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ABSTRACT In view of the well-established role of neu-
rohypophysial hormones in osmoregulation of terrestrial ver-
tebrates, lungfishes are a key group for study of the molecular
and functional evolution of the hypothalamo-neurohypophy-
sial system. Here we report on the primary structure of the
precursors encoding vasotocin (VT) and [Phe2]mesotocin
([Phe2]MT) of the Australian lungfish, Neoceratodus forsteri.
Genomic sequence analysis and Northern blot analysis con-
firmed that [Phe2]MT is a native oxytocin family peptide in
the Australian lungfish, although it has been reported that the
lungfish neurohypophysis contains MT. The VT precursor
consists of a signal peptide, VT, that is connected to a
neurophysin by a Gly-Lys-Arg sequence, and a copeptin
moiety that includes a Leu-rich core segment and a glycosyl-
ation site. In contrast, the [Phe2]MT precursor does not
contain a copeptin moiety. These structural features of the
lungfish precursors are consistent with those in tetrapods, but
different from those in teleosts where both VT and isotocin
precursors contain a copeptin-like moiety without a glycosyl-
ation site at the carboxyl terminals of their neurophysins.
Comparison of the exonyintron organization also supports
homology of the lungfish [Phe2]MT gene with tetrapod oxy-
tocinyMT genes, rather than with teleost isotocin genes.
Moreover, molecular phylogenetic analysis shows that neuro-
hypophysial hormone genes of the lungfish are closely related
to those of the toad. The present results along with previous
morphological findings indicate that the hypothalamo-
neurohypophysial system of the lungfish has evolved along the
tetrapod lineage, whereas the teleosts form a separate lineage,
both within the class Osteichthyes.

Neurohypophysial hormones are nonapeptides regulating var-
ious physiological events related especially to water and salt
metabolism and reproduction. Twelve distinct nonapeptide
principles have been chemically characterized in a wide variety
of vertebrates, and are classified into two groups: the vaso-
pressin (VP) and the oxytocin (OT) families. They are believed
to have developed from a common ancestral molecule by gene
duplication (1). All vertebrate species, except for the cyclo-
stomes, contain at least one VP family peptide and one OT
family peptide. Several schemes have been proposed as path-
ways of hormonal molecular evolution based on amino acid
sequences of nonapeptides and their phyletic distribution (1).

Complementary DNA and genomic analyses have shown
that neurohypophysial nonapeptides are synthesized as large
precursor molecules (2). Analysis of the precursor molecules,

which are much larger than the nonapeptides, gives more
precise and reliable information for estimating the molecular
evolutionary relationships than does analysis based on substi-
tutions only in the nine amino acid residues. Using statistical
comparison of gene structures and the predicted amino acid
sequences of precursors, Urano and colleagues (3–5) have
proposed that teleost neurohypophysial hormone genes have
their own evolutionary history separate from that of the
tetrapod genes. Their hypothesis is further supported by the
structural characteristics of neurohypophysial hormone pre-
cursors, including composition and the presence or absence of
posttranslational modification sites (2–5).

Lungfishes are the closest surviving freshwater relatives of
the Devonian fish group from which early amphibians are
assumed to have evolved. Acher and his colleagues (6, 7)
reported that lungfishes have mesotocin (MT), the non-
mammalian tetrapod type hormone, as their OT family hor-
mone, whereas all teleosts examined have isotocin (IT). They
have proposed an evolutionary lineage of IT (teleosts)-MT
(non-mammalian tetrapods)-OT (mammals) and suggest a
close relationship between lungfishes and amphibians. How-
ever, the data on amino acid substitutions in nonapeptides are
insufficient to estimate the molecular phylogeny of the whole
neurohypophysial hormone genes. For their VP family pep-
tide, lungfishes have vasotocin (VT), which is common to all
non-mammalian vertebrate species. These previous reports led
us to study lungfish neurohypophysial hormone precursors and
their genes to further clarify the molecular evolution of
neurohypophysial hormone genes.

As material, we used the Australian lungfish, Neoceratodus
forsteri, which is considered to be more closely related to other
freshwater fish than other lungfish species because of the
well-developed gills on all gill arches. We isolated cDNAs
encoding the neurohypophysial hormone precursors of this
species. We report here characteristics of the nucleotide and
deduced amino acid sequences of the isolated cDNAs and the
structural organization of the precursors. These characteris-
tics, together with the molecular phylogenetic analysis, clearly
show that neurohypophysial hormone genes of the Australian
lungfish have evolved along the tetrapod lineage, whereas the
teleosts appear to form a separate lineage within the class
Osteichthyes. Furthermore, we present evidence for a peptide,
[Phe2]MT, as a native neurohypophysial hormone in addition
to VT in the Australian lungfish.
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MATERIALS AND METHODS

Adult lungfish were collected from a tributary of the Mary
River in southeastern Queensland in December 1993. Total
RNA was extracted from two hypothalami, weighing 340 and
323 mg, with Isogen (Nippon Gene, Tokyo); poly(A)1 RNA
was then prepared by using Oligotex-dT30 (Japan Synthetic
Rubber, Tokyo). A cDNA library was constructed by using the
cDNA Synthesis System Plus and cDNA Cloning System lgt10
(Amersham).

Complementary DNAs encoding portions of VT and MT-
like precursors were amplified by a PCR technique from a
mixture of phage DNA prepared from the amplified cDNA
library; their sequences were determined and were then used
as screening probes to obtain full-length cDNAs. For PCR
amplification, the following three primers were synthesized:
forward and reverse primers that are complementary to re-
gions close to EcoRI ends of the left and right arms of lgt10,
respectively, and a degenerate VTyMT primer that consists of
oligonucleotides predicted from the amino acid sequence of
VT and MT (residues 1–7). The amplification was performed
with the VTyMT primer and either the forward or the reverse
primer in the presence of Ampli Taq DNA polymerase (Perkin–
Elmer) using a Program Temp Control System, PC-700 (Astec,
Fukuoka). After electrophoresis, major bands were excised
and ligated into pBluescript II SK1 vector (Stratagene). The
nucleotide sequences were determined by an automated DNA
sequencer (Li-Cor, Lincoln, NE). The cDNA library was
screened by plaque hybridization with 32P-labeled partial VT
and MT-like cDNAs. Inserts from positive clones were sub-
cloned into pBluescript vector, and nucleotide sequences were
determined as described above.

Sequence analysis indicated that the MT-like precursor
contains a new nonapeptide: [Phe2]MT. Because [Phe2]MT
can be changed to MT by a single nucleotide substitution, its
genomic sequence was determined by PCR amplification.
Genomic DNA of Neoceratodus was prepared from livers of
two lungfishes separately with a RapidPrep Genomic DNA
Isolation Kit (Pharmacia Biotech). PCR amplification was
performed for individual genomic DNAs with sense (237 to
218 from the translation initiation site) and antisense (119 to
102) primers. PCRs were conducted in duplicate by using
different polymerases (Ampli Taq and TaKaRa Ex Taq poly-
merases). PCR products were subcloned into pCR-Script
SK(1) (Stratagene), and sequences were then analyzed as
described above.

Total RNAs (10 mg) extracted from the hypothalami and
liver were electrophoresed in 1.2% agaroseyformaldehyde gel,
and transferred to a NYTRAN Plus membrane (Schleicher &
Schüll). Nucleic acids retained by the filters were then hybrid-
ized with 32P-labeled cDNA probes for VT and [Phe2]MT
precursors, and the filters were subjected to autoradiography.

Molecular phylogenetic trees of VP and OT family precur-
sors were estimated by using a program package, MOLPHY (8).
PROTML, a main program in MOLPHY, can provide evolutionary
trees from amino acid sequences by a maximum likelihood
method using the empirical amino acid transition matrix
compiled by Jones et al. (9). Bootstrap probability was esti-
mated by the RELL method developed by Kishino et al. (10). To
estimate reliability of relationships among hormone precursors
of the lungfish, tetrapods, and teleosts, we applied the maxi-
mum likelihood method to three hypothetical phylogenetic
relationships (topologies) by using the lamprey VT precursor
as the out group: A, monophyly of lungfish and toad; B,
monophyly of lungfish and tetrapods; C, monophyly of lungfish
and teleosts.

RESULTS

PCR amplification of the total lungfish cDNA in lgt10 with
VTyMT and lgt10 primers gave two major bands of DNA

which included nucleotide sequences for VT and MT. The
cDNAs also included nucleotide sequences for Gly-Lys-Arg
sequence and the conserved portion of neurophysin, support-
ing the notion that the cDNAs encode portions of lungfish
neurohypophysial hormone precursors. By screening the li-
brary with these partial VT and MT cDNAs, 4 VT- and 7
MT-positive clones were obtained. One of four VT-positive
clones contained a VT-specific sequence. Five of seven MT-
positive clones encoded a MT-like sequence in which the
second amino acid residue from the amino terminal was Phe,
not Tyr. The remaining two MT-positive clones contained no
sequence encoding neurohypophysial hormone. The MT-
positive clones thus encoded a new peptide [Phe2]MT as the
mature OT family hormone instead of MT. Northern blot
analysis revealed one band of 950 bases for the VT probe and
one band of 800 bases for the [Phe2]MT probe (data not
shown).

VT Precursor. VT precursor is composed of four segments:
a signal peptide, VT, a neurophysin and a copeptin (Figs. 1–3).
VT is connected to its neurophysin by the Gly-Lys-Arg se-
quence which serves as a signal for proteolytic processing and
carboxyl-terminal amidation (Fig. 1). All Cys residues in the
neurophysin, which are considered to be important for its
conformation, are completely conserved (Fig. 2). Lungfish
copeptin includes a Leu-rich core segment and a glycosylation
site, as in tetrapod copeptins (Figs. 2 and 3). Two sequential
Arg residues are observed at the same site as the Arg residue
in the mammalian VP and amphibian VT precursors (Fig. 2).
These residues may serve as the processing signal between the
neurophysin and the copeptin.

[Phe2]MT Precursor. The [Phe2]MT precursor is composed
of three segments. Following a signal peptide, the hormone is
connected to neurophysin by the Gly-Lys-Arg sequence (Figs.
1 and 2). The [Phe2]MT cDNA has two possible translation
start sites, which predict two signal sequences with 19 or 20
amino acid residues. Neither of the ATG codons matches
completely with Kozak’s rule (11). Amino acid sequence data
for the [Phe2]MT precursor is thus required to resolve the start
codon. The central portion of the neurophysin is highly
homologous with that of the lungfish VT neurophysin, and also
with that of other vertebrate neurophysins (Fig. 2). However,
the [Phe2]MT precursor is shorter and, like the mammalian OT
and toad MT precursors, does not contain a copeptin (Figs. 2
and 3).

Five positive clones had the same nucleotide sequence
encoding [Phe2]MT instead of MT. Genomic sequence was
determined to confirm that the Phe residue in the second
position in [Phe2]MT precursor is actually encoded in the
genome and not produced by an artifact in the course of
cloning. PCR amplification was performed by using genomic
DNAs separately prepared from the livers of two individuals
as templates. PCR was performed in duplicate by using
different polymerases. The analysis of the PCR products
confirmed that the gene encodes the [Phe2]MT precursor.
Meanwhile, PCR amplification using the lungfish VT precur-
sor-specific primers and the genomic DNAs confirmed the
presence of VT sequence in the VT precursor. These PCR
analyses further demonstrated that lungfish VT and [Phe2]MT
genes do not include an intron in their 59-untranslated regions,
signal peptide and hormone coding portions. In hagfish VT
and salmonid IT genes, an additional intron is found in the
59-untranslated region, just prior to the start codon, whereas
tetrapod neurohypophysial hormone genes contain no intron
in the 59-untranslated region (12, 13).

Molecular Phylogenetic Tree. We first constructed a phy-
logenetic tree of VP and OT family precursors by the maxi-
mum likelihood method from the lamprey (5), chum salmon
(3), masu salmon (14), white sucker (15), lungfish, toad (16),
rat (17), and bovine (18) sequence data (Fig. 4). The lamprey
VT precursor was used as the outgroup for both VP and OT
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families, because the cyclostome VT gene is considered to be
a common ancestral gene for all neurohypophysial hormone
genes in gnathostomes. In the VP family tree, the lungfish VT
precursor formed a monophyletic group with the toad VT
precursor and are equally closely related to mammalian group,
whereas the lungfish [Phe2]MT precursor was linked with the
tetrapod precursors in the OT family tree (Fig. 4).

Maximum likelihood analysis was then performed for the
three topologies shown in Fig. 5 to estimate the degree of
reliability for each of the relationships among lungfish, tetra-
pods, and teleosts. The most likely tree for VP family precur-
sors was tree A (Table 1); tree C was completely ruled out. The
bootstrap probability of tree A was higher than 90%. However,
tree B could not be ruled out from the analysis, because the

log-likelihood difference of tree B from tree A did not exceed
two times SE. Tree B was supported for the OT family
precursors, although neither tree A nor tree C could be
excluded. Tree C was the least probable, because the bootstrap
probability of tree C was lower than 5%. This evidence
supports monophyly of the Australian lungfish with the tetra-
pods and not with the teleosts for neurohypophysial hormone
genes.

DISCUSSION

Structural characteristics of precursor molecules contain not
only quantitatively but also qualitatively more useful informa-
tion than amino acid sequences of nonapeptide hormones to

FIG. 1. Primary structures of the cDNAs encoding VT and [Phe2]MT precursors and the deduced amino acid sequences. The amino acid residues
are numbered with the first residue (Cys) of hormones as 1. Identical amino acid residues are indicated in black. Sequential Arg residues,
N-glycosylation site and Leu-rich core segment are boxed. The AATAAA sequence in the 39-untranslated region is underlined.

FIG. 2. Comparison of amino acid sequences of rat, toad, Australian lungfish, chum salmon, and lamprey neurohypophysial hormone precursors.
Gaps marked by hyphens have been inserted to optimize homology. Asterisks denote identical amino acid residues among all precursors. The
N-glycosylation site and the Leu-rich core segment are indicated in black.
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study molecular evolution of neurohypophysial hormone
genes. The present study clearly shows that lungfish VT and
[Phe2]MT precursors are closely related to tetrapod neurohy-
pophysial hormone precursors. The lungfish VT precursor
consists of a signal peptide, VT, neurophysin, and copeptin.
The copeptin contains a Leu-rich core segment and a glyco-
sylation site similar to those of tetrapod copeptins (Figs. 1–3).
Cyclostome and teleost VT precursors also have copeptin-
corresponding domains; however, they do not contain a gly-
cosylation site (3, 5, 15). In the Australian lungfish VT
precursor, two sequential Arg residues exist between the
neurophysin and the copeptin. Arginine residue(s) between
neurophysin and copeptin are also found in mammalian VP
and amphibian VT precursors (Fig. 2) (16–19). In mammals,
the single Arg residue is regarded as the specific recognition
site for the processing enzyme that cleaves neurophysin and
copeptin. In amphibian VT precursors, however, processing
between neurophysin and copeptin does not occur, so that VT
and ‘‘big neurophysin’’ are released together from the neuro-
hypophysis (19). Further study is needed to clarify whether the
lungfish neurophysin and copeptin domains are cleaved at the
Arg residues in vivo.

The lungfish [Phe2]MT precursor, like the tetrapod OTyMT
precursors, is composed of a signal peptide, the hormone, and

neurophysin and lacks the portion corresponding to copeptin,
so that the length of these precursors is less than that of the
VPyVT precursors (Figs. 1–3). In contrast, the carboxyl ter-
minals of teleost IT-neurophysins are about 30 amino acids
longer than those of OTyMT neurophysins (Figs. 2 and 3) (3,
5, 14). The extended region in teleost neurophysins is homol-
ogous to the copeptin-corresponding domain and includes a
Leu-rich core segment, so that the teleost IT precursor has the
same structural organization as the teleost and cyclostome VT
precursors. Furthermore, salmonid IT genes have a 4 exony3
intron structure like the hagfish VT gene (13), suggesting that
some teleost IT genes have conserved the features of the
ancestral neurohypophysial hormone gene. In the lungfish,
PCR analysis of genomic DNA showed no intron in the
59-untranslated and signal peptide coding regions, suggesting
a 3 exony2 intron structure, as occurs in tetrapod neurohy-
pophysial hormone genes. The overall structural organizations
of lungfish VT and [Phe2]MT precursors suggest that the
lungfish neurohypophysial hormone genes are included in the
tetrapod lineage (Fig. 3) and not the teleost lineage, suggesting
an early separation between these two lineages in the Osteich-
thyes.

Molecular phylogenetic analysis also confirms the relation-
ship between the lungfish neurohypophysial hormone genes
and those of the tetrapods (Fig. 4). We verified the relationship
among neurohypophysial hormone precursors of the Austra-
lian lungfish, tetrapods, and teleosts by the maximum likeli-

FIG. 3. Schematic diagram showing the structural organization of
the VP family (a) and OT family (b) precursors. SP, signal peptide; H,
hormone; NP, neurophysin; CP, copeptin region. Vertical lines indi-
cate possible cleavage site between NP and the CP-corresponding
domain.

FIG. 4. Phylogenetic trees of precursors of VP family (a) and OT
family (b) hormones, from lamprey, chum salmon, masu salmon, white
sucker, Australian lungfish, toad, rat, and bovine. The lamprey VT
precursor was used as the outgroup for both VP and OT families.
Numbers indicate bootstrap values for each branch.
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hood method by using three topologies (Fig. 5). For VP family
genes, the monophyly of the lungfish and toad (tree A) was
supported, whereas the monophyly of the lungfish and teleosts
(tree C) was ruled out (Table 1). For the OT family, although
no topology was completely excluded, the bootstrap probabil-
ity of tree C (monophyly of the lungfish and teleosts) was lower
than 5%. These results support the hypothesis that the lungfish
neurohypophysial hormone genes belong to the same evolu-
tionary lineage as the tetrapod genes.

The appearance of tetrapods is one of the most dramatic
events in vertebrate evolution. Sarcopterygians (extinct rhipi-
distians, coelacanths, and lungfishes) are almost universally
considered to be ancestral to tetrapods. Several hypotheses on
the relationship among extant vertebrate groups have been
proposed based on molecular and morphological data. Anal-
yses of mitochondrial 12S rRNA and cytochrome b gene
sequences suggested that the lungfish and tetrapods are in-
cluded in the same clade (20). On the other hand, mitochon-
drial cytochrome oxidase I and 28S rRNA gene sequences
support the hypothesis that lungfishes and coelacanths form a
monophyletic group and are equally closely related to land
vertebrates (20). Amino acid sequences of growth hormone
(21) and the glycoprotein hormone a-subunit (22) of lung-
fishes have high homology with those of tetrapods. African
lungfish prolactin, like tetrapod prolactins, contains three
disulfide bonds and differs from teleost prolactins that lack the
amino-terminal disulfide bond (23).

The lepidosirenid lungfishes (Lepidosiren and Protopterus)
have a distinct neurohypophysis that is more similar to that of
amphibians than to that of any other fish (24). In Neoceratodus,
the thin neurohypophysis is located posterior to the adenohy-
pophysis and not dorsal to it as is the case in the lepidosirenid
lungfishes (25). Because Neoceratodus is considered to be
closer to the Devonian ancestral dipnoans and Lepidosiren and
Protopterus are considered to be of much more recent origin,
parallel evolution between the lungfishes and modern amphib-
ians has been proposed for the above characteristic observed
in the lepidosirenid lungfishes. On the other hand, the pitu-
itary of another extant sarcopterygian, the coelacanth Latim-
eria, is unique and different from the pituitaries of lungfishes
and amphibians (26). Marshall and Schultze (27) have pointed
out that the neurohypophysis is one character that appeared in
the lineage prior to the splitting of lungfish and tetrapods. The
morphological data, together with the present molecular re-

sults, suggest that the lungfishes have a hypothalamo-
neurohypophysial system homologous to that of amphibians.

The molecular and morphological traits raise interest in the
physiology of neurohypophysial hormones in lungfish. Intra-
venous injection of VT into free-swimming lungfish elicited a
dose-dependent diuretic response, as occur in some freshwater
teleosts (28). The onset of the diuretic response may depend
on the rapid increase in dorsal aortic pressure induced by the
administered VT. Lepidosiren and Protopterus live in shallow
waters that are subject to seasonal evaporation. They are able
to survive in the absence of environmental water by burrowing
beneath the substratum and encysting in a water-impermeable
cocoon. Lungfishes have a full complement of ornithine-urea
cycle enzymes in the liver and become exclusively ureotelic
during estivation (29). The cessation of water intake results in
hemoconcentration and marked oliguria (30). Neurohypoph-
ysial hormones may play some roles in the estivation process.

In this study we used the degenerate VTyMT primer that
encodes the consensus sequence for both VT and MT, as
Acher and his colleagues (6, 7) have reported that VT and MT
are native hormones in lungfishes (Protopterus and Neocera-
todus). We cloned VT cDNA as the VP family member;
however, [Phe2]MT cDNA was the OT family cDNA. Al-
though one nucleotide substitution can change MT to
[Phe2]MT (TACyT to TTCyT), we are convinced that the
[Phe2]MT sequence is not an artifact for the following reasons:
First, five positive clones from the cDNA library have the
identical sequence. Second, genomic PCR amplification of the
hormone-encoding sequence confirmed the coincidence of the
genomic and cDNA sequences. We amplified from DNAs
extracted from livers from two different fish separately: one of
these was collected from the same animal as was used for
cDNA cloning, and the other liver was obtained from a fish
captured later in 1996. Furthermore, PCR amplifications were
performed in duplicate using different Taq polymerases. Se-
quence analysis showed the same sequence encoding
[Phe2]MT in all amplified fragments. PCR amplification using
the lungfish VT cDNA-specific primers showed the VT-
specific sequence, but not [Phe2]VT, supporting the contention
that the codon for Phe residue in the [Phe2]MT cDNA is not
produced as an artifact in the course of cloning and PCR
amplification. Third, the [Phe2]MT gene is expressed in the
lungfish hypothalamus, indicating that Neoceratodus used in
the present study synthesizes [Phe2]MT as a native hormone.
We could find no evidence for MT gene expression in our
lungfish hypothalami. At the moment, however, the following
three possibilities can be considered: (i) an individual Austra-
lian lungfish has both [Phe2]MT and MT, (ii) [Phe2]MT and
MT are carried by different individuals in the same wild
population of the Australian lungfish, and (iii) the Australian
lungfish has only [Phe2]MT.
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FIG. 5. Three possible topologies illustrating the relationships among neurohypophysial hormone precursors of Australian lungfish, toad,
mammals, and teleosts. The lamprey VT precursor was used as outgroup. Tree A, monophyly of the lungfish and the toad; tree B, monophyly of
the lungfish and tetrapods; tree C, monophyly of the lungfish and teleosts. The most likely tree among the topologies analyzed by the maximum
likelihood method, as shown in Table 1, is tree A.

Table 1. Maximum likelihood analysis of relationships among
lungfish, tetrapods, and teleosts based on neurohypophysial
hormone precursors

Tree

VP family OT family

1n L* BP† 1n L* BP†

A ML 0.929 21.2 6 2.9 0.335
B 27.5 6 5.3 0.065 ML 0.618
C 216.4 6 7.6 0.006 28.8 6 5.8 0.047

*Numbers show the difference of log-likelihood (1n L) of each tree
from that of the most likely (ML) tree. The 6 indicates standard
error.

†Bootstrap probability.
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