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ABSTRACT
The microphthalmia-associated transcription factor (MITF) exists in at least four isoforms. These are
generated in higher vertebrates using alternative 5⬘ exons and promoters from a single gene. Two separate
genes (mitf-m and mitf-b), however, are present in different teleost fish species including the poeciliid
Xiphophorus, the pufferfishes Fugu rubripes and Tetraodon nigroviridis, and the zebrafish Danio rerio. Fish
proteins MITF-m and MITF-b correspond at both the structural and the expression levels to one particular
bird/mammalian MITF isoform. In the teleost lineage subfunctionalization of mitf genes after duplication
at least 100 million years ago is associated with the degeneration of alternative exons and, probably,
regulatory elements and promoters. For example, a remnant of the first exon specific for MITF-m is
detected within the pufferfish gene encoding MITF-b. Retracing the evolutionary history of mitf genes in
vertebrates uncovered the differential recruitment of new introns specific for either the teleost or the
bird/mammalian lineage.

G

ENE duplications are important events in evolution
(Ohno 1970). One major advantage is that one
of the versions of the ancestral genes is free to diverge
independently of the selective forces that maintain the
original function. This may lead to one of three scenarios. First, and obviously most frequently, one copy may
be inactivated by accumulation of random mutations
and become nonfunctional (“defunctionalization”). Second, one of the genes may diverge to a state where it acquires a new function (“neofunctionalization”). Third,
both genes may be altered in a way such that the combined activity of the two genes together fulfills the task
of the ancestral gene in a complementary fashion (“subfunctionalization”; Force et al. 1999).
Fish are a group of organisms especially suited for
the study of such events, because it became evident that
they have more duplicated genes than do the other
groups of vertebrates (Wittbrodt et al. 1998; Meyer
and Schartl 1999). Within the three consequences of
gene duplication, subfunctionalization has attracted a
lot of interest and paradigmatic cases have been de-
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scribed of genes where two genes in fish perform together the function of their common tetrapod ortholog
(Force et al. 1999).
Two different isoforms of the microphthalmia-associated transcription factor (MITF) that appear to fulfill
the criteria of subfunctionalization (Lister et al. 2001)
were recently described in zebrafish. MITF is a member
of the basic helix-loop-helix leucine zipper (bHLH-Zip)
protein family (Hodgkinson et al. 1993; Hughes et al.
1993). It plays a central role in the differentiation and/
or survival of melanocytes, which is reflected in the
correlation between a number of mutant pigmentation
phenotypes and specific mutations in the mitf gene
(Steingrimsson et al. 1994; Lister et al. 1999; Hallsson et al. 2000). Different mutations in the human gene
can lead to Waardenburg syndrome type 2 (Tassabehji
et al. 1994) or Tietz syndrome (Smith et al. 2000), both
of which are associated with pigmentary changes.
In mammals and birds, several isoforms of MITF that
are encoded by a single gene are known. The different
proteins are generated by the use of alternative promoters and 5⬘ exons (Yasumoto et al. 1998; Udono et al.
2000). The zebrafish data, on the other hand, indicate
the presence of different genes for at least two isoforms
in this organism (Lister et al. 1999, 2001).
The mammalian and avian MITF-m isoforms have a
unique N terminus of 11 amino acids not found in the
other variants a, c, and h. These last three isoforms have
a common exon, B1b, directly upstream of exon 2, but
differ in their N terminus, encoded by the exons a, c,
and h, respectively. Differences are not limited to the
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primary structure of the protein, but are also found at
the transcriptional level. Whereas mitf-m is expressed
exclusively in melanocytes and melanoma cells, the
other isoforms are expressed in a much wider spectrum
of cells (Amae et al. 1998; Udono et al. 2000). Convergent evidences from different organisms including human indicate that MITF-m is the isoform involved in
melanocyte differentiation (Vachtenheim and Novotna 1999; Yajima et al. 1999). The MITF-a isoform
most likely exerts its major function in the retinal pigment epithelium (RPE).
In zebrafish two cDNAs coding for MITF have been
isolated, which differ not only in their 5⬘ terminal exons
but over the entire length. These cDNAs originate from
two separate genes. One, mitf-a is required for the development of neural crest-derived pigment cells, while the
other, mitf-b, is expressed in the RPE and can rescue
MITF-a function in the eye, but not in the neural crestderived pigment cells. This situation clearly demonstrates the use of two mitf genes in zebrafish as an
alternative genomic strategy to the subfunctionalization
through alternative promoter/5⬘ exon usage of birds
and mammals.
For a full evolutionary understanding of this peculiar
situation, in addition to the gene function and cDNA
sequence data, information on the structure of the corresponding genes is required, which is not available
from fish so far. Another important question that was
evoked from the zebrafish data concerns the origin and
fate of the two mitf genes. It has been proposed that
the source for most of the duplicated genes in fish was
an ancient whole genome duplication in the lineage
leading to modern day teleosts (Amores et al. 1998;
Postlethwait et al. 2000; Taylor et al. 2001). This is
suggested by the presence of large syntenic segments
on different chromosome pairs in zebrafish. Zebrafish
mitf genes, located respectively in linkage groups 6 and
13, are apparently not included in such large regions
of synteny (Lister et al. 2001). Although additional
genomic rearrangements might have disrupted syntenic
regions after genome duplication, this result is at least
equally consistent with a more local event of gene duplication. Thus, the duplication and subfunctionalization
of mitf genes could be an exceptional situation in zebrafish but not a mechanism of general importance in fish.
To perform a broader evolutionary and functional
survey of this pair of duplicate genes in the teleost lineage, we have analyzed mitf genes in the poeciliid Xiphophorus, which comes from a totally different branch of
the phylogenetic tree of teleosts. The genomic structure
of mitf genes was also determined from the almost completely sequenced genome of Fugu (Takifugu) rubripes
and from an advanced version (6x coverage) of the
genome of the related freshwater pufferfish Tetraodon
nigroviridis.
We show the presence of two mitf genes in all these
different teleost species, indicative of a duplication at

least 100 million years ago. We find that the mitf genes
of Xiphophorus are differentially expressed, supporting
the interpretation that these genes have experienced an
ancient subfunctionalization associated with differential
degeneration of specific regulatory sequences and use
of alternative exons in each of the duplicate genes.

MATERIALS AND METHODS
Experimental animals and cell lines: All fish used for this
study were bred under standard conditions (Kallman 1975).
Xiphophorus maculatus strain I is homozygous for the golden
mutation; strain II represents wild-type X. maculatus, origin
Rio Jamapa, Mexico, and is derived from the Jp163A strain;
and strain III stands for ornamental X. maculatus. X. helleri is
a wild-type strain from Rio Lancetilla, Guatemala.
The embryonic epithelial cell line A2 (Kuhn et al. 1979)
and the melanoma cell line PSM (Wakamatsu 1981), both
from Xiphophorus, were cultured as described previously
(Baudler et al. 1997).
DNA and RNA experiments: Fish genomic DNA was extracted according to Schartl et al. (1995). Standard PCRs
were performed with 200 ng genomic DNA as template. For
RT-PCR, 1 g of total RNA isolated with TRIzol (GIBCO BRL,
Gaithersburg, MD) was reverse transcribed with Super Script
II (GIBCO BRL) in the presence of random hexamers. Xmitfm-specific cDNA was amplified in RT-PCR using primers MiEx1
for (5⬘-TGCTGGAGATGCTGGAATACAG-3⬘) and MiEx9rev3
(5⬘-GACGGTGAGACCGTGAGCC-3⬘); Xmitf-b-specific cDNA
was amplified with MiExBfor3 (5⬘-CGCTATCAATGTCAGT
GTCCC-3⬘) and MiEx9rev3. To obtain full-length cDNA sequences, the 5⬘ and 3⬘ rapid amplification of cDNA ends
(RACE) systems from GIBCO BRL were used. PCR fragments
were cloned into pUC18 using the SureClone kit (Amersham
Pharmacia Biotech) or into pCR II-TOPO (Invitrogen, San
Diego). DNA sequencing was done using the ThermoSequenase fluorescent labeled primer cycle sequencing kit with
7-deaza-dGTP and run on an ALFexpress automated laser
fluorescent sequencer (Amersham Pharmacia Biotech), or using the CEQD TCS dye terminator cycle sequencing kit and
run on a CEQ 2000XL DNA sequencing system (BeckmanCoulter).
Southern blotting was done according to standard protocols. Hybridization was performed in 50% formamide at 42⬚
and the filters were washed with 0.1⫻ SSC/1% SDS at 68⬚.
Screening of the PSM cDNA  phage library was performed
using a PCR-based phage selection procedure (Israel 1993).
The cDNA-containing plasmid was excised in vivo (Stratagene,
Lambda-ZAP Express library).
Sequence analysis: Multiple sequence alignments were generated using “PileUp” of the GCG Wisconsin package (Version
10.0, Genetics Computer Group, Madison, WI). Phylogenies
were determined with PAUP* (Swofford 1989) by bootstrap
analysis using maximum parsimony (100 replicates) and
neighbor joining (Saitou and Nei 1987; 1000 replicates).
Maximum-likelihood analysis was performed by quartet puzzling (10,000 puzzling steps; Strimmer and von Haeseler
1996) with PAUP*. The pairwise number of synonymous (Ks)
and nonsynonymous (Ka) substitutions per site between two
aligned sequences was estimated with “Diverge” of GCG using
an unambiguous alignment of DNA sequences [390 nucleotides (nt) in length]. Gene structure was analyzed using programs available on the NIX server (http://menu.hgmp.mrc.ac.
uk/menu-bin/Nix).
Isolation of Xiphophorus mitf cDNAs: To obtain Xiphophorus sequences coding for MITF, RNA from the melanoma cell
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line PSM was reverse transcribed and the resulting cDNA
was used as template in a touchdown PCR using degenerate
primers MiEx8for (5⬘-TGMGSTGGAAYAARGGMACC-3⬘) and
MiEx8rev (5⬘-CTGWAYWCKGAGCARSARRTG-3⬘). These primers were derived from the region encoding the helix-loophelix domain, which is highly conserved between the known
vertebrate MITF proteins. A product of 140 bp was obtained,
which unequivocally codes for a part of MITF different from
all other vertebrate MITFs and, thus, most likely codes for
Xiphophorus MITF. A 902-bp cDNA fragment encoding parts
of a different isoform (XMITF-b) was obtained from the amplification of liver cDNA with the primers MiExBfor3 (5⬘-CGC
TATCAATGTCAGTGTCCC-3⬘) and MiEx9rev3 (5⬘-GACGGT
GAGACCGTGAGCC-3⬘).

RESULTS

Duplicate mitf genes in Xiphophorus: To isolate mitf
cDNA(s) from Xiphophorus, nondegenerate primers
derived from the highly conserved small fragment
within the helix-loop-helix region (see materials and
methods) were used to screen a PSM melanoma cell
line cDNA library by PCR. A cDNA encompassing a complete MITF open reading frame was obtained, which encodes the homolog of the mammalian melanocyte-specific isoform MITF-m (XMITF-m) as indicated by the
presence of the melanocyte-specific first exon.
Using a degenerate primer derived from the mammalian exon B1b (Amae et al. 1998) in combination with
a primer from exon 9 common to all isoforms, we obtained from liver RNA a mitf-cDNA distinct from the
Xmitf-m cDNA, which was designated Xmitf-b in analogy
to the corresponding gene from zebrafish. 5⬘ and 3⬘
RACE were used to complete the sequence information.
Differences between Xmitf-m and Xmitf-b were not limited to the 5⬘ exons, but were found along the whole
sequence (Figure 1). The cDNAs showed only 72% identity at the nucleotide level (data not shown), indicating
that they originated from separate genes. Southern blot
analyses with probes from both cDNAs confirmed this
interpretation (Figure 2).
The predicted proteins show all the hallmarks of their
counterparts from higher vertebrates (Figure 1). The
basic helix-loop-helix region in the central part is identical to the mammalian protein with the exception of
a single lysine-to-arginine substitution in a position
where a methionine residue is found in the pufferfish
MITF-m proteins. The leucine zipper motif directly adjacent serving as a dimerization interface is also well conserved. Mapping studies had revealed the presence of
two activation domains in the mammalian protein, one
strong acidic activator region in the N-terminal half of
the molecule and one threonine-rich region close to
the C terminus with modest transactivation properties
(Takeda et al. 2000). While the first region is nearly
identical in the fish proteins with all acidic residues
present, the second region is poorly conserved.
Expression of the Xmitf isoforms in tissues from adult
Xiphophorus fish and in two established cell lines was
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analyzed by RT-PCR (Figure 2). Xmitf-b seems to be
expressed ubiquitously, as specific transcripts were present in all cell types analyzed. The actual concentrations
are fairly variable with highest levels found in muscle.
Xmitf-m RNA, however, was detected only in tissues containing melanocytes, like eyes and skin, and in melanomas as well as in the melanoma cell line PSM, thus
paralleling the expression pattern of mitf-m in mammals. In addition, the levels of Xmitf-m RNA in the
melanoma-derived samples are considerably higher
than levels of Xmitf-b transcripts.
Duplicate mitf genes in pufferfish genomes: Two different mitf genes could be identified in sequences generated
by the Japanese pufferfish F. rubripes genome project
(Elgaretal.1996,1999; http://www.jgi.doe.gov/programs/
fugu/fugu_mainpage.html, http://fugu.hgmp.mrc.ac.uk/
blast/): mitf-b (accession FT:T000263 scaffold_263, length
82968 nt), and mitf-m (accession FT:T008421 scaffold_8422
length 10919 nt). Both mitf genes could be reconstructed
from the freshwater pufferfish T. nigroviridis as well
(http://www.genoscope.cns.fr, Crollius et al. 2000;
Fischer et al. 2000; sequences available on request).
In both pufferfishes, the nucleotide identity between
exonic sequences from the two mitf genes was again
only ⵑ72%. All four genes contain introns at similar
positions, indicating that the duplication of the mitf
gene occurred at the genomic level rather than through
retrotransposition of mitf mRNA (Figure 3). The prediction of intron placement and exon sizes in the pufferfishes match the gene structure of mitf-m in Xiphophorus, which was determined from the size and/or
sequence of genomic PCR products (data not shown).
Phylogeny and evolution of MITF sequences: In contrast to the situation observed in higher vertebrates,
phylogenetic analyses supported the presence of two
distinct groups of orthologous MITF sequences in teleost species having diverged at least 100–120 million years
ago: the MITF-b group, including proteins homologous
to the MITF-b proteins from the zebrafish Danio rerio
(Lister et al. 2001) that contain sequences encoded by
exons 1a and 1b (structurally related to the MITF-a
isoform from higher vertebrates), and the MITF-m
group, including proteins homologous to the zebrafish
MITF-m (Lister et al. 1999, 2001) that contain exon 1m
and thus are structurally more related to the MITF-m
isoform from mammals and birds (Figures 1 and 4).
Both groups contain bona fide MITF proteins that do
not correspond to fish versions of the related TFE3
transcription factor (Rehli et al. 1999). Maximum parsimony (bootstrap value 86%) but neither neighbor joining
nor maximum-likelihood analyses supported the existence of a fish-specific group containing both MITF-b and
MITF-m proteins.
Since duplicated gene copies without evolutionary
constraints can frequently evolve as pseudogenes, we
compared the number of synonymous (Ks) vs. nonsynonymous (Ka) substitutions in the mitf genes. In all com-

Figure 1.—Comparison of vertebrate MITF proteins. The conceptual translation products of fish mitf genes are compared to
other vertebrate MITFs. Identical residues are white type on black and conservative substitutions are black type on gray (drawn
with MacBoxshade). The acidic activation domain (aad), the basic region, the helix-loop-helix domain, and the leucine residues
(L) structuring the Zip region are shown. Accession numbers: MITF-m zebrafish, AAD48371; MITF-b zebrafish, AAK95588; MITF
mouse, AAF81266; MITF human, I38024; MITF chicken, AAF67467.
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Figure
2.—Genomic
structure (A) and expression (B) of mitf genes in Xiphophorus. (A) Genomic
DNAs from several X. maculatus and X. helleri genotypes
(see materials and methods) were hybridized with
Xmitf-m- and Xmitf-b-specific probes. The blot was
first hybridized with the fulllength Xmitf-m cDNA (top),
stripped, and rehybridized
with a Xmitf-b cDNA fragment (bottom). Similar results were also obtained in
experiments using the same
DNAs digested with BamHI
and with DNAs from seven
other genotpyes (data not
shown). (B) The presence
of Xmitf transcripts was analyzed by RT-PCR, in which
primer combinations MiEx1for/MiEx9rev3 for Xmitf-m
(top) and MiExBfor3/MiEx9rev3 for Xmitf-b (bottom)
were used for the amplification of specific cDNA of similar length. For the amplification of Xmitf-b transcripts five times more cDNA was used than for the
amplification of Xmitf-m. RNAs were prepared from normal tissues of backcross hybrids between X. maculatus and X. helleri and
from benign (ben. mel.) and malignant (mal. mel.) melanoma. In addition to tissue RNAs, RNAs from the Xiphophorus
melanoma cell line PSM and the embryonic cell line A2 were included in the analysis. M is a DNA size marker and water a
control reaction without template.

parisons, the number of synonymous (silent) substitutions was considerably greater than the number of
nonsynonymous substitutions (min.–max. of Ks/Ka
rate): 18.1–22.7 between mitf-b fish sequences, 7.6–20.4
between mitf-m fish sequences, 8.5–23.2 between mitf-b

and mitf-m fish sequences, 13.2–32.6 between mitf-b fish
sequences and sequences from higher vertebrates, 11.6–
28.4 between mitf-m fish sequences and sequences from
higher vertebrates, and ⬎40 between mitf sequences
from higher vertebrates. This strongly suggests that all

Figure
3.—Genomic
structure of Fugu and mammalian mitf genes. Exons are
numbered according to the
homologous regions of the
human mitf gene. The approximate size of Fugu introns is given in kilobases.
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Figure 4.—Phylogenetic analysis of MITFrelated proteins. Protein regions encoded by exons 1a/1b/1m have been removed for analysis.
The tree (neighbor joining) is unrooted. Bootstrap
values (%) using neighbor joining (1000 replicates, first value) and maximum parsimony analyses (100 replicates, second value), as well as the
reliability values (%) for maximum-likelihood
analysis (quartet puzzling, 10,000 puzzling steps,
third value) are given. Branches with ⬍50% support have been collapsed. Only the maximum
parsimony supported the presence of a fish-specific group containing the MITF-b and MITF-m
sequences (bootstrap value 86%). Accession numbers: MITFm D. rerio, AAD48371; MITFb D. rerio,
AAK95588; MITF Mus musculus, AAF81266; MITF
Homo sapiens, I38024; MITF Gallus gallus, AAF67467;
TFE3a D. rerio, AAK95589; TFE3 H. sapiens,
P19532; TFE3 M. musculus, Q64092; TFEB H. sapiens, CAB54146; TFEB M. musculus, NP_035679;
TFEC M. musculus, AF077742; TFEC H. sapiens,
D43945; TFE Caenorhabditis elegans, AAB37997.

fish mitf-b and -m genes are not pseudogenes but on
the contrary mostly evolved under purifying selection.
The fact that the Ks/Ka ratio seems to be smaller in
comparisons involving fish mitf sequences than between
sequences from higher eukaryotes might be due to relaxed selective constraints after duplication (Lynch and
Conery 2000).
Differential exon recruitment or degeneration during
mitf evolution in vertebrates: Comparative analysis of
mitf cDNA sequences from fish and higher vertebrates
revealed that the alternatively spliced bird/mammalian
exon 3 was absent from all fish cDNAs described so far
(Figure 1). Analysis of the intervening sequence (maximal size 80 nt) between exons 2 and 4 (according to the
mammalian nomenclature) in the mitf-b and mitf-m genes
from both Japanese and freshwater pufferfishes showed
that this exon is not present in the mitf genes (Figure
3). An additional exon (termed 5b) was found in cDNA
and genomic sequences in fish but not in mammals
(Figures 1 and 3). Neither intron 3 nor intron 5b could
be detected in the human tfe3 gene (Figure 3). This
strongly suggests the acquisition of intron 3 and intron
5b in higher vertebrates and fish, respectively, after divergence of the mammalian/bird lineage from the teleost lineage.
According to the phylogenetic analysis, both F. rubripes and T. nigroviridis mitf-m genes contain a typical
1m exon about 700 nt upstream from exon 2 (Figures
1, 3, and 5). This exon is predicted by half of the gene
structure analysis programs available on the NIX server
(http://menu.hgmp.mrc.ac.uk/menu-bin/Nix). The 5⬘
splice site of intron 1 in both mitf-m genes (CAG/
GTGAGA) is conserved between both pufferfishes and
is closely related to the consensus of 5⬘ canonical splice

sites in mammals (M70A60G80/GTR95A71G81T46; Burset et
al. 2001). Interestingly, 1m-exon-like sequences were
also detected in the same region in both F. rubripes and
T. nigroviridis mitf-b genes (Figures 3 and 5). However,
these sequences were degenerated. Their putative translation products lack amino acid residues that are highly
conserved in MITF-m proteins from fish and higher
vertebrates (Figure 5). While the 1m-like sequence of
the Fugu mitf-b gene was still predicted as an exon by
several programs from the NIX package, this sequence
was not identified as an exon in the Tetraodon mitf-b
gene. This might be due to a less favorable splicing
context (GAG/GTATGG), in which the A present in
71% of 5⬘ splice sites at position ⫹4 (Burset et al. 2001)
has been replaced by a T, found in only 9.3% of 5⬘
splicing sites in mammals. Sequences present in the
Tetraodon database did not allow the complete reconstruction of the mitf-b gene and the identification of
exons 1a and 1b, probably because of the relatively large
size of introns 1 and 2 as observed in the Fugu mitf-b
gene (Figure 3). No exons 1a and 1b could be detected
within 4.5- and 2.2-kb genomic sequences upstream
from the 1m exon of mitf-m genes in F. rubripes and T.
nigroviridis, respectively, but the presence of more distant degenerated exon 1a/b sequences in these genes
cannot be excluded.
DISCUSSION

Melanocyte development as well as postnatal proliferation and survival is dependent on MITF, the gene product of the microphthalmia locus. In mammals and birds
a single gene within this locus, mitf, encodes several
proteins with different N termini. Use of alternative
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Figure 5.—Exon 1mrelated sequences in pufferfish mitf genes. Horizontal arrow shows the putative ATG
start codon, vertical arrow
shows the position of the predicted 5⬘ splice site of intron
1 in mitf-m. Amino acid residues that are identical within
the sequence encoded by all
bona fide m exons in vertebrates are boxed.

promoters and first exons results in different mRNAs
encoding these MITF isoforms. One of them, MITF-m,
is of critical importance for the neural crest-derived
melanocytic cell lineage. In addition to its function in
normal pigmentation, MITF-m might also play a role
in transformed pigment cells, as it has been detected
in melanomas in contrast to many other melanocytic
markers, which are lost during the transformation process (King et al. 1999).
In contrast to the situation in higher vertebrates, we
have now demonstrated the presence of at least two
distinct mitf genes in the small aquarium fish Xiphophorus, an animal model for melanoma formation with wellestablished tumor genetics (Schartl 1995), and in both
pufferfishes F. rubripes and T. nigroviridis. These results,
added to the recent report of the presence of two mitf
genes in zebrafish (Lister et al. 2001), show the presence of duplicate mitf genes in the teleost fish lineage
for at least 100–120 million years (minimal age of divergence between the zebrafish and the Xiphophorus/pufferfish lineages). This is supported by the fact that fish
MITF-m and MITF-b proteins form two distinct monophyletic groups. According to the analysis of Ks/Ka ratios
in four different fish species, the duplicate mitf genes
are not pseudogenes but rather evolved under purifying
selection.
While the phylogenetic analysis using maximum parsimony supports a duplication of the mitf genes within
the fish lineage after its separation from the bird/mammalian lineage, the neighbor joining and maximumlikelihood methods did not allow resolving the relative
position of both fish MITF protein groups. A hypothesis
alternative to fish-specific duplication would imply that
the mitf gene was duplicated before the separation between the bird/mammalian and fish lineages. While
both copies would have been maintained in teleosts,
one duplicate would have been lost in higher vertebrates. The remaining copy should be then more related
to either the mitf-b or the mitf-m fish gene.

Comparative structural analysis of vertebrate mitf
cDNA and genomic sequences showed that intron 3
(according to the mammalian nomenclature) is present
in birds and mammals but not in teleosts, while intron
5b is found in both mitf-b and mitf-m genes in fish but
not in the unique mitf gene of higher vertebrates. Since
both introns are absent from the mitf-related tfe3 genes,
they have probably been recruited during evolution of
the mitf genes in vertebrates. If we consider the scenario
of duplication of mitf before separation of fish and
birds/mammals, intron 5b should have been present in
mitf before duplication (since intron 5b is present in
both mitf-m and mitf-b in fish) and should have been
lost in the remaining copy of higher vertebrates. On
the other hand, if we consider the hypothesis of a fishspecific duplication of mitf, intron 5b might have been
recruited within the fish lineage before the duplication
event.
The fish-specific duplication hypothesis, suggested by
the maximum parsimony analysis, implies only one event
of gene duplication. Although we cannot exclude that
the mitf gene was duplicated before the separation between fish and birds/mammals, this alternative hypothesis would involve additional events (loss of one mitf duplicate and loss of intron 5b in the remaining copy in
higher vertebrates). Hence, the fish-specific duplication
hypothesis appears to be the most parsimonious one.
Absence of strong support for this hypothesis in the
neighbor joining and maximum-likelihood analyses
might be explained by modified evolutionary rates due
to relaxed selective constraints after duplication, as suggested by the analysis of the Ks/Ka ratios.
The fish-specific duplication hypothesis fits accumulating evidence that during the course of evolution teleost fishes underwent a whole genome duplication since
they separated from the last common ancestor that they
shared with amphibians, reptiles, birds, and mammals
(Amores et al. 1998; Gates et al. 1999; Meyer and
Schartl 1999; Taylor et al. 2001; Van de Peer et al.
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2001; but see Robinson-Rechavi et al. 2001). As a consequence in many instances fish have two similar genes
where mammals have only one. This genome duplication might have arisen as early as 300–450 million years
ago (Taylor et al. 2001; Van de Peer et al. 2001). The
divergence between mitf-m and mitf-b nucleic acid and
protein sequences, even at synonymous sites, is always
higher than the divergence between chicken and mammal sequences (divergence ⵑ300 million years ago).
This is consistent with an ancient event of duplication
of the mitf genes. It has been estimated that ⵑ20% of
the duplicate genes, particularly genes encoding DNAbinding proteins (like MITF), have been maintained in
teleost genomes by neofunctionalization of a duplicate
and/or by subfunctionalization (Force et al. 1999; Postlethwait et al. 2000; Van de Peer et al. 2001). This
last phenomenon could arise as a consequence of the
differential decay of specific sequences in each gene
copy and the subsequent need for the presence of both
duplicates with complementary activities to achieve the
function(s) of the original unique gene (Force et al.
1999). We present evidence for a subfunctionalization
where two alternative transcripts of the same gene with
different functions have been replaced by two distinct
genes. This is associated with the degeneration of at
least one alternative exon: the 1m exon specific for the
m-form of MITF in higher vertebrates shows a degenerated coding sequence in the mitf-b gene of both pufferfishes. This might be associated, at least in Tetraodon,
with the degeneration of the flanking splicing site. As
observed in other cases of subfunctionalization of duplicate fish genes reported to date (for examples, see
Chiang et al. 2001a,b; Serluca et al. 2001), fish mitf-m
and mitf-b show different expression patterns during
embryonic development in zebrafish (Lister et al. 2001)
and in adult tissues in Xiphophorus. Hence, subfunctionalization of mitf genes in fish is also probably associated
with the degeneration of specific promoters and/or regulatory sequences. The order of degenerative events
remains to be determined: mutations may have first
altered the coding sequence and/or the splicing site of
an alternative exon in duplicate A (for example exon
1m in mitf-b) but not in duplicate B. In this way the
selection for functionality on the promoter driving the
expression of the transcript containing the alternative
exon in duplicate A would have been abolished. Alternatively, alteration of promoter or specific regulatory sequences necessary for the expression of an alternative
transcript in duplicate A but not in duplicate B would
allow accumulation in duplicate A of nonconservative
mutations in sequences that are specific for this alternative transcript.
We cannot exclude that the duplication of the mitf
genes was a single gene duplication event that happened
very early in the teleost lineage. More data are needed
from other fish genomes to understand the genomic

mechanism and the evolutionary significance underlying the duplication of the mitf gene in fish genomes.
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