub-
families. Four full-length clones (GFA2, GFA12, GFA25, and
GFA28) were obtained. GFA12 and GFA25 have the same
coding sequence but distinct 59 and 39 untranslated sequences.

GFA2, GFA25, and GFA28 contain coding sequences 324,
328, and 310 residues long, respectively (Fig. 1). The amino
acid sequences of GFA2 and GFA25 are 29% identical and
quite different from that of GFA28 (,20% identity). These
goldfish receptors are clearly homologs of olfactory receptors
expressed in the olfactory epithelia of other fish and mammals.
They contain seven transmembrane segments flanked by short
N-terminal and C-terminal regions, lack a discernible N-
terminal signal sequence, and display significant sequence
similarity to known odorant receptors.

A BLASTP search of GenBank showed that GFA2 is 71%
identical in amino acid sequence to CF47, a full-length catfish
gene (accession no. F45774, ref. 13), and 38% identical to
ZF2.5, a full-length zebrafish gene (accession no. AF012759,
ref. 25) (Fig. 1A). Likewise, GFA25 has odorant receptor
counterparts in zebrafish and catfish (Fig. 1B). GFA25 is 78%
identical to ZF13 (accession no. AF012746, ref. 25) and 59%
identical to CF202 (accession no. G45774, ref. 13). GFA28 has
no full-length homolog in the database but is 85% identical to
a zebrafish sequence (accession no. U43298, ref. 26) in a
155-residue overlap region (Fig. 1C).

Cloning of a Multigene Family of VNO Receptor Homologs.
The cloning of two families of putative pheromone receptors,
termed V1R (also called VNR or Gi2a-VN; ref. 6) and V2R
(also called VR or Go-VN; refs. 7–9) from the VNO of mice
and rats stimulated us to search for their homologs in goldfish.
We looked in the olfactory epithelium because goldfish, like
other aquatic vertebrates, lack a distinct VNO. PCR of goldfish
genomic DNA using several pairs of degenerate primers based
on conserved V1R sequences did not yield any products. In
contrast, PCR using primers based on V2R sequences gave
fragments showing significant sequence similarity to calcium-
sensing receptors, metabotropic glutamate receptors, and
mammalian V2Rs. A goldfish olfactory epithelium cDNA
library then was screened with a mixture of these PCR
fragments. Two full-length genes (GFB1 and GFB8, and seven
partial-length genes (GFB2, 5, 7, 9, 10, 12, and 14) were
isolated. GFB2 has the same coding sequence as GFB14 but
has a 430-nt longer 39 untranslated region. The deduced amino
acid sequences of the two full-length genes and six partial-
length genes are compared in Fig. 2. GFB1 and GFB8 encode
844- and 848-residue proteins, respectively, which are 53%
identical. They have a very long N-terminal sequence ('570
residues) followed by a seven-transmembrane motif ('270
residues) and a very short C-terminal region ('20 residues). A
canonical N-terminal signal sequence is present in both. The
sequences of GFB1 and GFB8 are very similar in the trans-
membrane region (77% identity) and considerably less so in
the long N-terminal region (42% identity). The high degree of
sequence conservation of the transmembrane region is also
evident in the partial-length sequences.

A BLASTP search of GenBank showed that GFB1 and GFB8
are most similar to pufferfish homologs of rodent V2R recep-
tors (e.g., accession nos. AB008858 and AB008860, ref. 28),
mammalian extracellular calcium-sensing receptors (e.g., ac-
cession no. A56715, ref. 29), rodent V2R receptors (accession
no. AF053986, ref. 9; accession no. AF011413, ref. 7; accession
no. AF016182, ref. 8), and mammalian metabotropic gluta-
mate receptors (e.g., accession no. P23385, ref. 27). The
goldfish and pufferfish receptors exhibit a high degree of
sequence identity, 50–54% for the entire sequence, 40–47%
for the N-terminal domain, and 70–76% for the transmem-
brane domain. The degree of sequence identity of the mouse
V2R2 receptor to the fish homologs is lower, 35–36% for the
entire sequence, 31–33% for the N-terminal domain, and
41–44% for the transmembrane domain. The conservation of
cysteine residues is striking. Of the 29 cysteines common to
GFB1 and GFB8, 23 are also present in V2R2 and the two
pufferfish homologs.
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Southern Blots. To estimate the size of the gene families,
blots of genomic DNA digested with EcoRI, HindIII, or HaeIII
were hybridized at high stringency with individual GFA and
GFB cDNAs. The hybridization patterns of the three GFA
cDNAs are different (Fig. 3A), indicating that they represent
three divergent subfamilies. Also, the nine GFB cDNAs gave
seven different hybridization patterns (Fig. 3B), indicating that
they represent seven divergent subfamilies. The number of
bands seen in the Southern blots of the GFBs is significantly
greater than that of the GFAs under conditions of equal
stringency. The GFB family contains at least 30 members.

Tissue Specificity of Expression. Northern blots were per-
formed to determine the tissue distribution of the two gene
families. A pool of GFA probes and a pool of GFB probes were
used for the two sets of Northern blots. Hybridization at high

stringency showed that both receptor families are expressed in
olfactory epithelium, but not in brain, heart, liver, intestine,
and eggs (Fig. 4).

Differential Expression of the GFA and GFB Gene Families.
The expression patterns of these two gene families were
visualized by in situ hybridization with fragmented digoxige-
nin-labeled RNA probes. The expression patterns of the three
GFAs were essentially the same. As shown for GFA25 (Fig. 5
A and C), the positive neurons appeared to be randomly
distributed in the lamellar plane. The cell bodies of GFA-
positive cells were strongly labeled and positioned well below
the apical surface. A strikingly different pattern was seen for
the GFBs. As shown for GFB14 (Fig. 5 B and D), the nuclei
of most GFB-positive cells were near the apical surface of the
epithelium. The few GFB-positive cells located deeper in the

FIG. 1. Comparison of the deduced amino acid sequences of three putative goldfish olfactory receptors with the sequences of their closest
homologs (CF and ZF denote catfish and zebrafish, respectively). In this and subsequent comparisons, identical residues are shaded. The predicted
positions of the seven transmembrane domains are boxed. Dots indicate gaps that were inserted for optimal alignment. (A) GFA2. (B) GFA25.
(C) GFA28.
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epithelium may be newly formed cells en route to a more apical
position. Moreover, the label in GFB-positive cells, in contrast
with that in GFA-positive cells, was diffusely distributed
around the cell body and sometimes extended to the apical
surface. A high proportion of apical cells were labeled with
GFB14, most likely because of the use of fragmented probe.
The highly conserved transmembrane sequences of GFB14
probably cross-hybridized to RNA of cells expressing other
members of the GFB family.

DISCUSSION

We have cloned goldfish olfactory epithelium cDNAs belong-
ing to two multigene G-protein coupled receptor families. One

gene family (GFA) encodes homologs of putative odorant
receptors ('320 residues) that are generally present in the
olfactory epithelium of mammals, fish, and other vertebrates
(5, 13, 30–32). Three of the four full-length members of the
GFA family cloned by us (Fig. 1) are quite different from one
another (,30% amino acid sequence identity). Their closest
homologs are catfish and zebrafish olfactory receptors. It is
evident that GFA2, GFA25, and GFA28 are members of
divergent olfactory receptor subfamilies that recur in other
fish. The other family (GFB) cloned from the goldfish olfac-
tory epithelium (Fig. 2) consists of homologs of putative
pheromone receptors that are present in the VNO but not in
the olfactory epithelium of mammals. GFB receptors ('840
residues) are akin to the V2R family of VNO receptors (7–9),

FIG. 2. Comparison of the deduced amino acid sequences of two full-length (GFB1 and GFB8) and six partial-length (GFB5, 7, 9, 10, 12, and
14) goldfish homologs of mammalian V2R vomeronasal receptors.
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which are homologs of calcium-sensing (29) and metabotropic
glutamate receptors (27). They possess a large extracellular
N-terminal domain in addition to a C-terminal seven-
transmembrane-helix domain. This class of receptors also has
recently been found in the olfactory epithelium of pufferfish
(28).

The GFA and GFB families of receptors are expressed in the
goldfish olfactory epithelium (Fig. 4), whereas their mamma-
lian homologs are expressed separately in the MOE and VNO,
respectively. Most intriguing, GFA and GFB are expressed in
what appear to be different kinds of sensory neurons in the
goldfish olfactory epithelium (Fig. 5). The nuclei of cells
expressing GFA are further from the apical surface than are
the nuclei of cells expressing GFB. The cells are also morpho-
logically distinct but their identities are uncertain at the
resolution of this study. The olfactory epithelia of fish contain
both ciliated and microvillar sensory neurons, whereas the

MOE of terrestrial vertebrates contains mostly ciliated cells,
and the VNO contains mostly microvillar cells (14, 15). In the
catfish olfactory epithelium, the nuclei of microvillar cells are
nearer the apical surface than are the nuclei of ciliated cells
(33). Hence, we surmise that GFA is expressed in ciliated cells
and GFB in microvillar cells. Our finding that GFA and GFB
are expressed in different kinds of cells supports the proposal

FIG. 3. Genomic Southern blot analysis of goldfish homologs of
mammalian odorant receptor and vomeronasal receptor genes. Gold-
fish genomic DNA digested with EcoRI (lanes 1), HindIII (lanes 2),
or HaeIII (lanes 3) was electrophoresed, blotted, and hybridized with
32P-labeled probes prepared from GFA and GFB cDNAs. The posi-
tions (kb) of HindIII-digested lDNA markers are shown on the left.

FIG. 4. Northern blot analysis of the expression of the two families
of goldfish receptors. Poly(A)1 RNAs isolated from goldfish (lanes 1)
olfactory epithelium, (lanes 2) brain, (lanes 3) heart, (lanes 4) liver,
(lanes 5) intestine, and (lanes 6) eggs were fractionated on a 1% gel,
blotted, and hybridized to a mixture of radiolabeled probes prepared
from (A) GFA2, GFA25, and GFA28 and (B) GFB1 and GFB8.
b-Actin served as a control. The positions (in kb) of markers are shown
on the left.

FIG. 5. In situ analysis of the expression of the two classes of
receptors in the goldfish olfactory epithelium. Hybridization was
carried out at high stringency on coronal sections of the epithelium by
using fragmented antisense digoxigenin-labeled RNA probes. (A and
C) Low-power and high-power views of GFA25. (B and D) Low-power
and high-power views of GFB14. [Scale bar for A and B is shown in B
(200 mm), and that for C and D is shown in D (50 mm).]
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that the MOE and VNO of terrestrial vertebrates arose in
evolution by the segregation of distinct classes of sensory
neurons that were differentially positioned in a precursor
aquatic vertebrate (15, 33).

Retrograde fluorescent labeling studies have revealed that
ciliated and microvillar cells in the catfish olfactory epithelium
project to different parts of the olfactory bulb (33). Further-
more, calcium imaging studies have shown that different
olfactants activate different regions of the olfactory bulb (34,
35). Thus, the ciliated and microvillar sensory neurons in the
olfactory epithelia of fish recognize different kinds of olfac-
tants. What might they be? After sectioning of the goldfish
olfactory nerve, ciliated cells in the olfactory epithelium
regenerate first, followed weeks later by microvillar cells (36).
These regenerating goldfish regain the capacity to detect foods
weeks before they can again sense pheromones, suggesting that
ciliated sensory neurons recognize foods, whereas microvillar
sensory neurons recognize pheromones. That study taken
together with ours implies that GFA receptors sense foods and
GFB receptors sense pheromones. It will be interesting to test
this hypothesis by using recently devised strategies (37, 38) for
determining the specificity of functionally expressed olfactory
receptor genes.
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