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The expression control of contractile protein, partic-
ularly myosins, in animals involves different mecha-
nisms. These differences are observed in the case of
both heavy (MHC) and light chains (MLC) of myosin.
MHC isoforms are encoded by different genes in most
animals, while in 

 

Drosophila

 

 they are generated by
alternative splicing (Rozek and Davidson, 1986;
George 

 

et al

 

., 1989; Collier 

 

et al

 

., 1990). Such pattern
is also typical for MLC isoforms. In nematode 

 

Cae-
norhabditis elegans, Drosophila

 

, and lower verte-
brates, MLCs are encoded by different genes; while in
higher vertebrates, they are both synthesized from sep-
arate genes (

 

mlc1

 

) and are generated by alternative
splicing (

 

mlc1

 

 and 

 

mlc3

 

) (Hirayama 

 

et al

 

., 1997; Xu

 

et al

 

., 1999, 2000; Thiebaud 

 

et al

 

., 2001; Moutou 

 

et al

 

.,
2001).

Understanding the structural and functional organi-
zation of myosins and their origin can be approached by
analysis of the role of gene duplication in different
organisms. Some researchers believe that the emer-
gence of multicellular animals and later vertebrates
would be impossible without the duplication and fur-
ther functional diversification of genes (Ohno, 1970;
Spring, 1997; Hoegg 

 

et al

 

., 2004). Complete or partial
genome duplications clearly generate a great number of
genes capable to provide for new functions in evolu-
tion. For instance, over 28 and 33% of the genome
resulted from gene duplications in 

 

Mycoplasma pneu-
moniae

 

 and 

 

Mycobacterium tuberculosis

 

, respectively
(Jorden 

 

et al

 

., 2001). Over 40% of human genes are
represented by two or more copies (Spring, 1997;
Lynch and Conery, 2000; Wang and Gu, 2000; Fried-

man and Hughes, 2001; Lynch, 2001; Wolfe, 2001; Gu
and Huang, 2002; Samonte and Eichler, 2002).

Fishes play a particular role in the analysis of the
genome duplication problem. For instance, a hypothe-
sis of fish-specific whole-genome duplication has been
proposed (Amores 

 

et al

 

., 1998; Wittbrodt 

 

et al

 

., 1998;
Ohno, 1999; Taylor 

 

et al

 

., 2001, 2003; 

 

Genome Evolu-
tion…

 

, 2003). The time of gene duplication correlates
with the time of teleost fish diversification (Hoegg

 

et al

 

., 2004). Such correlation was demonstrated for the

 

Hox

 

 gene clusters. In fish, the duplication of several
tens of genes has been demonstrated largely in
zebrafish, fugu, and puffer as well as in medaka, killi-
fish, and swordtail (Taylor 

 

et al

 

., 2001). At the same
time, the duplication of contractile proteins has not
been analyzed in fish. In this context, different mecha-
nisms of origin of myosins in different animals and the
presence of several myosin isoforms substantiate the
analysis of possible duplications of myosin genes in
fish skeletal muscle and possible consequences of such
duplications.

The goal of this work was to evaluate sequence sim-
ilarity between 

 

mlc1, mlc2

 

, and 

 

mlc1

 

 genes from skele-
tal muscle of loach, zebrafish, fugu, and Nile puffer and
to comparatively analyze the exon–intron structure of
individual MLC types in these fish species in order to
clarify the fate of the duplicated genes in the genome.

MATERIALS AND METHODS
White (fast) skeletal muscles of adult loach 

 

M. fos-
silis

 

 were used. The isolation of total RNA from the

 

Comparative Structural Analysis of Myosin Light Chains
and Gene Duplication in Fish

 

N. S. Mugue and N. D. Ozernyuk

 

Kol’tsov Institute of Developmental Biology, Russian Academy of Sciences, ul. Vavilova 26, Moscow, 119991 Russia
e-mail: ozernyuk@mail.ru

 

Received July 8, 2005

 

Abstract

 

—Origin and structure of myosin light chain (MLC) proteins have been studied by comparative anal-
ysis of fish 

 

mlc1, mlc2

 

, and 

 

mlc3

 

 genes encoding MLC1, MLC2, and MLC3, respectively. The exon–intron
structure of these genes has been analyzed in zebrafish 

 

Danio rerio

 

, loach 

 

Misgurnus fossilis

 

, fugu 

 

Takifugu
rubripes

 

, and Nile puffer 

 

Tetraodon fahaka.

 

 We propose that 

 

mlc1

 

 and 

 

mlc3

 

 are homologues genes originated
by fish-specific whole genome duplication (paralogs). This is supported by high sequence similarity between
mlc1 and mlc3 as well as by the exon–intron structure of these genes and their localization on different chro-
mosomes. Exons 2 to 5 of 

 

mlc1

 

 and 

 

mlc3

 

 are highly conserved and have similar splicing sites. A paralog gene
of 

 

mlc2

 

 resulting from a similar duplication event has been identified in zebrafish genome. Expression of 

 

mlc1

 

paralog is limited to the larval stages of 

 

Danio rerio

 

 and to regenerating tissues of the adult fish. There is a pos-
sibility that the paralog of 

 

mlc1

 

 encodes larval myosin light chain protein (larval MLC) previously reported in
a number of fish species.
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muscle tissue and of the mRNA fraction as well as
cDNA synthesis, polymerase chain reaction (PCR), and
analysis of PCR products were carried out as described
elsewhere (Mugue 

 

et al

 

., 2005).
Synthetic oligonucleotides used as PCR primers were

designed from the conserved DNA sequences of 

 

mlc1,
mlc2

 

, and 

 

mlc1

 

 available for carp and zebrafish
(Hirayama 

 

et al

 

., 1997); their nucleotide sequences were
reported elsewhere (Mugue 

 

et al

 

., 2005). PCR fragments
were extracted from agarose gels using a magnetic parti-
cle kit (Sileks M, Russia) according to the manufac-
turer’s instructions. Sequencing was performed on an
ABI 3100 sequencer using the same primers and a Big-
Dye Kit v.1.1. Sequence fragments were merged and
multiple alignments were generated using the DNAStar
package (Lasergene, United States). The sequences have
been deposited in GenBank (acc. nos. DQ068406–
DQ068408).

The structure of 

 

mlc1, mlc2

 

, and 

 

mlc1

 

 genes in
zebrafish 

 

Danio rerio

 

, fugu 

 

Takifugu rubripes

 

, and Nile
puffer 

 

Tetraodon fahaka

 

 was studied by the analysis of
mRNA and genomic DNA sequences deposited in Gen-
Bank (www.ncbi.nlm.nih.gov).

RESULTS

Since different evolutionary mechanisms were real-
ized to form MLCs in different animals, we compared
the degree of sequence similarity between 

 

mlc1, mlc2

 

,
and 

 

mlc1

 

 genes from the skeletal muscle of loach as
well as the exon–intron structure of all MLC types in
different fish species to understand the origin of iso-
forms of these proteins.

Comparison of the primary structure of MLC genes
from the skeletal muscle of loach demonstrated high
similarity (77.3%) between 

 

mlc1

 

 and 

 

mlc3.

 

 Note the
presence of homologous EF-hand calcium-binding
domains in their structure. In contrast, sequence simi-
larity was much lower between 

 

mlc2

 

 and 

 

mlc1

 

 or 

 

mlc3

 

:
39.9 and 41.9%, respectively. High sequence similarity
between 

 

mlc1

 

 and 

 

mlc3

 

 can point to their close phylo-
genetic relationship.

In order to analyze the degree of similarity between
MLCs of other fish species (zebrafish, fugu, and
puffer), we also studied the exon–intron structure of
their genes. The sequences of both mRNA and genomic
DNA from these species available in GenBank were
analyzed. Figure 1 shows the exon–intron structure of

 

mlc1

 

 and 

 

mlc3

 

 from zebrafish. Most of their exons have
a similar structure, which agrees with a high degree of
similarity between their sequences. Four out of five
exons have identical structure in these genes and only
the 5'-region has two exons (1a and 1b) in 

 

mlc1

 

 but a
single exon (1) with a different structure in 

 

mlc3.

 

 These
genes are localized on different chromosomes. A simi-
lar exon–intron structure was demonstrated for 

 

mlc1

 

and 

 

mlc3

 

 genes of puffer. Only 

 

mlc1

 

 with an exon–
intron structure identical to those in zebrafish and
puffer has been revealed in fugu.

The exon structure of zebrafish 

 

mlc1

 

 significantly
differed from that of 

 

mlc1

 

 and 

 

mlc3

 

 (Figs. 1, 2). Hence,
a high degree of similarity between 

 

mlc1

 

 and 

 

mlc3

 

 and
the similarity of their exon–intron structure confirms
the phylogenetic relations between these two genes in
fish species and supports their origin by gene duplica-
tion.

Analysis of 

 

mlc1

 

 gene structure allowed us to reveal
its duplication in the genome of 

 

D. rerio.

 

 A paralog of
this gene was localized to another chromosome (paral-
ogs are homologous genes formed by duplication; Koo-
nin 

 

et al

 

., 2004). Four out of six exons have identical
structure in these genes, while two exons (3a and 3b) in

 

mlc1

 

 and one exon (3) in the 

 

mlc1

 

 duplicate are differ-
ent (Fig. 2). Analysis of the expression of the paralog of

 

mlc1

 

 in the Unigene bank (cluster Dr. 36460) demon-
strated its expression limited to the embryo, embryonic
heart, and regenerating fin tissue samples. Hence, this
gene can be a template for the synthesis of an embry-
onic MLC.

In order to estimate the time of 

 

mlc1/mlc3

 

 duplica-
tion, we comparatively analyzed sequences of these
genes in fish species representing Salmoniformes, Clu-
peiformes, Cypriniformes, Beloniformes, Mugili-
formes, Gadiformes, and Perciformes as well as in
amphibians, birds, and mammals available in GenBank
(Fig. 3). The presence of two copies (

 

mlc1

 

 and 

 

mlc3

 

)
was observed in all studied fish species suggesting that
the duplication preceded the formation of the major
teleost orders (Hoegg 

 

et al

 

., 2004).

DISCUSSION

Presently, genome duplication is considered as one
of the most important large-scale evolutionary pro-
cesses (Ohno, 1970; Spring, 1997; 

 

Genome Evolu-
tion…

 

, 2003; Hegg 

 

et al

 

., 2004). Gene duplications
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 Exon–intron organization of 

 

mlc1

 

 and 

 

mlc3

 

 genes
from zebrafish skeletal muscle. Numbers above indicate
exon numbers.
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 Exon–intron organization of 

 

mlc1

 

 gene and its para-
log from zebrafish skeletal muscle.
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clearly introduce new adaptive functions to the organ-
isms. This can be exemplified by antifreeze proteins in
Antarctic fishes (Cheng and Chen, 1999), thermal
adaptations in Escherichia coli (Riehle et al., 2001),
color vision in New World primates (Dulai et al.,
1999), etc.

Analysis of duplications of myosin genes and, par-
ticularly, MLCs is of considerable interest in terms of
the actively discussed fish-specific genome duplication
(Wittbrodt et al., 1998; Ohno, 1999; Taylor et al., 2001,
2003; Genome Evolution…, 2003), which could play a

crucial role in fish diversification (Amores et al., 1998;
Taylor et al., 2003; Hoegg et al., 2004).

The revealed high degree of sequence similarity
between loach mlc1 and mlc3 as well as the similarity
in the exon–intron organization of these MLCs in
zebrafish (Fig. 1) and puffer indicate close phyloge-
netic relationship between these genes, which can be
attributed to their duplication. Note that four homolo-
gous exons of mlc1 and mlc3 form an EF-hand calcium-
binding domain and the differences between these
genes are localized to the 5'-region. Essentially, the
degree of mlc1 similarity with two other MLC genes is
significantly lower than between mlc1 and mlc3; in
addition, the exon–intron structure of mlc2 notably dif-
fers from those of mlc1 and mlc3 (Figs. 1, 2). Hence,
new calcium-containing protein of the fish muscle sys-
tem MLC3 likely appeared as a result of mlc1 gene
duplication. This conclusion agrees with the views on
gene duplications as a mechanism to increase the num-
ber of adaptive functions in evolution through the emer-
gence of new proteins (Hoegg et al., 2004). Note in this
context that fish MLC3 is a result of mlc1 gene duplica-
tion, while MLC3 of vertebrates resulted from alterna-
tive splicing of mlc1 (Weeds and Loweley, 1971; Frank
and Weeds, 1974). Similar mechanisms of new protein
generation in evolution have been demonstrated for the
genes encoding synapsin (syn) and tissue inhibitor of
metalloproteinases (timp) (Yu et al., 2003). In fugu,
isoforms syn2A and syn2B were formed by the duplica-
tion of ancestor gene syn; while humans utilized alter-
native splicing of syn2 gene.

Clearly, both gene duplication and alternative splic-
ing represent mechanisms to increase the number of
proteins, which extends the functions in evolution. This
is commonly applied to closely related genes with sim-
ilar functions. Kopelman et al. (2005) proposed that
gene duplication and alternative splicing, being the
main mechanisms providing for gene redundancy
required for evolutionary processes, inversely correlate.
This idea is further confirmed by the obtained and pub-
lished data on MLC formation in fish and mammals
(Weeds and Loweley, 1971; Frank and Weeds, 1974).

Another duplication was observed for zebrafish
mlc2 gene (Fig. 2). Note that mammalian MLC2, in
contrast to MLC1 and MLC3, is a product of a separate
gene too (Weeds and Loweley, 1971; Frank and Weeds,
1974). Amazing data were obtained concerning the pat-
tern of tissues where the paralog of mlc2 was expressed.
Its expression in the embryo and embryonic heart sug-
gests this gene as a candidate template for the synthesis
of the embryonic MLC in fish (Mugue et al., 2005).
The embryonic and larval forms of MLC have been pre-
viously revealed in fish (Nareiko, 1988; Focant et al.,
1992; Ozernyuk, 2004; Ozernyuk et al., 2004) and
higher vertebrates (Whalen et al., 1978, 1981; Hoh and
Yeoh, 1979; Gauthier et al., 1982; Lowey et al., 1982;
Takano-Ohmuro et al., 1982; Crow et al., 1983; Butler-
Browne and Whalen, 1984). However, the genes encod-
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Fig. 3. Phylogenetic reconstruction based on nucleotide
sequences of mlc1 and mlc3 genes from fish, amphibians,
birds, and human. Only conserved homologous exons 2–5
were considered.
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ing the embryonic and larval MLC have not been iden-
tified in fish. The revealed homolog of mlc2 gene and its
expression pattern suggests it as a candidate template
for the synthesis of embryonic MLC forms in fish. Sim-
ilar to mlc3, a paralog of mlc2 increases the number of
protein products, which commonly have similar func-
tions.

Comparative analysis of the structure of mlc1 and
mlc3 in representatives of seven teleost orders suggests
that the duplication of these genes preceded the radia-
tion of these orders (Fig. 3). Detailed analysis of the
duplication problem using the expression pattern of fzd,
sox11, and tyrosinase gene demonstrated that the
genome duplication in fish took place after the separa-
tion of Acipenseriformes and Semionotiformes from
the teleost lineage, on the one hand, but before the
divergence of Osteoglossiformes, on the other hand
(Hoegg et al., 2004).

Note in conclusion that the analysis of specific con-
sequences of gene duplication in fish suggest that, in
the case of MLC1, it gave rise to a new gene and protein
MLC3; while in the case of MLC2, it gave rise to a
paralog of mlc2 gene which can code for embryonic
MLC.
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