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Abstract. Most vertebrates express two gonado-
tropin releasing hormone (GnRH) variants in brain
tissue but there is an increasing number of fish species
for which a third GnRH form has been detected. We
characterized the precursors (cDNAs) of all three
forms expressed in the brain of the pejerrey (silver-
side) fish, Odontesthes bonariensis (Atheriniformes):
type I (GnRH-I; 440 bp), type II (GnRH-II; 529 bp),
and type III (GnRH-III; 515 bp). The expression of
these GnRHs precursors was also observed in
peripheral tissues related to reproduction (gonads),
visual and chemical senses (eye and olfactory epi-
thelium), and osmoregulation (gill), suggesting that in
teleost fish and possibly other vertebrates GnRH
mediates directly or indirectly many other functions
besides reproduction. We also present a comprehen-
sive phylogenetic analysis including representatives of
all chordate GnRH precursors characterized to date
that supports the idea of two main paralogous GnRH
lineages with different function. A “forebrain line-
age” separates evolutionarily from the “midbrain
lineage” as a result of an ancient duplication (ca. 600
million years ago). A third, fish-only clade of GnRH
genes seems to have originated before the divergence
of fish and tetrapods but retained only in fish. Phy-
logenetic analyses of GnRH precursors (DNA and
protein sequences) under different optimality criteria
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converge on this result. Although alternative scenar-
ios could not be statistically rejected in this study due
to the relatively short size of the analyzed molecules,
this hypothesis also receives support from chromo-
somal studies of synteny around the GnRH genes in
vertebrates.
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Introduction

Gonadotropin releasing hormone (GnRH) is a
pivotal neuropeptide for development and repro-
duction of all vertebrates. GnRH is synthesized in
the hypothalamus and released into the pituitary
gland via the portal vascular system in tetrapods or
via direct neuronal innervations in the case of tel-
cost fish. At the pituitary gland, the primary neu-
rohormonal function of GnRH is to stimulate the
synthesis and release of gonadotropins, which in
turn, stimulate steroidogenesis and gonadal devel-
opment.

Comparative endocrinological studies have re-
vealed 14 different GnRH variants in vertebrates,
defined by the amino acid sequence of the active
peptide (Lethimonier et al. 2004), but all variants
are decapeptides with residues 1, 4, 9, and 10 per-



fectly conserved. Fish harbor the highest diversity in
GnRHs among vertebrates: 8 of the 14 described
GnRH variants have been characterized and/or
detected in teleosts and six are exclusive of this
lineage (see the Appendix for an account of the
intricate taxonomy and nomenclature of GnRH
forms used in the endocrinological literature). The
early assumption that a single molecular form is
expressed in all vertebrate brains has given way to
the view that most vertebrates carry different GnRH
genes in their genomes and express more than one
GnRH variant in their brains (Fernald and White
1999). All fish species analyzed to date are known to
express two or three different forms of GnRH. The
most conserved form of GnRH (hereafter referred to
as type II or GnRH-II, first described in birds) is
found in Chondrichtyes and all other vertebrates,
but all fish also express another GnRH variant re-
lated to the control of pituitary gonadotropes (type
I or GnRH-I, first characterized in mammals). If a
third form is present, this is a fish-specific GnRH
variant, so far only described for teleosts (type III or
GnRH-III).

Studies in fish species expressing three GnRH
variants have shown that each variant exhibits
differential distribution in the brain: the hypoph-
isotropic GnRH-I variant is mainly found in the
preoptic-hypothalamic areca, GnRH-II is expressed
by midbrain tegmentum (MT) neurons, and GnRH-
III by neurons located at the terminal nerve gan-
glion (TNG) (e.g., Gothilf et al. 1996; Okuzawa
et al. 1997; Fernald and White 1999; Vickers et al.
2004). The distribution of these forms in different
clusters of cell bodies prompted some authors to
suggest the existence of three different GnRH sys-
tems with distinct physiological functions in fish
(Parhar et al. 1998; Dubois et al. 2002). However,
except for the hypophysiotropic function of the
preoptic-hypothalamic GnRH-I form the physio-
logical roles of other GnRHs are poorly known.
Furthermore, the expression of these neuropeptides
in vertebrates seems not to be restricted to the
central nervous system. Several reports have dem-
onstrated GnRH expression outside the brain, in
tissues and organs such as the pituitary, skeletal
muscle, heart, liver, kidney, spleen, placenta,
mammary gland, ovary, and testis (Kakar and
Jennes 1995; White and Fernald 1998; Nabissi et al.
2000; Uzbekova et al. 2001, 2002; Ikemoto and
Park 2003). Thus, GnRHs are likely to have di-
verse, and so far unknown, physiological functions
in addition to gonadotropin secretion.

To understand the evolution of structural and
functional diversification of these regulatory mole-
cules, comparative studies of anatomical location and
taxonomic distribution of different GnRH variants
should be based on a phylogenetic framework to trace
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the evolution of the GnRH gene family. Unfortu-
nately, direct phylogenetic analysis of GnRHs has
been ineffective because these are short, conserved
peptides with limited phylogenetic signal. Thus,
analyses have been based on genomic or cDNA se-
quences of the precursor (prepro-GnRH) that
includes a signal peptide, the GnRH peptide itself, a
conserved processing tripeptide, and the GnRH-
associated peptide (GAP). Phylogenetic results to date
suggest that vertebrate GnRH variants fall into three
main clades: clade 1, with GnRH-I variants from
neurons located in the preoptic region with pituitary
function; clade 2, grouping all GnRH-II variants ex-
pressed by midbrain neurons; and clade 3, with all
fish-specific GnRH-III forms located either in neu-
rons from the olfactory region and/or the telenc-
hephalon of fish (White et al. 1998; Okubo and Aida
2001; Okubo et al. 1999; 2002). The first phylogenetic
analysis of GnRHs (White et al. 1998), including few
representatives of fish and tetrapods, concluded that a
gene duplication originating GnRH-I and GnRH-II
forms must have occurred before the separation of
tetrapods from the ray-finned fish lineage. However,
the phylogenetic position of the GnRH-III lineage
remained uncertain in this and subsequent studies due
to limited taxonomic sampling and no outgroup se-
quences from either chondrichthyans or agnathans
(but see Silver et al. 2004). In this context, two alter-
native hypotheses have been considered: (i) the
GnRH-IIT lineage may have resulted from another
ancient duplication predating the divergence of tet-
rapods and ray-finned fish, and either has been lost in
tetrapods later or has not yet been discovered; and (ii)
the gene duplication leading to the GnRH-III lineage
occurred recently, within the ray-finned fish lineage,
explaining why these variants are restricted to fish
(Fig. 1; hypotheses A and B, respectively). Although
different authors working in this field favor the former
hypothesis (White et al. 1998; Okubo and Aida 2001;
Okubo et al. 1999, 2002), accumulating evidence
supporting more recent fish-specific whole-genomic
duplication events (Amores et al. 1998; Christoffels
et al. 2004; Hoegg et al. 2004; Van de Peer et al. 2003)
would favor the latter. A comprehensive phylogenetic
analysis is necessary to fully understand the evolu-
tionary diversification of the GnRH gene family.

Our laboratory is working with the pejerrey fish,
Odontesthes bonariensis, as an experimental model for
the study of the physiology of reproduction and sex
determination and differentiation mechanisms. In the
present study we determine the cDNA sequences
encoding all three GnRH forms in this species, doc-
ument their expression in different brain areas and
extranervous tissues and organs, and also present
phylogenetic tests of the above hypotheses including
representatives of all chordate GnRH precursors
characterized to date.
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Materials and Methods

Animals and Sample Preparation

Pejerrey fish were obtained from the stock maintained under
natural environmental conditions in the outdoor ponds of the 1I1B-
INTECH aquatic facilities. All fish used for this work were 2-year-
old adult specimens. At the time of tissue collection, the fish were
carefully handled and sacrificed in accordance with the UFAW
Handbook on the Care and Management of Laboratory Animals
(http://www.ufaw.org.uk/pubs.htm#Lab) and local regulations.
The brains were quickly dissected out and stored in RNAlater
(Sigma) at —80°C until total RNA was extracted. The gonads were
excised and their weights determined to calculate the gonadoso-
matic index (GSI; gonadal weight/body weight x 100).

In order to analyze GnRH expression in different tissues and
organs, pejerrey fish of both sexes were sampled in August.
Females were determined to be in midvitellogenesis and males were
already spermeating according to Striissmann (1989). The eyes,
olfactory mucosa, gills, kidney, spleen, liver, heart, muscle, intes-
tine, gonads, and brain were quickly removed and stored in
RNA/ater at —80°C.

Molecular Cloning of 3’-Ends

Total RNA was extracted for each sample using a commercial
product, TRIzol Reagent (Life Technologies). Rapid amplification
of cDNA ends (RACE) was carried out in order to isolate the
different GnRH precursors in pejerrey brain. First-strand cDNA
was synthesized from 2 ug of total RNA from brain tissue using an
oligo(dT)-Adaptor primer and Superscript II Rnase H- Reverse
Transcriptase (Invitrogen; Life Technologies).

Six consensus sense primers were designed based on other tel-
eost sequences and named sGnRHF1, sGnRHF2, cIIGnRHFI,
clIGnRHF2, pjGnRHFI1, and pjGnRHF2 (Table 1). The first
round of PCR used F1 sense primer and UAP-primer (Universal

nRH-1
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GnRH-II
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GnRH-II B

(“fish-specific”)

Fig. 1. Alternative hypotheses
for the evolution of the main
groups of GnRH genes. A Two
gene (genome) duplications (nodes
IR and 2R) occurred before the
separation of fish and tetrapod
lineages (shaded bars; estimated

- date of divergence, 450 MYA).

Dashed line indicates loss of
GnRH III genes in the lineage
leading to tetrapods. The fish-
specific genome duplication is not
implied by this hypothesis. B Only
one duplication (1R) occurred
before the separation of fish and
tetrapod lineages, and the origin
of GnRH III genes follows the
fish-specific genome duplication
(3R). The diagram is a
chronogram and estimated dates
for nodes were obtained with a
penalized likelihood method (see
text and Table 2).
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Amplification Primer; Table 1) as antisense primer was run under
these conditions: 3 min at 94°C, followed by 35 cycles of 30 s at
94°C, 30 s at 55°C, and | min at 72°C, ending with a 10-min
extension step at 72°C. The PCR products obtained served as
template for nested PCRs using the second corresponding sense
primer (F2) in combination with the UAP-primer under similar
conditions.

The resulting PCR products of desired sizes were cloned in a
bacterial vector using the pGEM-T Easy kit (Promega), sequenced
at the IIB-INTECH central sequencing facilities, and submitted to
BLAST for comparison to known sequences accessible in Gen-
Bank/EMBL.

Molecular Cloning of 5’-Ends

Once the previous specific sequences were obtained, six gene-spe-
cific antisense primers were designed for isolation of 5-ends of the
corresponding cDNAs: sGSPR1, sGSPR2, cIIGSPRI, cII GSPR2,
piGSPR1, and pjGSPR2 (Table 1). Total RNA (2 ug) was used for
reverse transcription of GnRH-III, GnRH-II, and GnRH-I using
gene-specific antisense primers. First-strand cDNAs were purified
using a Microcon YM-30 Centrifugal Filter Devices (Amicon/
Millipore), following the instructions of the manufacturer.

For poly(A) tailing, the purified first-strand cDNAs were
incubated for 2-3 min at 94°C, chilled on ice for 1 min, and then
incubated at 37°C for 10 min after adding 10 units of terminal
deoxynucleotidyl transferase (Invitrogen; Life Technologies). The
tailing reaction was terminated by heating the reaction at 65°C for
10 min.

Tailed cDNAs obtained were amplified directly by PCR. The
first round of PCR (using R1 primer and UAP-primer) was pro-
grammed as follows: 3 min at 94°C, then 35 cycles of 30 s at 94°C,
30 s at 58°C, and 1 min at 72°C. The first PCR products served as
templates in nested PCRs using the second corresponding antisense
nested primer (R2) in combination with the UAP-primer under
similar conditions used in the first PCR. The bands of desired size
were treated as already described.



Table 1. Primers used for the study
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Primer name Nucleotide sequence Usage Location
Oligo(dt)-adapter primer 5-GGC CAC GCG TCG ACT AGT ACT RACE-PCR
TTT TTT TTT TTT TTT TVN-3’

UAP-primer 5’-GGC CAC GCG TCG ACT AGT AC-3’ RACE-PCR

sGnRHFI (sense) 5-CAG CAY TGG TCI TAY GGI TGG CT-3’ 3’RACE-PCR GnRH decapeptide
sGnRHF2 (sense) 5-TGG TCI TAY GGI TGG CTW CCI GG-3’ 3’RACE-PCR (nested) GnRH decapeptide
cIIGnRHF I (sense) 5-CAG CAC TGG TCI CAY GGI TGG-3" 3’'RACE-PCR GnRH decapeptide
cIIGnRHF2 (sense) 5-TGG TCI CAY GGI TGG TAY CCI GG-3’ 3’RACE-PCR (nested) GnRH decapeptide
piGnRHF1 (sense) 5-CAG CAC TGG TCI TWY GGI CTG-3 3’RACE-PCR GnRH decapeptide

piGnRHF2 (sense)
sGSPRI1 (antisense)
sGSPR2 (antisense)
cIIGSPR1 (antisense)
cIIGSPR2 (antisense)
piGSPRI1 (antisense)
piGSPR2 (antisense)
sGSPF3 (sense)
cIIGSPF3 (sense)
pjGSPF3 (sense)
pactF (sense)

PactR (antisense)

5-TGG TCI TWY GGI CTG AGY CCW GG-3’
5-CTC CAA GTG TCC AAG TGA CT-3
5-TCT CTC TTG GAT TTG GGC ACT T-3’
5-CAG CGA AAG ATG GAA AGC AGT C-¥
5-CCT CTG GGG TCT CAA GTA GC:3
5-GGC GTC CAT TTT CCC TGT CG-¥
5-GAG ACT CGT CCG CAC AAC CCA-3
5-TGG CGT TGG TGG TTC AGG T-3'
5"-CTC TCG TAC GCC CAG CAC T-3’
5-CAA AAG AAT GGC TGT AAG AAC G-3’
5-GGA YGA YAT GGA GAA GAT CTG G-3'
5"-GAC GGA CAG GTC ATC ACC AT-3’

3’RACE-PCR (nested) GnRH decapeptide
5'RACE-PCR and RT-PCR GAP

5’RACE-PCR (nested) GAP
S’RACE-PCR and RT-PCR GAP
5’RACE-PCR (nested) GAP
5’RACE-PCR and RT-PCR GAP
5’RACE-PCR (nested) GAP
RT-PCR Signal peptide

RT-PCR
RT-PCR
sqRT-PCR and expression
sqRT-PCR and expression

Signal peptide
Signal peptide

RT-PCR Analysis and Southern Hybridization for
Tissue-Specific Expression of GnRH Forms

Total RNA (2 ug) from adult male and female pejerrey tissues
(eyes, olfactory mucosa, gills, kidney, spleen, liver, heart, muscle,
intestine, gonads, and brain) were reverse transcribed using M-
MLV (Promega Corp.) following the manufacturer’s recommen-
dations.

Specific sense primers were then designed: sGSPF3, cIIGSPF3,
and pjGSPF3 (Table 1), based on the signal peptide sequence of the
each cDNA precursor. The primers were tested in a PCR reaction
using 1 ul of pejerrey brain cDNA as a template in combination
with the antisense specific primers (sGSPR1, cIIGSPRI, and
piGSPRI1, respectively) using the following cycle conditions: a 5-
min denaturing step at 95°C, 35 cycles using a cycle profile of 95°C
for 30 s, 55°C for 30 s, and 72°C for 30 s, ending with a 5-min
extension at 72°C.

The PCR products were 214, 221, and 275 bp for GnRH-III,
GnRH-II, and GnRH-I, respectively. Each primer set spanned at
least one intron, such that amplification of genomic DNA using the
primer sets yielded single products clearly distinguishable from
cDNA-derived products (GnRH-II1, ~380 bp; GnRH-1, ~500 bp;
and GnRH-II, ~620 bp; data not shown).

Brain products were sequenced directly to confirm their
authenticity as GnRH-specific amplicons. Products derived from
other tissues were of the same size as brain-derived amplicons and
were thus considered to be authentic, although they were not se-
quenced.

Furthermore, to confirm its identity, each RT-PCR product
was transferred onto a nylon membrane (Hybond N; Amersham
Biosciences) and hybridized overnight at 58°C with Church-Gilbert
hybridization solution with the corresponding probe. The different
probes were constructed using the brain PCR products purified and
then labeled with [¢-**P]JdCTP by random priming (RediPrime
Random Labeling kit, Amersham Biosciences). Stringency washes
were carried out at 58°C with 2x SSC, 1x SSC, and 0.1x SSC.

In addition, a 512-bp fragment of pejerrey f-actin was amplified
from each tissue (primers factF-factR; Table 1) to confirm that
negative results were not due to extremely low amount of cDNA or
degraded RNA. These experiments were designed to be qualitative,
not quantitative, in nature (Fig. 4).

Semiquantitative RT-PCR in Different Brain Areas

Semiquantitative RT-PCR was performed for each GnRH form
and f-actin (as an internal control) using three samples of total
RNA (2 pg) from three different male and female fish. Each sample
was divided in three areas: A (olfactory bulbs and telencephalon), B
(preoptic area, hypothalamus, and rostral optic tectum), and C
(cerebellum, caudal optic tectum, and medulla oblongata). All the
RNA samples were treated with DNase I (Origin) and reverse-
transcribed using SuperScript II RNase H™ (Invitrogen) and oli-
20(dT),, 5 following the manufacturer’s instructions.

Each set of primer was tested in a range from 10 to 40 cycles,
using a 1:1 to 1:50 dilution of a cDNA mix derived from the
samples, in order to know the number of cycles where the product
accumulation was in the linear phase of the curve (27 cycles for
GnRH-I, 28 cycles for GnRH-II, 27 cycles for GnRH-III, and 22
cycles for f-actin).

PCR products were resolved using the same 1.2% agarose gel
and then stained by soaking the gel in a 1% ethidium bromide
solution. Gels were then quantitatively analyzed using an instant
imager (Gel-Pro Analyzer 3.1) and data expressed as GnRH/f-
actin ratios. The data were statistically analyzed by ANOVA and
Bonferroni’s multiple-comparison tests. A significance level (p <
0.05) was used for all tests.

Sequence Comparison and Phylogenetic Analysis

Representative GnRH sequences from jawless fish (lampreys), ray-
finned fish, and tetrapods were downloaded from GenBank (see the
Appendix) and trimmed to their protein-coding region encom-
passing the prepro-GnRH. The deduced amino acid sequences were
aligned with Clustal W (Thompson et al. 1994) using default
parameters (and the Gonnet matrix) and then back-translated with
Mega3 (Kumar et al. 2004) to their original DNA sequences for
phylogenetic analysis. Amino acid sequences of the entire GnRHs
ORFs were compared against the newly obtained pejerrey se-
quences.

Phylogenetic analyses of aligned DNA and protein sequences
were conducted under the maximum parsimony (MP) and maxi-
mum likelihood (ML) criteria using PAUP 4.0b10 (Swofford 2002)
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and Treefinder (Jobb 2005) or PHYML (Guindon and Gascuel
2003; Guindon et al. 2005), respectively. Preliminary trees were
constructed by neighbor joining (NJ; Saitou and Nei 1987) using
ML distances in PAUP. Bayesian phylogenetic inference (BI) was
conducted with MrBayes 3.1.1 (Ronquist and Huelsenbeck 2003).
For MP analyses only DNA sequence data were used in heuristic
searches repeated 100 times with starting trees obtained by random
stepwise addition and TBR branch swapping. Confidence in the
results was assessed by performing 100 bootstrap replicates (with
one repetition each of TBR swapping). BI and ML analyses were
conducted on the amino acid sequences using the JTT model (Jones
et al. 1992) with gamma correction (G) for among-site rate heter-
ogeneity (Yang 1994), allowing a fraction (I) of sites to be invari-
ant. This model was selected by PROTTEST under the AIC and
BIC criteria (Abascal et al. 2005). For DNA analysis, Modeltest 3.7
(Posada and Crandall 1998) was used to select the appropriate
substitution model and implemented in Treefinder and MrBayes.
The resulting GTR +1+ G model was applied to a single partition
(ML and BI) and also to three data partitions corresponding to
each codon position independently (BI). Two runs with Treefinder
were done for each analysis to check for convergence; approximate
bootstrap support for reconstructed edges was computed by
applying Local Rearrangements of tree topology around an edge
with the Shimodaira-Hasegawa test with RELL approximation
(LRSH; Shimodaira and Hasegawa 1999). For BI, Markov Chain
Monte Carlo (MCMC) simulations were run for at least 2 million
generations with four chains each time, and each run was repeated
multiple times to check for convergence as suggested by the au-
thors. Trees were sampled every 1000 steps and burnin values
(typically around 1000) were set conservatively based on the like-
lihood plot. Posterior probability (pp) values were recorded for
each node to assess robustness of the results and to compare with
the phylogenies obtained by the other methods.

Alternative hypotheses arising from these analyses also were
compared under ML using the SH test (Shimodaira and Hasegawa
1999) implemented in PAUP. ML ratio tests were performed with
PAUP to test for rate constancy across lineages (the molecular
clock hypothesis). Rejection of the molecular clock hypotheses led
to the application of penalized likelihood methods to estimate ages
of divergence among the main lineages (Sanderson 2002). Fol-
lowing several authors (e.g., Carroll 1988; Benton 1990; Zhu et al.
1999; Hedges and Kumar 2003), separation of land vertebrates
(tetrapods) and fish lineages was fixed at 450 million years ago
(MYA) to calibrate the chronogram and estimate divergence ages
for the other nodes. The program r8s version 1.7 (Sanderson 2003,
2004) was used to determine the appropriate level of smoothing (to
account for non-clock behavior) with the cross-validation ap-
proach under penalized likelihood (PL) and the truncated Newton
algorithm (TN). Several runs of this program with different starting
points were performed to guarantee convergence on the resulting
time estimates. A second cross-validation routine using two fossil-
fixed ages also was applied to obtain a second estimate for the value
of the smoothing parameter.

Results

Molecular Cloning of the GnRH Precursors

The pejerrey type III GnRH c¢cDNA is 515 bp in
length, not including the poly(A) tail and containing
two possible ATG translational start codons at
positions 73 and 94. Nevertheless, the ATG in posi-
tion 73 is expected to be the functional translational
starting site as indicated by NetStart 1.0 (geno-
me.cbs.dtu.dk/services/NetStart; Pedersen and Niel-

sen 1997), in agreement with the initiation sites of all
other analyzed species. Therefore, the pejerrey type
III prepro-GnRH comprises (i) 72 bp on the 5UTR,;
(i1) a 276-bp open reading frame encoding 91 amino
acids (aa), including the signal peptide (23 aa) and the
GnRH decapeptide, the processing tripeptide, and
the GAP (55 aa); and (iii) 167 bp on the 3’'UTR
(Fig. 2A).

The cDNA encoding for pejerrey type I GnRH is
440 bp in length, not including the poly(A) tail. This
sequence also has two putative ATG translational
starting codons, in positions 36 and 48, but only the
ATG in position 48 is expected to be a functional
translational starting codon. Therefore the pejerrey
type I prepro-GnRH contains (i) 47 bp on the
5"UTR; (ii) a 285-bp open reading frame encoding 94
aa including the signal peptide (22 aa), the GnRH
decapeptide, the processing tripeptide, and the GAP
(59 aa); and 108 bp on the 3’'UTR (Fig. 2B).

The pejerrey GnRH-II cDNA is 529 bp in length
without the poly(A) tail, which includes 99 bp on the
5'UTR, a 252-bp open reading frame (83 aa, which
includes the 21-aa signal peptide, the GnRH deca-
peptide, the processing tripeptide, and the 49-aa
GAP), and 178 bp on the 3’UTR (Fig. 2C).

The 3’-untranslated region of each cDNA contains
a consensus polyadenylation signal (Fig. 2). The
nucleotide and the deduced amino acid sequences of
pejerrey types I, II, and III GnRH cDNA have been
deposited in the DDBJ/EMBL/GenBank nucleotide
sequence database with accession numbers AY 744689,
AY 744687, and AY 744688, respectively.

Tissue-Specific Expression of Prepro-GnRH Variants

The expression of pejerrey type III GnRH was ob-
served in the eyes, the olfactory mucosa, and the
brain of males. Faint signal were also observed in all
other tissues sampled, however, it is difficult to know
if those signals represent GnRH-III expression. In
females, GnRH-III expression was only evident in the
eyes, the ovary, and the brain (Fig. 3).

The expression of pejerrey type I GnRH was
observed in the eyes, spleen, and brain of both sexes.
Male fish also expressed GnRH-I in the gills and
heart. In females GnRH-I expression was also
observed in the ovaries (Fig. 3).

The expression of pejerrey type II GnRH was
restricted to the brain of both sexes at this particular
gonadal stage (Fig. 3).

Semiquantitative RT-PCR in Different Brain Areas

The expression of GnRHs in different brain areas from
male and female pejerrey was also analyzed by semi-
quantitative RT-PCR (Fig. 4). The brain samples were
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Fig. 2. Structure of type III GnRH cDNA (A), type I GnRH
cDNA (B), and type II GnRH c¢DNA (C). The nucleotide and
derived amino acid sequence that encode the GnRH precursors of
pejerrey is shown. Nucleotides are numbered 5 to 3, and amino
acids N-terminal to C-terminal. Signal peptide, GnRH decapetide,
cut site, and GnRH-associated peptide are all indicated. In all
cases, the nucleotides corresponding to the polyadenylation signal
(aataaa) are in boldface and the asterisk indicates the stop codon.

extracted when females were in midvitellogenetic
stages and males were already spermiating.

A differential distribution of the three different
GnRH transcripts was observed in the brain with no
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Fig. 3. Expression of GnRHs in different organs and tissues
detected by RT-PCR and Southern blotting. E, eyes; G, gills; L,
liver; K, kidney; S, spleen; GO, gonads; OM, olfactory mucosa; H,
heart; M, muscle; I, intestine; B, brain. A pejerrey f-actin fragment
was amplified from each tissue to confirm that negative results were
not due to an extremely low amount of cDNA or degraded RNA.

clear sex differences. Both pejerrey type I and pejerrey
type III GnRH variants were detected in the three
brain areas taken for the analysis (labeled A, B, and
C), whereas the expression of type-Il GnRH was only
demonstrated in the midbrain region (B).

Likewise, type III GnRH expression was signifi-
cantly higher in region A than in the rest of the areas
(A vs. Band A vs C; p < 0.01), and type I GnRH
showed high expression in regions A and B but not in
C(Avs.C,p <0.01;and Bvs. C, p < 0.05).

Phylogenetic Analysis of GnRH Genes

All methods of phylogenetic inference applied to either
DNA or amino acid sequences converged on the same
result. The BI tree representing the major findings
(Fig. 5) will be used as the preferred hypothesis and as
a reference to discuss the implications of the different
analyses. This tree was obtained with the GTR +1+G
model with the following parameter values estimated
by MrBayes after 2 million generations:
r(AC)=0.1289, r(AG)=0.2621, r(AT)=0.0955,
r(CG)=0.1147, r(CT)=0.3132, r(GT)=0.0856,
n(A) =0.2400, n(C)=0.2536, n(G)=0.2889,
n(T)=0.2174, 0=2.527, and pinvar=0.0496 (mean
values given of parameters sampled every 1000 gener-
ations, after excluding burn-in=1000). All lamprey
sequences used as outgroup for the jawed vertebrate
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Fig. 4. Expression of GnRHs in different brain areas from males
and females pejerrey analyzed by semiquantitative RT-PCR. The
samples were divided into three areas as follows: A (olfactory bulbs
and telencephalon), B (preoptic area, hypothalamus, and rostral
optic tectum), and C (cerebellum, caudal optic tectum, and medulla
oblongata).

sequences formed a well-supported monophyletic
group (pp=1.0 and bootstrap=100%). This group
includes two GnRH variants from Petromyzon mari-
nus (Suzuki et al. 2000; Silver et al. 2004), indicating
that a gene duplication along the lamprey lineage is the
most likely explanation for their origin. Among jawed
vertebrates, the three clades originally described by
White et al. (1998) were supported in most analyses (as
shown in Fig. 5); furthermore, the results suggest a
close relationship between clade 1 and clade 3 (GnRH-
I and GnRH-III), consistent with the hypothesis
shown in Fig. 1A. This clade (I +III) received strong
support from Bayesian inference using DNA se-
quences under all models tested (pp >0.95) but mar-
ginal support from MP analyses (bootstrap = 59%)
and ML analysis of amino acid sequences (boot-
strap = 68%).

All analyses unambiguously supported the mono-
phyly of clade 3 (GnRH-III) containing all fish-spe-
cific GnRH variants with high bootstrap and pp
support (100 % and 1.0, respectively). In contrast, not

all analyses resulted in high support for the mono-
phyly of clade 1 (containing the preoptic GnRH-I
peptides with pituitary function). Support for clade 1
was variable: BI analysis resulted in pp values
between 0.70 and 0.85, ML analysis on amino acid
sequences recovered the monophyly with bootstrap
support=_81% (Fig. 5), but MP did not support this
grouping. The alternative hypothesis (Fig. 1B),
grouping fish-only GnRH-I sequences (clade 1 fish
sequences) and fish-specific GnRH-III sequences
(clade 3) to the exclusion of tetrapod GnRH-I se-
quences, was weakly supported by MP and ME
analyses only (but with bootstrap <50%). An explicit
SH test of these two alternatives was nonsignificant
(p=0.47). Therefore, the sequence data do not con-
tain strong phylogenetic signal to discriminate sta-
tistically between these two hypotheses (Figs. 1 A and
B).
The type II GnRH varaints (clade 2) failed to form
a monophyletic group in most DNA analysis (Fig. 5),
probably because of the high divergence of mam-
malian sequences from the relatively conserved fish
and basal tetrapod sequences (causing potentially
long branch attraction between mammalian
sequences and the outgroup). Interestingly, only one
replicate run under BI resulted in marginal support
(pp=53) for GnRH-II clade monophyly and the NJ
tree also showed this grouping (results not shown).
PHYML analyses on protein sequences with the
JTT+1+ G model also did not recover the mono-
phyly of the GnRH-II clade (in agreement with the
topology shown in Fig. 5). In spite of this, for all
subsequent tests to obtain estimates of divergence
times, the monophyly of GnRH variants was
enforced, given the high degree of conservation of
their mature peptides and homogeneous anatomical
expression in the know cases. Furthermore, phylo-
genetic hypotheses constrained with monophyly of
GnRH-II clade were not statistically different from
the topology shown in Fig. 5 (SH test, p=0.75).
The molecular clock hypothesis was rejected under
ML (likelihood ratio test, p<0.01), thus penalized
likelihood models were applied using the program r8s
to estimate age of divergence for critical nodes in the
phylogeny. Hypotheses A and B (Fig. 1) were used to
compare estimated dates of the putative gene (or
genome) duplication events. Several taxa (17) were
pruned from the data set (marked with asterisks in
Fig. 5) to eliminate terminal branches with length
close to zero. The phylogeny used to study hypothesis
A is the best BI hypothesis (Fig. 5) without the
pruned taxa. The phylogeny to study hypothesis B
was obtained under BI by constraining the mono-
phyly of clade 3 + fish-only GnRH I sequences (i.e.,
excluding tetrapod-only GnRH I sequences). Branch
lengths for both hypotheses were estimated under
ML (with the GTR + 1+ G model) using PAUP. Tree
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Fig. 5. Phylogenetic tree of prepro-GnRH sequences obtained by Bayesian inference of DNA sequences under the GTR + 1+ G model (for
details see Results). Thick branches indicate posterior probability support p>0.95. Numbers above branches are bootstrap values (> 80%)

obtained by maximum parsimony analysis of DNA sequences.

descriptions with branch lengths generated by PAUP
were used as input for r8s. The cross validation
routines were run several times for both hypotheses,
resulting in smoothing parameter values ranging
approximately from 4000 to 8000. When the fossil

calibration cross validation approach was used (fixing
fish-tetrapod divergences at 450 MYA), smoothing
parameters about one order of magnitude lower were
obtained (ranging from 400 to 500). Thus, as a con-
servative approach, ranges of estimated ages reported
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Table 2. Estimation of divergence times (millions of years ago;
MYA) under penalized likelihood

Node Hypothesis A Hypothesis B
IR 653-676 653-684

2R or 3R 492-501 448

fF 234-289 195-209

pF 280-316 263-272

pT 256-291 252-262

cF 183-295 173-265

cT 405411 410415

Note. Range of values shown was obtained with different smooth-
ing parameter values (see text). Hypotheses A and B and node
labels are indicated in Fig. 1. Divergence time between fish and
tetrapod lineages was fixed at 450 MYA.

here reflect the application of the most divergent
smoothing parameter values obtained (Table 2). In
most cases the effect was minimal (e.g., for node 1R,
2R, 3R, or cT in Fig. 1), but in other instances the
estimated ages were quite discrepant (nodes cF anf fF
in Fig. 1). Under either hypothesis (A or B), the
ancestral genome duplication for jawed vertebrates
(1R) was estimated to have occurred between 653 and
684 MYA. Under hypothesis A, the second round of
genome duplication (2R) was estimated at around
500 MYA. Constraining the origin of fish specific
GnRH-III variants to after the split between fish and
tetrapods (hypothesis B) generated an internal branch
length (between 3R and the fish-tetrapod divergence;
see Fig. 1) close to zero (actual value was 5 x 1077);
such value was interpreted as effectively zero by r8s
and the program failed to run. In order to get results
for hypothesis B the value of this branch was incre-
mented to 107>; under these conditions, the estimated
age of node 3R (the putative fish-specific duplication
event) was 448 MYA (Table 2), effectively indistin-
guishable from the fixed age of divergence between
fish and tetrapod lincages (450 MYA). Taken to-
gether, the estimated ages of divergence for GnRH
genes are more consistent with two rounds of dupli-
cation before the divergence of fish and tetrapod
lineages than with the proposed fish-specific dupli-
cation event putatively dated at 320 MYA (Hoegg
et al. 2004; Van de Peer et al. 2003).

Discussion

Three different prepro-GnRH c¢DNAs were charac-
terized from brain tissue of pejerrey fish. The de-
duced amino acid sequences of the decapeptides
encoded by these precursors correspond to the pre-
viously characterized GnRH orthologues first iso-
lated from salmon, pejerrey, and chicken (Montaner
et al. 2001; Somoza et al. 2002b). These three
cDNAs share the structural organization of other
vertebrate GnRH cDNA sequences, consisting of

the 5’UTR, a signal peptide, the GnRH peptide it-
self, the processing site, the GnRH-associated pep-
tide, and the 3’UTR.

Many studies have documented GnRH gene
expression in the central nervous system of verte-
brates; however, only recently has the presence of
GnRH been documented in many tissues outside the
brain. In pejerrey, only two forms (GnRH type III
and GnRH type I) were found to be expressed in
different extrabrain tissues and organs. The type 111
form was clearly expressed in the eyes of males and
females, the male olfactory mucosa, and the ovary.

It has been suggested that the primary role of
GnRH-III from the terminal nerve ganglion in teleosts
is to coordinate olfactory and visual inputs related to
the control of reproduction (Kudo et al. 1996; Parhar
etal. 1994). The expression of the GnRH-III variant in
gonadal tissue of pejerrey is consistent with many re-
ports for other ray-finned fish species: midshipman
(Grober et al. 1995), goldfish (Lin and Peter 1996; Pati
and Habibi 1998), rainbow trout (von Schalburg et al.
1999; Uzbekova et al. 2001), African cichlid (White
and Fernald 1998), and seabream (Nabissi et al. 2000).
The expression of type IIl GnRH in gonadal tissue also
has been shown to vary following the sexual cycle in
rainbow trout and has been implied in gonadal auto-
crine and/or paracrine regulation (von Schalburg et al.
1999; Uzbekova et al. 2001).

On the other hand, pejerrey type I GnRH was
found to be expressed in sites such us the eyes, gills,
spleen, ovary, and heart.

RT-PCR experiments in the cichlid Astatotilapia
burtoni provided the first evidence of extraneural
expression of type I GnRH in heart, liver, spleen,
kidney, and testis of adult males (White and Fernald
1998). Nabissi et al. (2000) also documented GnRH-I
expression in the ovary of sea bream and recently,
Moncaut et al. (2005) have shown expression in a
wide variety of tissues and organs: gills, heart, head,
kidney, and gonads from the same species. However,
the role of GnRH-I in peripheral tissues is unknown,
but it is particularly interesting that this form is ex-
pressed in tissues related to osmoregulation such as
gills and kidney.

Finally, expression of GnRH-II forms outside the
brain also has been reported in different vertebrate
groups: mammals (White et al. 1998), reptiles (Ikem-
oto and Park 2003), and fish (Yu et al. 1998; White
and Fernald 1998; von Schalburg et al. 1999; Okubo
et al. 1999; Bogerd et al. 2002). In contrast, pejerrey
type I GnRH mRNA was not detected in any tissue
examined outside the brain; at least, at the single
reproductive stage tested. Thus, it is possible that
GnRH-II expression outside the brain could exhibit
seasonal and stage-dependent variation.

The presence of GnRH forms outside the brain-
pituitary-gonadal axis of vertebrates suggests that



this hormone could also be involved in various non-
reproductive functions.

Traditionally, the distribution of the three GnRH
forms in bony fish was considered to be restricted to
specific brain areas (Gothilf et al. 1996; Okuzawa
et al. 1997, White and Fernald 1998; Stefano et al.
2000). However, Gonzalez-Martinez et al. (2001)
described for the first time in the European sea bass
(Dicentrarchus labrax) an overlapping distribution of
GnRH-IIT and GnRH-I forms in cells of the olfac-
tory bulbs to the preoptic region. Similar distribution
schemes have been subsequently reported in different
species such as the white fish, Coregonus clupeaformis
(Vickers et al. 2004), the Atlantic croaker, Micropo-
gonias undulatus (Mohamed et al. 2005), and
the South American cichlid, Cichlasoma dimerus
(Pandolfi et al. 2005).

The present results show the expression of both
pejerrey GnRH type I and III forms in the anterior
brain and in the preoptic and midbrain area, sug-
gesting that they are expressed by neurons located in
both regions. Although in situ hybridization studies
are needed to further analyze the exact localization of
GnRH-expressing neurons in anterior brain areas of
pejerrey fish, these results are consistent with the idea
of overlapping GnRH-expressing neurons in the
pejerrey forebrain. On the other hand, GnRH-II
expressing neurons have been localized only in the
midbrain tegmentum in several bony fish species
(Gothilf et al. 1996; Stefano et al. 2000; Gonzalez-
Martinez et al. 2001; Vickers et al. 2004; Pandolfi
et al. 2005). The goldfish (Carassius auratus) is the
only fish species in which an extra-midbrain GnRH-
IT expression has been demonstrated (Kim et al.
1995).

Evolution of GnRH Genes

Gene and genome duplications have long been linked
to the evolution of vertebrate diversification and
novel gene function (e.g., Ohno, 1970), and most re-
cently, the hypothesis of two rounds of genome
duplications within the vertebrate lineage has been
proposed (Spring 1997; reviewed by Van de Peer et al.
2003). Recent comparison of human and pufferfish
(Tetraodon nigroviridis) genomes shows that whole-
genome duplication occurred in the teleost fish line-
age, subsequent to its divergence from tetrapods
(Jaillon et al. 2004). The phylogenetic timing of this
event was more accurately placed at the base of the
teleost lineage (Hoegg et al. 2004), before the origin
of Osteoglossiformes (bony tongues, arowana), but
after the divergence of Acipenseriformes (sturgeons)
and Semionotiformes (gars) among basal actinop-
terygians. The absolute age of the duplication event
was estimated at around 320 MYA based on analysis
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of 50 duplicated chromosomal blocks of Fugu
(Vandepoele et al. 2004).

The phylogeny of GnRH genes (Fig. 5) and the
estimated dates of divergence for the main lineages
(Fig. 1 and Table 2) are consistent with the hypoth-
esis that the GnRH-II clade diverged from the rest of
the GnRHs clades (GnRH-I and GnRH-III) through
a duplication event older than 600 MYA, one of the
two proposed whole-genome duplication events
within the vertebrae lineage (Spring 1997). None of
the jawless vertebrate sequences was affected by this
event, since lamprey GnRH duplicated genes cluster
together among the other aganthan sequences (as
reported by Silver et al. 2004). The exact age of
divergence between lamprey and gnathostome lin-
eages is not certain but has been placed at around 550
MYA (Janvier 1999; Hedges and Kumar 2003), still
allowing this scenario to remain viable, given the
intrinsic error of dating estimates.

According to our results, less certainty surrounds
the origin of the fish-specific GnRH-III clade. A close
phylogenetic relationship between the GnRH-III
clade and the preoptic lineage (GnRH-I clade) has
already been suggested by O’Neill et al. (1998), Ok-
ubo and Aida (2001), and Dubois et al. (2002). The
close relationship between clade 1 and clade 3 would
imply that transcription factors binding sites involved
should be conserved between the corresponding
promoters. In this context, reporter gene studies
confirmed the importance of this region for cell spe-
cific expression in zebrafish, because the promoter of
human type I GnRH was able of drive cell-specific
reporter gene expression in transgenic zebrafish
(Torgersen et al. 2002).

The preferred hypothesis obtained (Figs. 5 and
1A) suggests a second round of duplication (node
2R in Fig. 1A) dated at around 500 MYA, again
before the divergence of tetrapods from the fish
lincage. This duplication gave origin to isoforms
GnRH-I and GnRH-III, so that the ancestor of ray-
finned fish and tetrapods would have carried three
copies of GnRH in its genome. But this hypothesis
also implies that GnRH-III genes would have been
lost or that they have not yet been detected in tet-
rapods (White et al. 1998; Okubo and Aida 2001).
Recent chromosomal analyses (Kuo et al. 2005) of
genomic regions surrounding the GnRH genes in
human, chicken, zebrafish, and pufferfish (fugu and
tetraodon) are consistent with the secondary loss of
type III GnRH genes in the tetrapod lineage. The
synteny around the location of the GnRH-III gene
is conserved in tetraodon and zebrafish, and this
region also is conserved in the human and chicken
genomes but the latter lack the GnRH-III gene. The
predicted location for GnRH-III gene in tetrapods
falls at a breakpoint of an inversion shared by both
human and chicken, which may have precipitated



624

the loss of this variant in the tetrapod lineage (Kuo
et al. 2005). Therefore, our working hypothesis
predicts the evolution of all three types (I, II, and
IIT) before the split of lobe-finned (leading to tet-
rapods) and ray-finned fish with subsequent loss of
type III genes in tetrapods. The estimated time of
divergence between genes encoding for GnRH-I and
GnRH-IIT (492-501 MYA; Fig. 1A and Table 2)
also supports this view.

Finally, also according to the phylogenetic results,
the proposed fish-specific genome duplication event
(Jaillon et al. 2004) would have had no effect on the
origin and the current distribution of GnRH genes. If
the fish-specific genome duplication really occurred
and created another set of GnRH genes in fish, these
could have been lost after the event; otherwise, a
fourth group of GnRH genes would be predicted to
exist in fish but have not been detected. Two copies
for each of the GnRH-III or GnRH-II genes have
been observed, but only in some tetraploid species
(cyprinids and salmonids) presumed to have experi-
enced more recent and independent tetraploidization
events (Gray et al. 2002; Uzbekova et al. 2002).
Estimates of the half-life of duplicated genes (ca. 4.0
MY, according to Lynch and Connery 2000) make
gene loss a viable explanation.

The alternative hypothesis (Fig. 1B) was not
favored by the phylogenetic results of this study
(Fig. 5) but could not be rejected altogether based on
statistical tests. According to this hypothesis, an an-
cient genome duplication (again, older than 600
MYA) would have given rise to clades 1 and 2, and
much later, the fish-specific genome duplication
(around 320 MYA) would have originated clade 3 in
fish only. This scenario is consistent with the presence
of GnRH-I in basal ray-finned fish but no GnRH-III
co-occurring with GnRH-II in Chondrostei, Gingly-
modi, and Halecomorphi (O’Neill et al. 1998). This
hypothesis (Fig. 1B) also is the most parsimonious
explanation because it does not involve two gene
losses as above. However, based on the sequence
data, the estimated date of the fish-specific duplica-
tion (3R; ca. 448 MYA) was indistinguishable from
the fossil-fixed date for the fish-tetrapod split (450
MYA). Moreover, chromosomal synteny analyses
mentioned above (Kuo et al. 2005) also are not
consistent with this scenario. Interestingly, in their
comparison of paralogues between zebrafish and
Fugu, Taylor et al. (2003) found evidence for the fish-
specific duplication in only 30% of their comparisons.
The majority of paralogues compared (70%) were
consistent with two rounds of duplication prior to the
separation of fish and vertebrate lineages (older than
500 MYA), in agreement with the results obtained in
this study (Figs. 5 and 1A). As in those cases, GnRH
evolution may have been affected by more localized
gene or local chromosomal region duplications.

Whether the origin of clade GnRH III preceded or
not the fish-tetrapod divergence, the additional gene
found in teleosts has unique consequences for the
diversification of function in these important signal-
ing molecules. The expression of two different GnRH
genes in the anterior brain of fish is unique to this
group and may be the result of the process of sub-
functionalization (Lynch and Force 2000).

In summary, the present work has reported for the
first time the cDNA sequence of three GnRH vari-
ants in an artherinid fish, the expression of these three
transcripts in multiple extranervous tissues and or-
gans, suggesting multiple physiological roles. Fur-
thermore, the phylogenetic results presented in this
work support the idea of two main paralogous
GnRH lineages, constituted by the ‘“forebrain
GnRH” (clades GnRH I and GnRH III) and “mid-
brain GnRH” (clade GnRH II). This phylogenetic
analysis contributes, together with anatomical and
embryological data (see Guilgur et al. 2006), to the
assumption of the existence of two main GnRH
systems in gnathostoms, as originally proposed by
Muske (1993; 1997): the “forebrain GnRH system,”
which in some teleost species contains two different
molecular forms of GnRH, and the ‘“midbrain
GnRH system,” with only one form.
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Appendix 1

Nomenclature of the GnRH Variants Used in the
Endocrinological Literature and Their Primary
References

Usually, the different GnRH variants are known by
the name of the species in which they were first iso-
lated, except for the first characterized GnRH from
mammalian hypothalamic tissues (pig and sheep),
now generally referred to as mammalian GnRH
(mGnRH). Eight out of the 14 vertebrate GnRH
variants known to date have been characterized and/
or detected in teleosts and six are exclusive of this
lineage. The latter include: salmon GnRH (sGnRH;
Sherwood et al. 1983), catfish GnRH (¢fGnRH; Bo-
gerd et al. 1992; Ngamvongchon et al. 1992), seab-
ream GnRH (sbGnRH; Powell et al. 1994), herring
GnRH (hrGnRH; Carolsfeld et al. 2000), pejerrey
GnRH (pjGnRH; Montaner et al. 2001; also named



as mdGnRH; Okubo et al. 2000) and whitefish
GnRH (wfGnRH; Adams et al. 2002). Two other
forms present in bony fish species also are found in
mammals and other tetrapods: mammalian GnRH
(mGnRH) and chicken GnRH-II (¢cGnRH-II). In
fishes, mGnRH was first identified in eels (King et al.
1990; Okubo et al. 1999), and the chicken form
(cGnRH-II) in the goldfish (Yu et al. 1988), and
subsequently in all teleost species examined to date
(see Somoza et al. 2002a).

Accession numbers of the GnRH sequences from
jawless fishes, ray-finned fishes, and tetrapods
downloaded from GenBank.

GnRH I clade: Alosa sapidissima: AF536381; An-
guilla japonica: AB026989; Astatotilapia burtoni:
U31865; Cavia porcellus: AF033346; Clarias gariepi-
nus: X78049; Coregonus clupeaformis: AY245104;
Cynoscion nebulosus: AY796308; Dicentrarchus lab-
rax: AF224279; Gallus gallus: X69491; Homo sapiens:
NM _000825; Micropogonias undulatus: AY324668;
Monopterus albus: AY858056; Morone saxatilis:
AF056314; Mugil cephalus: AY373450; Odontesthes
bonariensis:  AY744689;  Oreochromis niloticus:
AB101665; Oryzias latipes: AB041333; Pagrus major:
D86582; Rachycentron canadum: AY677175; Rana
catesbeiana: AF188754; Rana dybowskii: AF139911;
Rattus norvegicus: NM_012767; Sciaenops ocellatus:
AY677172; Sparus aurata: U30320; Sus scrofa:
L32864; Tupaia belangeri: U63326; Verasper moseri:
ABO066360; Xenopus laevis: 1.28040.

GnRH II clade: Anguilla japonica: AB026990; As-
tatotilapia burtoni: AF076962; Carassius auratus:
U30386; Clarias gariepinus: X78047; Coregonus clu-
peaformis:  AY245102;  Cynoscion  nebulosus:
AY796309; Cyprinus carpio: AY147400; Danio rerio:
AF511531; Dicentrarchus labrax: AF224281; Eub-
lepharis  macularius:  AB104485; Homo sapiens:
AF036329; Macaca mulatta: AF097356, Micropogo-
nias undulatus: AY324669; Monopterus albus:
AY786183; Morone saxatilis: AF056313; Mugil
cephalus:  AY373451; Odontesthes  bonariensis:
AY744687; Oncorhynchus mykiss: AF125973; Ore-
ochromis niloticus:  AB101666; Oryzias latipes:
AB041330; Rachycentron canadum: AY677174; Rana
catesbeiana: AF186096; Rutilus rutilus: U60668; Sci-
aenops ocellatus: AY677171; Scleropages jardinii:
ABO047326; Sparus aurata: U30325; Suncus murinus:
AF107315; Trichosurus vulpecula: AF193516; Tupaia
belangeri: U63327; Typhlonectes natans: AF167558;
Verasper moseri: AB066359.

GnRH III clade: Astatotilapia burtoni: AF076963;
Carassius auratus: ABO017271; Coregonus clupeafor-
mis: AY245103; Cynoscion nebulosus: AY796310;

Cyprinus  carpio:  AY189960;  Danio  rerio:
NM 182887; Dicentrarchus labrax: AF224280;
Micropogonias undulatus: AY324670; Monopterus
albus:  AYS858055; Mugil cephalus: AY373449;
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Odontesthes bonariensis: AY744688; Oncorhynchus
masou: S44614; Oncorhynchus mykiss: AF232212;
Oncorhynchus nerka: D31868; Oreochromis niloticus:
ABI101667; Oryzias latipes: AB041332; Pagrus major:
D26108; Porichthys notatus: U41669; Rachycentron
canadum: AY677173; Rutilus rutilus: U60667; Salmo
salar: X79709; Salmo trutta: X79713; Salvelinus fon-
tinalis: X79712; Sciaenops ocellatus: AY677170;
Scleropages jardinii: AB047325; Sparus aurata:
U30311; Verasper moseri. AB066358.

GnRH Jawless fish: Geotria australis: AY307172;
Ichthyomyzon fossor: AY307174; Ichthyomyzon uni-
cuspis: AY307175; Lampetra appendix: AY307176;
Lampetra richardsoni: AY307177; Lampetra trident-
atus: AY307178; Mordacia mordax: AY307173;
Petromyzon marinus 1. AF144479; Petromyzon mari-
nus I11: AY052628.
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