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Abstract

Leptin is well established as a multifunctional cytokine in mammals. However, little is known about the evolution of the leptin
gene in other vertebrates. A recently published set of ESTs from the tiger salamander (Ambystoma tigrinum) contains a sequence
sharing 56% nucleotide sequence identity with the human leptin cDNA. To conWrm that the EST is naturally expressed in the sala-
mander, a 409 bp cDNA was ampliWed by RT-PCR of salamander testis and stomach mRNAs. The coding sequence of the cDNA is
predicted to encode 169 amino acids, and the mature peptide to consist of 146 residues, as in mammals. Although the overall amino
acid identity with mammalian leptins is only 29%, the salamander and mammalian peptides share common structural features. An
intron was identiWed between coding exons providing evidence that the sequence is present in the salamander genome. Phylogenetic
analysis showed a rate of molecular divergence consistent with the accepted view of vertebrate evolution. The pattern of tissue
expression of the leptin-like cDNA diVered between metamorphosed adult individuals of diVerent sizes suggesting possible develop-
mental regulation. Expression was most prominent in the skin and testis, but was also detected in tissues in which leptin mRNA is
present in mammals, including the fat body, stomach, and muscle. The characterization of a salamander leptin-like gene provides a
basis for understanding how the structure and functions of leptin have altered during the evolution of tetrapod vertebrates.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

It is now over 10 years since the discovery of the adi-
pose tissue hormone leptin in the mouse and human was
reported (Zhang et al., 1994). It was initially thought that
the primary function of leptin was to signal body fat
content. However, subsequent research has indicated
that it is a multifunctional cytokine of much broader sig-
niWcance. In the context of energy balance regulation,

leptin is of primary importance in co-ordinating the neu-
roendocrine response to starvation (Ahima and Flier,
2000). Additionally, it is involved in the hormonal regu-
lation of a diversity of physiological functions (Ahima
and Flier, 2000; Wauters et al., 2000), including repro-
duction (Caprio et al., 2001), cardiovascular function
(Rahmouni and Haynes, 2004), and bone development
(Gimble and Nuttall, 2004). Its cytokine actions are
reXected in its role as a regulator of inXammatory pro-
cesses and immune response (Otero et al., 2005).

In the Wrst report describing the cloning of the leptin
gene in the mouse and human, a Southern blot was pre-
sented that showed hybridization of a mouse leptin cDNA
probe to genomic DNA from the chicken and the eel, as
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well as to representatives of several Orders of eutherian
mammals (Zhang et al., 1994). This suggested that the lep-
tin gene is conserved among vertebrate Classes. Owing to
its potential physiological importance, leptin has attracted
considerable interest from researchers studying non-mam-
malian vertebrates. However, in 10 years since its discov-
ery, there has been little evidence that a gene resembling
mammalian leptin is present in the genome of any non-
mammalian vertebrate. Two laboratories in the late 1990s
reported the cloning of a leptin cDNA in the chicken that
shared 95 and 97% sequence identity with mouse leptin at
the nucleotide and amino acid level, respectively (Ashwell
et al., 1999; Taouis et al., 1998). However, several indepen-
dent laboratories have since been unable to amplify the
reported sequence by RT-PCR (Amills et al., 2003; Fried-
man-Einat et al., 1999; Pitel et al., 2000). Doubts about its
validity were reinforced by the results of comparative
Southern blotting experiments, and by molecular evolu-
tionary analysis (Dunn et al., 2001; Friedman-Einat et al.,
1999). Moreover, no genomic sequence has been produced
to conWrm the existence of the cDNA, and no sequences
resembling it are present in the chickEST database (http://
www.chick.umist.ac. uk), or in the recently completed
chicken genome sequence (http://www.ncbi.nlm.nih.gov/
genome/guide/chicken). There is, however, evidence that a
leptin-like signaling system is present in birds because a
receptor has been cloned in the chicken that shows conser-
vation of the key motifs and predicted exon boundaries
found in the long isoform of the mammalian leptin recep-
tor (Horev et al., 2000; Ohkubo et al., 2000). The endoge-
nous ligand for this receptor has yet to be identiWed.

The lack of leptin-like genomic sequences in non-mam-
malian species has necessarily restricted investigation into
leptin’s molecular and functional evolution to studies of
the cloned mammalian genes (Chmurzynska et al., 2003;
Doyon et al., 2001; Gaucher et al., 2003; Hope et al., 2000).
However, the application of genomics to non-mammalian
vertebrates is allowing previously uncharacterized leptin-
like genes to be identiWed. Very recently, a leptin-like gene
was isolated in the puVerWsh (Takifugu rubripes)
(Kurokawa et al., 2005). This was achieved by identiWca-
tion of the region in the puVerWsh genome that exhibited
conservation of synteny with markers surrounding the
human leptin gene. Use of the Takifugu leptin sequence to
search Wsh genome databases enabled similar sequences to
be identiWed in the river puVerWsh (Tetraodon nigroviridis)
and the Japanese medaka (Oryzias latipes) (Kurokawa
et al., 2005). A leptin-like sequence was also identiWed in
the Atlantic salmon (Salmo salar) EST database
(Kurokawa et al., 2005). Genomic resources are also being
applied to non-mammalian tetrapod vertebrates. This is
exempliWed by two recent amphibian EST sequencing pro-
jects that together have generated almost 60,000 cDNA
sequences from the tiger salamander (Ambystoma tigri-
num) and the axolotl (A. mexicanum) (Habermann et al.,
2004; Putta et al., 2004). Some evidence is available for the

existence of a leptin signaling system in amphibians in that
leptin-like immunoreactivity has been observed in the
stomach of the African clawed frog (Xenopus laevis) and in
the gastrointestinal tract and neural tube of a newt (Tritu-
rus cristatus carnifex) (Buono and Putti, 2004; Muruzábal
et al., 2002). Furthermore leptin-like gene sequences have
now been identiWed in the Xenopus tropicalis genome data-
base (Kurokawa et al., 2005) and a similar Xenopus laevis
sequence has been deposited in GenBank (Accession No.
AY884210). This led us to search the ESTs recently gener-
ated in ambystomatid salamanders for leptin-like
sequences. We identiWed one EST in the tiger salamander
and an EST contig in the axolotl that shared 98% nucleo-
tide sequence identity between the two species, and 56%
identity between the salamander and human leptin cDNA
sequence. The aim of the present study was therefore to
characterize and conWrm the expression in the tiger sala-
mander of a non-mammalian leptin-like gene.

2. Materials and methods

2.1. Animals and tissues

Three captive-bred tiger salamanders were obtained
from a United Kingdom dealer having been maintained
under artiWcial lighting and temperature in moist aquaria.
To facilitate comparison with mammalian studies, meta-
morphosed, terrestrial adult, animals were chosen for
investigation. On arrival, the salamanders were weighed
and measured before being killed in accordance with the
United Kingdom Home OYce Code of Practice by
immersion in 0.1% tricaine methane-sulfonate (ethyl 3-
aminobenzoate methane-sulfonate) anaesthetic (Sigma,
Poole, Dorset, UK). The three salamanders used in the
study comprised a male weighing 22.5 g with a snout to
tail-tip length of 17 cm and two females with respective
body masses and lengths of 22.4 g/16.5 cm and 14.5 g/
13 cm. None of the animals had reached full sexual matu-
rity. Food was present in the gastrointestinal tract of all
individuals at the time of dissection indicating that the
animals were in a fed state.

2.2. Nucleic acid extraction

Total RNA was prepared from dissected tissue using
RNA-Bee (AMS Biotechnology, Abingdon, Oxford-
shire, UK) according to the manufacturer’s instructions.
Individual tissue blocks were homogenized in Lysing
Matrix D using a FastPrep Instrument (Qbiogene, Bing-
ham, Nottingham, UK). Poly(A)+ RNA was isolated
from total RNA using an Oligotex kit (Qiagen, Crawley,
West Sussex, UK). Genomic DNA for PCR studies was
isolated from liver using a GenomicPrep Cells and Tis-
sue DNA isolation kit (Amersham Biosciences, Chalfont
St. Giles, Bucks, UK).

http://www.chick.umist.ac.uk
http://www.chick.umist.ac.uk
http://www.chick.umist.ac.uk
http://www.ncbi.nlm.nih.gov/genome/guide/chicken
http://www.ncbi.nlm.nih.gov/genome/guide/chicken
http://www.ncbi.nlm.nih.gov/genome/guide/chicken
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2.3. PCR

For analysis of tissue distribution of leptin gene
expression, reverse transcription was performed on 3 �g
total RNA using a Wrst-strand cDNA synthesis kit
(Amersham) with NotI-d(T)18 as a primer. PCR primers
were designed from a Tiger salamander leptin-like EST
deposited in GenBank (Accession No. CN054256). The
primers used were: forward primer 5�-ATCCCAAC
CTTCCACTGTC (positions 90–108 of Accession No.
CN054256) and reverse primer 5�-ACCTATCCAACG
CAACTTTC (positions 479–498), yielding a reaction
product of 409 bp. To conWrm the eVectiveness of reverse
transcription, PCR was also carried out to amplify a
cDNA fragment of cyclophilin A. Primers were designed
from an axolotl (Ambystoma mexicanum) EST (Acces-
sion No. BI818006). The forward primer was 5�-C
TTCACAAACCACAATGGAAC (positions 212–232
of BI818006) and the reverse primer was 5�-ACAGAT
GAAAAACTGGGAGC (positions 340–359), yielding a
reaction product of 148 bp. PCR for both leptin and
cyclophilin A cDNAs was performed using FastStart
Taq polymerase (Roche Diagnostics, Lewes, East Sus-
sex, UK) in PCR buVer containing 2 mM MgCl2 on a
Hybaid MBS system thermocycler block with an anneal-
ing temperature of 60 °C and denaturing and extension
steps of 94 °C and 72 °C, respectively. Times used were
15 s denaturation, 30 s annealing, and 30 s extension,
with an extension time for the Wnal cycle of 5 min. PCR
was carried out for 30 cycles for cyclophilin A and 35
cycles for leptin. PCR was also used to amplify a frag-
ment of the salamander leptin gene using the Roche
Expand Long Template PCR kit and 50 ng genomic
DNA as template. The primers used were as described
above for leptin cDNA ampliWcation. The denaturation,
annealing, and extension temperatures and times were
94 °C, 10 s; 63 °C, 30 s; and 68 °C, 5 min; with a Wnal
extension step of 7 min. PCR was carried out for 25
cycles. PCR ampliWcation products were resolved by
electrophoresis on a 2% agarose gel and visualized by
ethidium bromide staining. The sequences of the leptin
and cyclophilin A cDNA and leptin genomic DNA frag-
ments ampliWed by PCR were conWrmed by ligating the
respective ampliWcation products into the EcoRV site of
pBluescript II SK+ (Stratagene, Cambridge, UK), trans-
forming into Eschericha coli XL1-Blue MRF (Strat-
agene), and sequencing by a dideoxy termination
method on a LI-COR 4200 sequencer (LI-COR Biosci-
ences, Cambridge, UK). Nucleotide sequence assembly
was performed using Wisconsin Package Version 10.0
(Genetics Computer Group, Madison, Wisconsin, USA).
For leptin cDNA, sequence was obtained in both direc-
tions from six clones ampliWed from testis, and six clones
ampliWed from the stomach of a diVerent animal. For
cyclophilin A, sequence was ampliWed from kidney, skel-
etal muscle, and liver, each of these tissues being taken

from a diVerent animal. Three clones were sequenced for
kidney and skeletal muscle, and two clones for liver, and
each clone was sequenced in both directions. For geno-
mic DNA, two clones were isolated from diVerent indi-
viduals, and these were each sequenced three times in
both directions. Leptin sequence analysis is presented in
Section 3 and the cDNA and genomic sequences
obtained have been deposited in GenBank with Acces-
sion Nos. DQ064637, DQ064639, and DQ064640. The
148 bp cyclophilin A cDNA fragment shared 99% nucle-
otide sequence identity with the axolotl cyclophilin A
EST (Accession No. BI818006) and 89% identity with
Xenopus cyclophilin A (Accession No. AY646834, Masse
et al., 2004). The sequence has been deposited in Gen-
Bank with the Accession No. DQ064638.

2.4. Northern analysis

Poly(A)+ RNA was extracted using a commercial kit
(Oligotex, Qiagen) from total RNA (isolated as
described above) prepared from testis. Five micro-
grams was electrophoresed through a 1.4% agarose gel
containing 1£ Mops (10£ MopsD 0.2 M 3-(N-mor-
pholino) propanesulfonic acid, 80 mM sodium acetate,
10 mM disodium EDTA, pH 7.0) and 0.67 M formalde-
hyde. The gel and 1£ Mops running buVer each con-
tained 0.01 �g/ml ethidium bromide. RNA size markers
were used to determine transcript size and the gel was
photographed under UV light before blotting. The
RNA was transferred to a nylon membrane (Hybond
XL, Amersham) using downward denaturing capillary
transfer for 2 h with 5£ SSC, 10 mM sodium hydroxide
as transfer buVer. The membrane was baked for 2 h at
80 °C. Hybridization was carried out using Ultrahyb
solution (Ambion, Huntingdon, Cambridgeshire, UK)
according to the manufacturer’s instructions before
being prehybridized in Ultrahyb for 30 min at 68 °C in
a hybridization oven. A salamander leptin riboprobe
was synthesized by in vitro transcription from the T3
promoter of a plasmid consisting of the 409 bp leptin
cDNA fragment, ampliWed by RT-PCR as described
above, ligated into the EcoRV site of pBluescript II
SK+ (Stratagene) and linearized by digestion with Hin-
dIII. In vitro transcription was performed using T3
polymerase (Roche) and [32P]UTP (800 Ci/mmol,
Amersham) was incorporated as label to a speciWc
activity of 8£ 1017 Bq/mole. The riboprobe was added
to 10 ml Ultrahyb at a Wnal concentration of
1£ 106 cpm/ml and hybridization was performed over-
night at 68 °C. The membrane was then rinsed in 2£
SSC, 0.1% SDS (2£ 5 min), followed by 0.01£ SSC,
0.1% SDS (2£ 15 min) at 68 °C. The washed membrane
was exposed overnight to a phosphor-imaging screen
and digital images were captured using a Molecular
Imager FX and Quantity One software (Bio-Rad,
Hemel Hempstead, Hertfordshire, UK).
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2.5. Tertiary structural analysis

The tertiary structure of salamander leptin was predicted
by comparative modelling. The SWISS-MODEL server
(http://swissmodel.expasy.org//SWISS-MODEL.html) was
probed in the Alignment Interface with a ClustalW align-
ment (http://www.ebi.ac.uk/clustalw) of the following mam-
malian protein sequences: mouse (P41160); rat (P50596);
human (P41159); cow (P50595); pig (Q28603); dog
(O02720); fat-tailed dunnart (Q9XSW9) together with the
salamander sequence. The target sequence of salamander
leptin was modelled against the selected template human
sequence (1AX8.pdb). Images of the predicted structures
were analyzed using the SwissPdb Viewer (Guex and
Peitsch, 1997).

2.6. Molecular phylogeny

A phylogenetic tree was constructed on the basis of
non-synonymous substitutions for leptin in human
(NM_000230), sheep (U84247), fat-tailed dunnart
(AF067726), mouse (U18812), dog (AB020986), pig
(AF052681), Xenopus laevis (AY884210), salmon
(BI468126), and cow (U43943) sequences. These were
aligned using Pileup (Wisconsin Package Version 10.0,
Genetics Computer Group, Madison, Wisconsin, USA),
checked to ensure they were in the same translation frame,
and the rate of non-synonymous substitutions was calcu-
lated using the Diverge program (Wisconsin Package Ver-
sion 10.0). The trees were created using Growtree

(Wisconsin Package Version 10.0) with the unweighted
pair group method using arithmetic averages.

3. Results

3.1. Cloning and structural analysis of tiger salamander 
leptin

Primers were designed to amplify a 409 bp fragment
of salamander leptin cDNA and the resulting sequence
information was compared to the salamander EST clone
deposited in GenBank (Accession No. CN054256). The
cDNA fragment isolated by PCR (Accession No.
DQ064637) was 99.5% identical to the EST sequence,
diVering by a G to A substitution at position 409, and an
A to G substitution at position 476. The former substitu-
tion resulted in a conservative amino acid coding change
from arginine to glutamine. The consensus salamander
leptin cDNA spans 823 bp and includes the entire pre-
dicted coding sequence of a peptide containing 169
amino acid residues (Fig. 1). The primers used for ampli-
Wcation of the cDNA generated a 6 kb fragment from
PCR of genomic DNA template (Fig. 2). This fragment
was not sequenced completely, but partial reads were
obtained from both ends. The Wrst comprised 105 bp of
the 3�-end of a putative exon that shared 100% identity
to the cDNA sequence, followed by 405 bp of putative
intronic sequence (Accession No. DQ064639). The sec-
ond sequence consisted of 164 bp of putative intronic

Fig. 1. The nucleotide and predicted amino acid sequence of tiger salamander leptin cDNA. The sequence is derived from an EST (Accession No.
CN054256) and, between nucleotide sequence positions 90–498, from sequencing of RT-PCR products ampliWed from testis and stomach (Accession
No. DQ064637). The primers used to amplify the 90–498 fragment are shown in bold lower-case. The existence of a boundary between exons was
conWrmed by sequencing of genomic DNA and is denoted by a dashed line between nucleotide positions 194–195. The termination codon is marked
with an asterisk.

http://swissmodel.expasy.org//SWISS-MODEL.html
http://swissmodel.expasy.org//SWISS-MODEL.html
http://www.ebi.ac.uk/clustalw
http://www.ebi.ac.uk/clustalw
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sequence contiguous with 304 bp of the putative 5�-end
of an exon that shared complete identity with the cDNA
sequence (Accession No. DQ064640). Splice donor and
acceptor sites were predicted at the proposed intron–
exon boundary with conWdence scores >0.9 by splice site
prediction programs (SSPNN, http://www.fruitXy.org/
seq_tools/splice.html, and NetGene2, http://
www.cbs.dtu.dk/services/NetGene2/). This exon–intron
boundary lies within the coding sequence (Fig. 1) and
corresponds to the position of the boundary between
exon 2 and intron 2 in the mammalian leptin gene. From
the size of the ampliWed genomic DNA fragment, the

intron isolated in the salamander is approximately 5.5 kb
in length. When compared to mammalian leptin cDNA
sequences, the 507 bp salamander leptin cDNA nucleo-
tide coding sequence shows 57% identity over 492 bp
with the pig, and 56% identity over 479 bp with the
human. When the predicted amino acid sequence of sala-
mander leptin is compared with the leptin sequences of
representatives of diVerent mammalian Orders, 48 resi-
dues are shared in all species analyzed, representing an
overall sequence identity of 29% between salamander
and mammalian leptins (Fig. 3). The closest similarity to
a mammal is with a marsupial, the fat-tailed dunnart
(Sminthopsis crassicaudata). This sequence shares 61 res-
idues with the salamander, representing a similarity of
36%. The salamander sequence shares 101 conserved res-
idues with a Xenopus laevis leptin-like sequence (Acces-
sion No. AY884210), a sequence similarity of 60%
(Fig. 3). Sequence identity between the salamander and
Xenopus is 66% at the nucleotide level over the coding
sequence. When the Xenopus sequence is included in the
multiple protein sequence analysis, 40 residues are
shared among tetrapod leptins, representing 24%
sequence similarity (Fig. 3). The leptin sequence in all
tetrapod species includes conserved cysteine residues in
positions 119 and 169 that form a disulWde bond. While
the residues conserved between amphibians and mam-
mals are generally spread quite evenly, two prominent
conserved regions lie between salamander residues 61
and 66 and between residues 102 and 113 (Fig. 3). The
least conserved parts of the sequence include the pre-

Fig. 2. AmpliWcation of salamander genomic DNA using the primers
shown in Fig. 1. A 6 kb ampliWcation product is generated (lane 2). M
designates size marker; lane 1 represents no template control; lane 2
shows ampliWcation from 50 ng salamander genomic DNA template.

Fig. 3. Multiple amino acid sequence alignment of leptin from the mouse (Accession No. P41160), rat (P50596), cow (P50595), pig (Q29406), dog
(O02720), human (P41159), fat-tailed dunnart (Sminthopsis crassicaudata, a marsupial) (Q9XSW9), Xenopus laevis (AY884210), and tiger salaman-
der. Alignment was performed by Pileup (Wisconsin Package Version 10.0, Genetics Computer Group, Madison, Wisconsin, USA). Amino acids
common to all species are highlighted in black and conservative substitutions in grey. Note that all mammalian sequences comprise 167 amino acids
while salamander and Xenopus leptins comprise 169. Conserved cysteine residues (positions 119 and 169 of the salamander sequence) that constitute
a disulWde bond are indicated by overlying asterisks. The mature peptide begins at position 24 of the salamander sequence as indicated.

http://www.fruitfly.org/seq_tools/splice.html
http://www.fruitfly.org/seq_tools/splice.html
http://www.fruitfly.org/seq_tools/splice.html
http://www.fruitfly.org/seq_tools/splice.html
http://www.fruitfly.org/seq_tools/splice.html
http://www.cbs.dtu.dk/services/NetGene2/
http://www.cbs.dtu.dk/services/NetGene2/
http://www.cbs.dtu.dk/services/NetGene2/
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dicted signal peptide (residues 1–23) and a region lying
between residues 114 and 141. Modelling of the pre-
dicted salamander leptin protein indicates a tertiary
structure of a bundle of four main helices (Fig. 4). The
salamander model deviated from the human structure
with a root mean square deviation of 0.25 Å, indicating
that the predicted salamander protein has a tertiary
structure comparable to mammalian leptins.

3.2. Molecular phylogeny

Construction of a phylogenetic tree based on the rate
of non-synonymous substitutions in Wsh, amphibian and
mammalian leptins demonstrates that the evolutionary
relationship between leptin molecules is consistent with
the consensus view of vertebrate evolution (Fig. 5) and
that the salamander leptin sequence identiWed is unlikely
to be an artifact.

3.3. Northern analysis

Northern hybridization of 5�g poly(A)+ RNA from
salamander testis with the salamander leptin cDNA
probe yielded a single band of RNA with a molecular
size of 1.9 kb (Fig. 6).

3.4. Tissue distribution of leptin expression

The distribution of salamander leptin expression was
studied by RT-PCR on mRNA isolated from a variety
of tissues in three individual animals (Fig. 7). Leptin
expression diVered between the individuals studied. The
most widespread expression was observed in the smallest
animal, a female (Fig. 7A). The strongest intensity of the

Fig. 4. The predicted tertiary structure of human (A) and salamander
(B) leptin proteins. Structures were predicted using SWISS-MODEL
(http://swissmodel.expasy.org//SWISS-MODEL.html) in Alignment
Interface with human leptin (1AX8.pdb) and a ClustalW alignment of
mammalian leptins as templates.

Fig. 5. Phylogenetic tree constructed using non-synonymous substitu-
tions for salamander and mammalian leptins. Trees were created by
Growtree (Wisconsin Package Version 10.0, Genetics Computer
Group, Madison, Wisconsin, USA) with the unweighted pair group
method using arithmetic averages. Sequences used were human
(NM_000230), sheep (U84247), fat-tailed dunnart (AF067726), mouse
(U18812), dog (AB020986), pig (AF052681), Xenopus laevis
(AY884210), salmon (BI468126), and cow (U43943).

Fig. 6. Northern hybridization of leptin poly(A)+ RNA prepared from
salamander testis. A 5 �g aliquot of poly(A)+ RNA was electrophore-
sed through a 1.4% agarose formaldehyde gel, transferred to a nylon
Wlter, and hybridized with a 32P-labeled antisense salamander leptin
riboprobe. The hybridization signal was captured digitally after over-
night exposure to a phosphor-imaging screen. The transcript detected
is 1.9 kb in size. Position of the 18S and 28S ribosomal RNA bands is
shown for reference.

http://swissmodel.expasy.org//SWISS-MODEL.html
http://swissmodel.expasy.org//SWISS-MODEL.html
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PCR product was observed in the skin, with moderate
expression also being seen in the brain, stomach, small
intestine, colon, skeletal muscle, tongue, and fat body.
Weak expression was observed in the olfactory organ. In
the two largest animals, a male and a female (Figs. 7B
and C), leptin expression was detected only in the testis
of the male.

4. Discussion

The results from the present study demonstrate that a
sequence found in a salamander EST library is naturally
expressed in the tiger salamander and shares structural
similarity with mammalian leptin genes. In contrast to
the situation with putative chicken leptin cDNAs
(Taouis et al., 1998; Ashwell et al., 1999), the demonstra-
tion of the existence of an intron in the salamander
sequence isolated provides veriWable evidence that this
sequence is present in the salamander genome. More-
over, analysis of the rate of non-synonymous substitu-
tions in amphibian, mammal and Wsh leptin coding
sequences is consistent with the accepted consensus of
vertebrate evolutionary divergence. In contrast, when

the same analysis was performed on the putative chicken
leptin coding sequence, the observed rate of substitution
was lower than expected statistically (with an associated
probability of less than one in one million) causing the
chicken to group improbably with rodents in the phylo-
genetic tree (Dunn et al., 2001).

The predicted amino acid sequence of the salamander
protein is consistent with the view that the gene encodes
a leptin-like molecule. While the overall amino acid
sequence identity between mammalian and salamander
leptins is only 29%, the predicted salamander mature
leptin-like peptide consists of 146 amino acids as it does
in mammals: the two additional amino acids in the full
169-residue salamander sequence are present in the pre-
dicted signal peptide, as is also the case with a Xenopus
sequence. Furthermore, the predicted tertiary structure
of salamander leptin conforms to the four-helix bundle
structure characteristic of the human protein (Zhang
et al., 1997). This is consistent with the predicted sala-
mander protein being a leptin-like molecule and suggests
that the residues conserved between the salamander and
mammalian leptins are important for generating the ter-
tiary conformation of leptin. In support of this, two cys-
teine residues required for formation of a disulWde bond

Fig. 7. Tissue distribution of salamander leptin mRNA using RT-PCR. Distribution is shown in three separate individuals (A–C). For each individ-
ual, the distribution for leptin mRNA is shown in the upper panel, and for cyclophilin mRNA in the lower panel. Identical lanes were used for leptin
and cyclophilin in each individual. Note that the tissues sampled vary slightly between individuals. Also that no leptin gene expression is evident in
salamander 3. Tissue abbreviations: Olf, olfactory bulb; Oesoph, oesophagus; Stom, stomach; Upp SI, upper small intestine; Mid SI, mid small intes-
tine; Sk Msc, skeletal muscle; Fat, fat body. Size marker is 100 bp. Control lane contains no template.
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have been conserved in all tetrapod species, and are also
present in the recently identiWed Wsh leptin-like
sequences (Kurokawa et al., 2005). Also, it is noteworthy
that 15 of the 48 completely conserved amino acids
between the salamander and mammalian leptins are leu-
cine, a residue that is important for the formation of
�-helices. The two regions showing the greatest conser-
vation between the salamander and mammals lay
between residues 59 and 67 and between residues 102
and 113 and, in terms of molecular structure, these cor-
respond, respectively, to the region between helix A and
helix B, and to helix C (Zhang et al., 1997). Comparative
molecular evolutionary studies in mammals have high-
lighted the potential functional importance of residues
85–119 of the mature leptin peptide (equivalent to resi-
dues 108–142 in the full salamander sequence, Fig. 3)
that includes the end of helix C and the C/D loop with
helix E. It has been reported that this region of the leptin
molecule is under positive selection in hominoid prima-
tes because it shows a greater ratio of non-synonymous
to synonymous substitutions when compared with
rodents and other mammals (Benner et al., 2002;
Gaucher et al., 2003). The Wndings of the present study
are consistent with residues 85–119 showing a high
degree of sequence variation between species but the
functional implications of this are uncertain. It has been
argued that this region of the leptin peptide is critical for
induction of appetite suppression and loss of body mass
in obese mice, and that the evolutionary changes
between positions 85 and 119 in humans may explain the
limited therapeutic eYcacy of leptin in human clinical
trials (Benner et al., 2002; Gaucher et al., 2003). On this
basis, given the sequence diVerences in this fragment
between the salamander and rodents, it could be argued
that leptin might not be expected to exert potent eVects
on energy balance in salamanders. However, the consen-
sus from studies of the physiological eVects of synthetic
leptin peptide fragments in the laboratory mouse and rat
is that the most bioactive fragments actually lie between
residues 116 and 140, almost completely outside the 85–
119 region reported to be under positive selection in
hominoids (Lee et al., 2002; Oliveira et al., 2005). It is
therefore unlikely that taxonomic sequence variation in
this region underlies functional diVerences in the eVects
of leptin on energy balance between species.

The similarity of the salamander leptin-like protein
sequence to mammalian leptins is matched by a compa-
rable gene structure. Thus, in mammals, the coding
sequence of the mature leptin peptide comprises exons 2
and 3 of the leptin gene (He et al., 1995). In the salaman-
der, the coding sequence also contains an intron, in an
equivalent position. Analysis of leptin gene structure in
Takifugu (Kurokawa et al., 2005) indicated the existence
of three exons, as in the human gene. This demonstrates
that the organisation of the leptin gene has been con-
served during vertebrate evolution. The predicted intron

size in the salamander is, at approximately 5.5 kb, over
three times longer than in the mouse, and this is consis-
tent with the relatively larger size of salamander
genomes compared to other vertebrates (He et al., 1995;
Voss et al., 2001). The cloning of salamander leptin
genomic sequence in the present study provides impor-
tant evidence that a leptin-like gene is present in the sala-
mander genome.

Although there is evidence for evolutionary conserva-
tion of leptin gene structure and conservation of protein
motifs, similarity between the leptin-like peptide
sequences recently isolated in non-mammalian verte-
brates is weak both within and between Classes
(Kurokawa et al., 2005). Thus, amino acid sequence sim-
ilarity between the salamander and Xenopus is 60%, and
that between the salamander and the four Wsh leptin
sequences ranges from 21 to 25%. Within Wsh species,
sequence similarities lie between 18 and 48% as opposed
to the >80% conserved sequence identity found between
mammalian leptins (Kurokawa et al., 2005). Leptin-like
peptide sequences are therefore markedly diVerent
between diVerent Wsh and amphibian species and this is
suggestive of possible taxonomic diVerences in leptin
function. Additionally, the low sequence similarity
between Wsh and amphibian leptin-like peptides and
mammalian leptins has implications for the interpreta-
tion of studies in which mammalian leptin peptides and
antibodies have been applied in non-mammalian verte-
brates. Thus, as noted by Kurokawa et al. (2005), leptin-
like immunoreactivity reported in studies of Wsh and
amphibians that have used antibodies against mamma-
lian leptins may not actually be speciWc. For the same
reason, the Wndings of studies in which mammalian lep-
tins have been administered to Wsh should also be inter-
preted with caution (Baker et al., 2000; VolkoV and
Peter, 2001).

Expression analysis in the present study conWrmed
that the putative salamander leptin EST sequence repre-
sented in the tiger salamander EST library (Putta et al.,
2004) is naturally expressed in this species. The leptin-
like sequence characterized in the present study shows
98% nucleotide sequence identity with three ESTs
obtained independently from the axolotl (Habermann
et al., 2004), providing evidence that a similar gene is
present in a closely related species. In the tiger salaman-
der, Northern hybridization indicated that the leptin
mRNA transcript is approximately 1.9 kb in size. Leptin
transcripts vary in size between mammalian species. For
example Northern blotting reveals a transcript size of
approximately 4.5 kb in the mouse, and 2.3 kb in the little
brown bat (Myotis lucifugus) (Zhao et al., 2003). ConWr-
mation of the transcript size in the salamander awaits
characterization of the 3�-untranslated region of the
cDNA, which was not attempted in the present study.

The tissue distribution of salamander leptin-like
gene expression diVered between the individual
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animals studied. Widespread expression was detect-
able only in the smallest animal and, in the two larger
animals, expression was conWned to the testis of the
male, with no expression being detected in any tissue
in the female. To make better comparisons with leptin
mRNA distribution in mammals, we chose to focus on
adult, metamorphosed, salamanders. The ages of the
animals used in the present study are unknown. How-
ever, it is known that body size is correlated with age
in tiger salamanders and other Urodeles (Hota, 1994;
Townes-Anderson et al., 1998). The observation that
widespread leptin-like mRNA expression was only
detected in the smallest (and therefore youngest) indi-
vidual that we examined, together with the fact that
the leptin-like ESTs represented in the ambystomatid
salamander EST databases were obtained from larvae
rather than adults (Habermann et al., 2004; Putta
et al., 2004) raises the possibility that leptin gene
expression may be developmentally regulated in sala-
manders. The variation in the pattern of leptin-like
gene expression between the three individual animals
makes it diYcult to attach particular importance to
expression in speciWc tissues. However, it is notewor-
thy that leptin-like mRNA was observed in the fat
body, muscle, and in the gut. This is consistent both
with reported sites of leptin gene expression in mam-
mals (Bado et al., 1998; Wang et al., 1998; Zhang et al.,
1994) and with the presence of leptin mRNA or leptin-like
immunoreactivity in the gut of mammals, amphibians, Wsh
and reptiles (Buono and Putti, 2004; Muruzábal et al.,
2002). The most intense leptin-like signal intensities were
detected in the skin of one salamander and in the testis
of another. Leptin expression has been demonstrated
in mammalian Wbroblasts and the peptide has been
linked to a role in wound-healing (Frank et al., 2000;
Glasow et al., 2001). Moreover, amphibian skin is well
known as being a rich source of bioactive peptides,
often with antimicrobial properties (Rinaldi, 2002).
Regarding the gonads, leptin expression has not, to
our knowledge, been detected in the mammalian testis
but the peptide has been implicated in the regulation
of testicular steroidogenesis (Caprio et al., 2001). We
were unable to conWrm whether leptin is also
expressed in the salamander ovary because these
organs were too small to be dissected in the two
females examined. In contrast to the Wndings of the
recent study of Wsh leptins (Kurokawa et al., 2005), no
evidence was found in the present study for leptin-like
expression in the liver. This supports the idea that the
functions of leptin may diVer between vertebrate Clas-
ses, as suggested by the marked diVerences in leptin
sequence identity within Classes.

In conclusion, we have characterized a molecule in the
tiger salamander genome that shares similarities to mam-
malian leptins in its nucleotide and amino acid sequence,
exon structure, and predicted protein structure. The fact

that leptin-like genes have now been identiWed in amphib-
ians and Wsh provides important evidence that leptin is of
ancient origin, rather than having evolved recently in
mammals. This raises intriguing questions about the evo-
lution of the leptin gene in vertebrates. For example, does
the apparent absence of leptin genes in vertebrate taxa
such as birds suggest that the leptin gene has been deleted
from the genome in these groups, or has it yet to be dis-
covered? The present study provides a basis for answering
such questions and to explore how the physiological func-
tions of leptin have changed during evolutionary history.
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