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Abstract

Somatolactin (SL) is a pituitary hormone belonging to the
growth hormone/prolactin superfamily, with recognizable
homologues in all fish taxa examined to date. Although
sequences from most fish share reasonably high sequence
identity, several more highly divergent SLs have been
reported. Goldfish SL and a second SL protein found in
rainbow trout (rtSLP) are remarkably different from each
other and also dissimilar to other SLs. It has been unclear
whether rtSLP is a recent paralogue restricted to rainbow
trout, or reflects a more ancient duplication of the SL gene,
and whether it is related to the goldfish sequence. Here we
report the cloning of two different zebrafish SL cDNAs,
which share only 57·5% nucleotide and 47·7% deduced
amino acid identities. One copy, designated zebrafish SL�
(zfSL�), displays a typical range of sequence similarity to
most other SLs. The other copy, zebrafish SL� (zfSL�),
shows low identity to most other SLs; surprisingly, it is

most similar to the divergent SL sequence from goldfish.
The mRNAs of zfSL� and zfSL� were expressed specifi-
cally in two distinct regions of the pars intermedia in
zebrafish. Cells expressing zfSL� are located at the pos-
terior pars intermedia, bordering the neurohypophysis,
whereas zfSL� is expressed in the anterior part of the pars
intermedia, bordering the pars distalis. Phylogenetic analy-
ses indicate that zfSL�, goldfish SL and rtSLP all belong to
the SL hormone family; however, along with the genes
from eel and catfish, these divergent sequences form a
group that is clearly distinct from all other SLs. These
results suggest the presence of two distinct SL families,
SL� and SL�, which may trace back to a teleost genome
duplication prior to divergence of the cyprinids and
salmonids.
Journal of Endocrinology (2004) 182, 509–518

Introduction

Somatolactin (SL) is a pituitary hormone that is a member
of the prolactin (PRL)/growth hormone (GH) family
(Ono et al. 1990). Most SLs isolated to date are reasonably
similar in sequence (amino acid identity, 51–87%); the
first clear exception reported was the SL from goldfish.
Goldfish SL shares a peptide identity of only 35–48% with
all other SLs (Cheng et al. 1997). Furthermore, goldfish SL
is missing the third of seven conserved cysteine residues
present in all other SLs known at that time. Its low
similarity to other SLs, along with an absence of this third
conserved Cys, suggested that the goldfish protein could
represent a distinct form of the hormone. Unfortunately,
in nearly all fish species examined, only one SL sequence
had been reported, precluding the use of phylogenetic
analyses that could have potentially discerned two SL
subtypes. Recently, a rainbow trout SL-like protein
(rtSLP) was identified (Yang & Chen 2003), in addition to
the rainbow trout SL reported originally (Yang et al. 1997).

The rtSLP sequence is dissimilar to all known SLs (amino
acid identities, 41–56%), including the sequence from
goldfish. Thus, it is unclear whether rtSLP is a recent but
rapidly evolving paralogue, unique to the trout lineage, or
is an orthologue of the goldfish SL that traces back to more
ancient gene duplication. Because a relationship between
the rtSLP and goldfish SL is not immediately apparent,
identification of a goldfish SL- and/or rtSLP-type ortho-
logue in another species is required, along with a rigorous
phylogenetic investigation of the SL hormone family.

Here we report the cloning of two highly divergent
zebrafish SL (zfSL) cDNAs. One is a typical SL sequence,
similar to those reported from most fish; the second,
however, bears strong similarity to goldfish SL. Phylo-
genetic analyses place this second type of zfSL in a strongly
supported clade with goldfish, eel and catfish SLs and
rtSLP, separated from all other SLs. Based on their
different patterns of expression and divergent phylogenetic
histories, we designate these SL paralogues SL �-type
(SL�) and SL �-type (SL�).
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Materials and Methods

Cloning of SL cDNAs

Thirty zebrafish, Danio rerio, were obtained from a local
pet store and euthanized with MS-222. Whole brains
including pituitary glands were removed immediately
because of the small fish size. Total RNA was extracted by
sonicating tissues in 1 ml TRIzol reagent (Gibco). 200 µl
chloroform was added and the solution was vortexed
vigorously. The aqueous layer was transferred to a clean
RNase-free microcentrifuge tube, and total RNA was
precipitated and redissolved in 100 µl water.

First-strand cDNA was synthesized from 1 µg total
RNA using the GeneRacer kit (Invitrogen), in accord-
ance with the manufacturer’s instructions. Nested PCR
was performed using a set of mixed primers (SLF1,
5�-GARAARCCTYCTVGAACRYC-3�; SLR1, 5�-GAC
GRCAYTTVAGVAGYTTG-3�) designed from pub-
lished SL sequences including goldfish. The first PCR was
performed in 20 µl aliquots using a gradient Eppendorf
Mastercycler. After a 2-min denaturation at 94 �C, the
PCR cycle was repeated 30 times with a denaturation at
94 �C for 30 s, annealing at 45–55 �C for 30 s and elon-
gation at 72 �C for 1 min. The products of the first PCR
reaction were used as the templates for the second round of
PCR. Using the nested primers (SLF2, 5�-GTCATCCA
RCAYGCYGAGC-3�; SLR2, 5�-DRTCTCCATCTT
RTGRGCRTC-3�), 20 µl aliquots were prepared. After a
2-min denaturation at 94 �C, the PCR cycle was repeated
30 times. The conditions for the PCR cycle were 94 �C
for 30 s, 55 �C for 30 s and 72 �C for 1 min.

Subcloning and DNA sequencing The amplified
partial cDNA products were separated by agarose gel
electrophoresis and ligated into a pGEM T-Easy vector
(Promega). After the vector was transformed in XL1-Blue
(Stratagene, La Jolla, CA, USA)-competent cells, 30
positive clones were selected by blue-white screening.
Plasmid DNA was purified from bacterial cells using the
QIAprep Spin Plasmid kit (Qiagen). All 30 plasmid DNAs
were sequenced with forward and reverse universal
primers using the Big-Dye Terminator kit and an ABI
Prism 377 DNA sequencer (Perkin-Elmer, Wellesley,
MA, USA).

5� and 3� rapid amplification of cDNA ends (RACE)
Two distinct SL-like sequences were obtained from the 30
clones. Therefore, two sets of gene specific oligonucleotide
primers were designed and synthesized from the two
partial SL sequences. 5� and 3� RACE were performed
using the GeneRacer kit as per manufacturer’s direc-
tions. Nested PCR was performed and products were
separated by agarose gel electrophoresis. The products
were ligated into the TOPO TA vector (Invitrogen) and
sequenced with forward and reverse vector-specific

primers. Sequence data were compiled using Sequence
Navigator (ABI, Foster City, CA, USA). To obtain the
full-length zebrafish cDNAs, two sets of gene-specific
primers were designed for both SLs. The amplified
products were gel-purified and ligated into a TA vector
(pGEM-T easy vector). Multiple clones were selected and
sequenced.

In situ localization of two SL-producing cells

Full-length zfSL cDNAs cloned into the pGEM-T easy
vector were linearized with SpeI or SphI to generate
templates for synthesizing sense or antisense probes
respectively. Sense and antisense digoxigenin-labeled
probes were generated using T7 or SP6 RNA polymerases
by in vitro transcription according to the instructions of the
manufacturer (Roche Applied Science, Indianapolis, IN,
USA).

Zebrafish whole brains, including pituitaries, were
removed and fixed immediately in 4% paraformaldehyde/
PBS overnight. The tissues were dehydrated, embedded in
paraffin, cut into 5–8 µm-thick serial sections, and
mounted on Superfrost slides (Fisher Scientific, Pittsburgh,
PA, USA). Sections were processed, re-hydrated, post-
fixed with 4% paraformaldehyde for 20 min, and then
treated with 200 mM HCl for 10 min followed by 15 min
digestion with 10 µg/ml protein kinase K. Hybridization
was conducted with 10 ng antisense probe per slide in
60 µl buffer (50% deionized formamide/2�SSC (where
1�SSC is 0·15 M NaCl/0·015 M sodium citrate)/10%
dextran sulfate/0·01% yeast RNA/0·02% SDS) overnight
at 55 �C. Sections were washed in high-stringency buffer
(1�SSC/50% formamide) at 55 �C and 1�SSC at room
temperature. Sections were equilibrated with TBS
(50 mM Tris, pH 7·5/150 mM NaCl) and blocked with
1�Roche blocking solution containing 10% fetal bovine
serum and 1% sheep serum in maleic buffer (100 mM
maleic acid/150 mM NaCl, pH 7·5) for 1 h at room
temperature. Sections were then incubated for 1 h at room
temperature with anti-digoxigenin FAB fragment conju-
gated to alkaline phosphatase (Roche Applied Science;
diluted 1/2000 with 1�Roche blocking solution con-
taining 10% fetal calf serum). Sections were washed with
TBS, equilibrated in AP buffer and incubated with Nitro
Blue Tetrazolium (NBT)/5-bromo-4-chloroindol-3-yl
phosphate (BCIP) substrate (Roche Applied Science)
overnight at 4 �C in a dark, humid chamber. Reactions
were stopped by washing with TE buffer (10 mM Tris,
pH 7·5/1 mM EDTA) twice, then fixed with 4% para-
formaldehyde, washed twice with TE buffer, and
mounted with 90% glycerol in PBS.

Phylogenetic analyses of two SL families

Phylogenetic analyses of the GH superfamily In
order to verify the identity of both zebrafish sequences,
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phylogenetic analyses were carried out on an alignment of
sequences from members of all three families (GH, PRL
and SL). Three data sets were constructed comprising
predicted amino acid sequences from 13 SLs, 13 GHs, and
eight PRLs. Each was aligned using CLUSTAL X
(Thompson et al. 1994), and alignments were adjusted to
remove regions of ambiguity. Following optimization of
individual group alignments, the three groups were re-
aligned with emphasis on maintaining conserved core
domains of the individual sub-alignments. This global
alignment was used to produce a maximum-likelihood
(ML) estimate of relationships among sequences. An initial
analysis was carried out in TREEPUZZLE-50 (Strimmer
& von Haeseler 1996) using a Jones, Taylor and Thornton
(JTT) matrix for probabilities of change among amino
acids, and an invariant + � model of rate variation among
sites, with four discrete � rate categories. Likelihood
estimates for amino acid frequencies and � parameters
were then used to search for the tree with the ML using
PROML in PHYLIP 3·6 (Felsenstein 1989), with 10
random sequence additions with global rearrangements.

To determine the strength of internal support for the
tree topology recovered, and to further explore likelihood
tree space, analyses were performed in MRBAYES 3·0 b4
(Huelsenbeck & Ronquist 2001) to determine posterior
Bayesian probabilities of common nodes. Four simul-
taneous Markov chains were run, also under an invariant
+ � model (four categories) and a JTT substitution matrix.

Chains were begun with random a priori trees; subse-
quently trees were sampled from the posterior probability
distribution every 10 generations. Stable likelihood values
were achieved during the first 50 000 generations. An
additional 350 000 generations were run and the first
200 000 were excluded from analysis of the posterior
probability distribution. A majority-rule consensus tree
then was constructed from the 20 000 sampled trees
to determine Bayesian support values. In addition, 200
distance and parsimony bootstrap replicates were
performed. Distance matrices were constructed in
PHYLIP (PRODIST) using JTT weighting and used in
neighbor-joining tree building. Parsimony bootstrap
analyses were carried out using PROTPARS.

Phylogenetic analyses of SL families To investigate
more rigorously the relationship of our zfSL
sequences to other SLs, we performed further phylo-
genetic analyses of SL sequences in the absence of the two
more distantly related hormone families. Zebrafish SL�
and SL� (zfSL� and zfSL�) were aligned with 20 other
reported SLs in CLUSTAL X, and sequences were
adjusted manually to correct alignment errors and remove
ambiguous regions. ML analysis was performed in
TREEPUZZLE-50, using substitution parameters esti-
mated as described above. Bayesian support values were
calculated, also as described previously, except that
chains were run for 800 000 generations and sampled

Figure 1 Complete nucleotide sequence and deduced amino acid sequence of zfSL�. Numbers on
the right indicate numbers of nucleotides and amino acids. The putative signal peptide and
polyadenylation signal are underlined. *, Putative translation stop codon. Boxing indicates conserved
cysteine residues.
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every 100 generations. The final 5000 trees were used
to construct a majority-rule consensus tree to estimate
posterior clade probabilities. Both neighbor-joining and
parsimony bootstrap percentages were determined
as above, except that 1000 bootstrap replicates were
performed in each case.

Analyses of outgroup rooting To determine whether
outgroup rooting of the SL tree was likely to be a
‘long-branch’ phylogenetic artifact, 100 random sequences
were generated in MacClade 3·0 (Maddison & Maddison
1992) using ML-estimated average amino acid fre-
quencies. Each sequence was used in place of the outgroup
(lungfish SL) in maximum-parsimony analysis, with 20
random sequence additions per random outgroup in
PAUP 4·0 b.10 (Swofford 1997). Each random sequence’s
point of attachment was scored for all of the equally
most-parsimonious trees recovered in each analysis (Stiller
& Hall 1997). We also performed Shimodaira–Hasegawa
(Shimodaira & Hasegawa 1999) tests in PROML on
alternative root locations for the SL tree.

Results

Cloning of two distinct SL cDNAs

zfSL� sequence A 411 bp partial cDNA was amplified
from zebrafish whole-brain cDNAs using degenerate

primers. Subsequently, primers designed for 5� and 3�
RACE amplified 750 and 240 bp products respectively.
The full-length zfSL� was amplified for verification of the
complete cDNA sequence and was found to be 778 bp,
excluding the poly(A) tail. The complete cDNA sequence
and predicted amino acids are depicted in Fig. 1. The
zfSL� cDNA contains a 699 bp open reading frame
encoding 233 amino acids. The predicated mature peptide
has 209 amino acids. One polyadenylation site, AATAAA,
is located at positions 758–763. The 5� untranslated region
is 60 bp long, while the 3� untranslated region is 18 bp
excluding the poly(A) tail. The calculated molecular mass
and isoelectric point of the mature peptide are 23 970 Da
and 5·73 respectively. The zfSL� mature protein has seven
conserved cysteine residues, consistent with other reported
SL� sequences.

zfSL� sequence Using zebrafish whole-brain cDNAs, a
439 bp product was amplified with degenerate primers by
nested PCR. The sequence of cDNA fragment amplified
was most similar to goldfish SL (amino acid identity,
69·3%). Primers designed for 5� and 3� RACE amplified
386 and 364 bp products, respectively. Another set of
primers was designed to amplify and verify the full-
length zfSL� cDNA sequence. The full-length zfSL�
cDNA is 854 bp, excluding the poly(A) tail (Fig. 2).
The 5� untranslated region is 32 nucleotides, while the
3� untranslated region has 129 nucleotides, not including

Figure 2 Complete nucleotide sequence and deduced amino acid sequence of zfSL�. Numbers on the
right indicate numbers of nucleotides and amino acids. The putative signal peptide is underlined and the
polyadenylation signal is bold and underlined. *, Putative translation stop codon. Boxing indicates
conserved cysteine residues.
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the poly(A) tail. The complete cDNA sequence and
predicted amino acid sequence are depicted in Fig. 2. The
zfSL� gene has a 693 bp open reading frame encoding 231
amino acids from the start codon (ATG), nucleotide
position 33, to the termination codon (TAA), position
728. The predicted signal peptide is located at positions
1–24. One polyadenylation signal, AATAAA, is located at
nucleotide position 821–826. The calculated isoelectric
point is 5·16 and the calculated molecular mass of the
mature SL peptide is 23 249 Da. zfSL� has six out of the
seven cysteines that are conserved with all other reported
mature SL sequences; however, the third highly conserved
cysteine residue, present in zfSL� and most other SL
sequences, has been replaced by a lysine in zfSL�.

Sequence comparison of two distinct SLs

zfSL� and zfSL� share only 47·7% amino acid and 57·5%
nucleotide identities (Table 1). Unannotated zfSL� and

zfSL� sequences are found on two separate contigs in the
Danio genomic database (http://trace.ensembl.org/perl/
ssahaview?server=danio_rerio). These results indicate
clearly that the two SLs are encoded by two different
genes. zfSL� cDNA is more similar to most known SLs
ranging in identity from 45% (goldfish) to 70% (chum
salmon) SL. In contrast, zfSL� shares the highest peptide
identity with goldfish SL (69·3%) and is much less similar
to all other known SLs (amino acid identities, 41–50%).
zfSL� shares amino acid identities of 33·1 and 25·1% with
zebrafish GH (accession no. AY286447) and PRL
(NM_181437) respectively, while zfSL� is 31·4 and
22·9% identical to zebrafish GH and PRL. Thus, both in
terms of its overall sequence composition and its conserved
cysteine residues, zfSL� appears to be related to the
previously reported divergent SL from goldfish, while
zfSL� is similar to SLs reported from most fish taxa.

In situ localization of two SL–producing cells

The locations of zfSL-expressing cells were deter-
mined by in situ hybridization of SL transcripts in the
pituitary cells of adult zebrafish. No signals were obtained
in tissue sections hybridized with SL sense probes (Fig. 3B
and D). Pituitary cells displaying a strong hybridization
signal to the zfSL antisense sequences were found in two
distinct regions of the pars intermedia of zebrafish (Figs 3
and 4). zfSL� expression was detected in the posterior part
of the pars intermedia bordering the neural tissue that
penetrates the pars intermedia, whereas zfSL� is expressed
in the anterior part of the pars intermedia bordering the
pars distalis (Figs 3 and 4).

Phylogenetic analyses of two SL families

Sequence comparisons show that zfSL� had higher se-
quence identities to other SLs than to zebrafish GH and
PRL; nevertheless, similarity comparisons do not provide
conclusive evidence that zfSL� and goldfish SL are mem-
bers of the SL family. Therefore, phylogenetic analyses
were used to more definitively classify the zebrafish
paralogues, and to rigorously investigate the evolutionary
relationships of zfSL� and zfSL� to other pituitary hor-
mones.

Phylogenetic analyses of the GH superfamily

Each of the three individual families (GH, PRL and SL)
was recovered as a monophyletic group with strong
internal support, regardless of the method of phylogenetic
inference used (Fig. 5). All phylogenetic analyses nested
both zfSL paralogues, goldfish SL and rtSLP sequences
within the SL family, clearly distinct from GH and PRL,
with strong statistical support (Fig. 5). Thus, none of these

Table 1 Comparison of percentage amino acid sequence identities
of ZFRSL� (AF376857) and zfSL� (AY221126) to all known SLs
including goldfish (U72940), rtSLP (Yang and Chen 2003), channel
catfish (AF267991), European eel (U63884), rainbow trout (Yang
et al. 1997), chum salmon (D10640), flounder (M33695), Atlantic
halibut (L02117), yellow perch (AY332490), rabbitfish
(AB026186), orange spotted grouper (AY169406), Atlantic cod
(D10639), gilthead seabream (L49205), red drum (AF062520),
sole (U06753), lumpfish (L02118), Congo puffer (AF253066),
white sturgeon (AB017200) and African lungfish (AF062744).
Amino acid sequence of Fugu was deduced from genomic
sequences of a genomic database (http://fugu.hgmp.mrc.ac.uk/)

Amino acid sequence identity (%)

zfSL� zfSL�

Species
zfSL� 47·7
Goldfish 45 69·3
rtSLP 53·4 45·3
Channel catfish 50·4 47·1
European eel 53·8 42·4
zfSL� 47·7
Rainbow trout 69·4 50·2
Chum salmon 69·8 49·8
Flounder 67·2 47·4
Atlantic halibut 66 46·8
Yellow perch 65·5 47·7
Rabbitfish 63·4 47
Orange spotted grouper 63 46·5
Atlantic cod 62·6 46·6
Gilthead seabream 62·6 45·3
Red drum 62·6 46·6
Sole 62·3 48·9
Lumpfish 61·2 47·7
Fugu 58·3 41·8
Congo puffer 55·3 44·6
White sturgeon 65·4 48·1
African lungfish 57·7 43·8
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sequences is likely to represent a second copy of a hormone
other than SL.

Phylogenetic analyses of SL families zfSL� branches
with most other SL sequences in what appears to be
reasonable expectation of the fish phylogeny. On the other
hand, zfSL� forms a second clade with goldfish, rtSLP and
sequences from catfish and eel (Fig. 6). Both clades are
recovered with strong statistical support, and with both the
global as well as the SL-specific alignments (Figs 5 and 6).
The presence of SL paralogues from both of these clades in
zebrafish and rainbow trout, two distantly related species,
suggests an ancient duplication within the teleost clade.
Rooting fish SL evolution with an outgroup sequence
from lungfish suggests that this duplication occurred after
the divergence of sturgeon. Lungfish roots the SL tree on
the branch leading to sturgeon in Bayesian, parsimony and
distance bootstrap analyses, and sturgeon SL gives no

indication of ‘long-branch’ attraction in analyses of the
random sequence behavior (Fig. 6).

Discussion

In the present study, we are the first to demonstrate the
existence of two groups of SLs in teleosts that are produced
by different pituitary cells. Since the discovery of SL (Ono
et al. 1990, Rand-Weaver et al. 1991), no broad-scale
phylogenetic analysis of the GH/PRL/SL families has
been performed. Furthermore, goldfish SL has been
excluded from previous phylogenetic analyses due to its
low identity to other SLs (Zhu et al. 1999). The low amino
acid identity of rtSLP, compared to other SLs, further
complicates the classification of SLs in fish. Our analyses
provide provocative evolutionary insights into the origins
of the divergent SL copies in goldfish, rainbow trout and

Figure 3 In situ hybridization of zebrafish pituitaries with zebrafish SL antisense and sense sequences. (A) and (C) show adjacent sections
hybridized with digoxigenin-labeled zfSL� probes. Strong signals were obtained in the section (A) hybridized with zfSL� antisense
sequence, whereas no signals were observed in the section (C) hybridized with zfSL� sense sequence. (B) and (D) shows adjacent
sections hybridized with digoxigenin-labeled zfSL� probes. Strong signals were obtained in the section (B) hybridized with zfSL� antisense
sequence, whereas no signals were observed in the section (D) hybridized with zfSL� sense sequence. PI, pars intermedia; PD, pars
distalis. Scale bar, 100 �m.
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zebrafish. We have identified two paralogous copies of
zfSL, with distinct expression patterns. Furthermore, these
paralogues fall into two distinct subgroups of the SL
family, each of which is composed of diverse fish taxa. The
single SL genes reported from goldfish, catfish and eel,
along with zfSL� and rtSLP, appear to belong to a newly
classified SL group that we designate as the � group. The

other identified rainbow trout SL, along with zfSL� and all
other SLs, belong to the � group.

Origin of SL paralogues

A fish-specific genome duplication was proposed after the
discovery that fish had seven Hox gene clusters, almost
twice as many as human and mouse (Amores et al. 1998,
Prince 2002, Seoighe 2003). The hypothesis is becoming
more widely accepted based on evidence from the recent
release of the puffer fish and zebrafish genome sequences
(van der Peer et al. 2003, Taylor et al. 2003, Venkatesh
2003). The strongly supported grouping of SL sequences
from cyprinids, catfish, rainbow trout and eel, combined
with the robust association of zfSL� with all other SL
sequences, provides additional evidence for a genome
duplication in the Actinopterygia (ray-finned fishes), with
the subsequent maintenance of both paralogous SL copies
in cyprinids and rainbow trout. Random sequence analy-
ses of tree rooting suggest that the outgroup (lungfish)
position between these two clades is not attributable to
a simple ‘long-branch’ phylogenetic artifact (Fig. 6).
Although some alternative rootings that fall between the
rtSLP and zfSL� cannot be rejected in Shimodaira–
Hasegawa tests, any separation of the zfSL� and goldfish
sequences is rejected with significance. Therefore, there is
significant support for classifying the zebrafish and goldfish
SL� genes as orthologues of each other, and as paralogues
of the SL� clade. Nevertheless, it should be noted that,
based on their empirical branch lengths, as well as the
behavior of random sequences (Fig. 6), most members of
the SL� clade exhibit an accelerated rate of evolution.
Further investigations are required to determine whether
a clear duplication of SLs occurred in basal teleosts. In
particular, identification of additional taxa containing both
SL� and � paralogues is needed to more fully understand
the age of the SL duplication and its ancestral distribution
in fish.

Currently, it is unclear whether most fish possess both
SL genes or have retained only one of the two paralogues.
However, it is clear from complete genomic databases
(http://fugu.hgmp.mrc.ac.uk/) that only SL� is present in
Fugu rubripes and Tetraodon nigroviridis. A BLAST search of
SL� sequences only generates one single significant hit
from each genome and that is the gene encoding SL�. The
apparent loss of the SL� gene in the puffer fish might
indicate loss of the duplicated SL� gene in one derived fish
group. It is noteworthy that all fish that possess the SL�
gene live at least a significant portion of their lives in a
fresh-water environment. Duplication of SL genes in those
species may suggest important roles for SLs in an ancestral
fish that invaded fresh water and required a second SL
to help maintain homeostasis, including ion and water
balance, body coloration and pigmentation (Fukamachi
et al. 2004).

Figure 4 Localization of SL�- and SL�-producing cells in adjacent
sections of zebrafish pituitary. (A) Shown is a sagittal section with
hematoxyolin/eosin staining. (B) and (C) show adjacent sections
hybridized with a digoxigenin-labeled zfSL� (B) and zfSL�
(C) antisense sequences under Nomarski differential interference
contrast. Scale bar, 100 �m.
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The deduced amino acid sequence of zfSL� contains
the seven conserved cysteines, a characteristic of most SLs.
The zfSL�, however, shares only six of these conserved
cysteine residues; moreover, this third cysteine has been
replaced by other amino acids in all members of the
SL� clade except for eel (indicated by an arrow in Fig. 6).
Three disulfide bonds are formed among the first two and
last four cysteines within the SL molecules, while the third
cysteine is not involved in the formation of intra-peptide
disulfide bonds (Rand-Weaver et al. 1991). The conser-
vation of these six cysteines in both SL� and SL� suggests
that general structure and function are conserved between
the two subtypes. The presence of the third cysteine in the
SL� clade and its absence in �-type SLs, however, raises an
intriguing question; that is, does loss of the third cysteine
have important implications for SL structure and function?
The rapid dimerization of SL� molecules may be mediated
through formation of inter-molecular disulfide bonds
between third cysteine residues (Zhu & Thomas 1995).
Dimerization of hormone-receptor molecules is an import-

ant step in the activation of downstream signaling
pathways; it may be that dimerization of the hormone
molecules themselves also plays a role in regulating their
activity. Further studies of the SL signal pathway, and of
the effects of mutating the third cysteine residue, are
clearly required.

Our preliminary results (Y Shaner & MP Zhu, unpub-
lished observations) suggest that, like SL� in red drum
(Zhu & Thomas 1996, 1998), SL� is influenced by
changes in illumination. This may indicate that SL� and
SL� share similar functions. However, low sequence
identity of SL� to �-type SLs, and differential expression
in the pars intermedia, suggest that SL� has acquired an
alternative or additional set of functions. For example, SL�
may be important during early development and SL� may
be important for maintaining homeostasis in adult fish
(Yang & Chen 2003).

In summary, two types of SL were cloned from the
same species, designated zfSL� and zfSL�. Phylogenetic
analyses suggest that these copies result from an ancient

Figure 5 Maximum likelihood (ML) tree, with ML branch lengths, recovered from a global alignment of 34 hormones from the GH, PRL
and SL families, using a JTT substitution matrix and an invariant + � model for variation among sites. A 100 next to the branches leading
to each hormone family, and grouping of zfSL� and zfSL� as specific orthologues of SL, indicate 100% support values in all analyses
performed (Bayesian inference, parsimony bootstrap, and protein distance bootstrap).
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duplication of SL genes in ray-finned fish. The duplication
and maintenance of both SLs genes in some fish raise
intriguing questions about the function and evolutionary
history of these hormones, and suggest new avenues of
investigation.
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