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Isolation and Molecular Phylogeny of Three Muscle Actin Isoforms of an

Endangered Freshwater Fish Species Hemibarbus mylodon
(Cypriniformes; Cyprinidae)

Keun-Yong Kim and Yoon Kwon Nam*
Department of Aquaculture, Pukyong National University, Busan 608-737, Korea

The Korean doty barbel Hemibarbus mylodon (Cypriniformes; Cyprinidae) is a critically endangered freshwater
fish species mainly because of its natural habitat degradation. Three full-length complementary DNA (¢cDNA)
clones representing different muscle actin isoforms were isolated and characterized. The three muscle actin iso-
forms were 1,294-1,601 bp long with the identical open reading frames of 1,134 bp with the deduced amino acid
residues of 377. They showed 83.9-87.2% identities in the coding nucleotide level and 96.8-98.1% identities in
the amine acid level. Phylogenetic analysis with the coding nucleotide sequences revealed that three muscle actin
isoforms of H. mylodon formed strongly supported monophyletic groups with one of cypriniform skeletal o-actin
(actal), cypriniform aortic a-actins (acta2), and uncharacterized Danio rerio muscle actin isoform/Salmo trutta
slow muscle actin (a novel muscle actin type). Our phylogenetic tree further suggested that cypriniform acta2 only
showed the orthologous relationship to tetrapod acta2. Other multiple actin isoforms from diverse teleostean taxa
were however clustered to no tetrapod orthologs, i.e., actal, cardiac a-actin (actel), acta?, and enteric y-actin
(actg2). This result strongly suggested that teleostean muscle actins have experienced different and complicated
evolutionary history in comparison to mammalian counterparts.
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Introduction

The Korean doty barbel Hemibarbus mylodon (Cyprini-
formes; Cyprinidae) is an endemic freshwater fish species
only found in the Korean peninsula (Kim et al., 2005). Dur-
ing the last decade its population size has been significantly
decreased because of various anthropogenic impacts such as
dam constructions, water pollution, and dredging to mine
sand around natural habitats (Jang et al., 2003). Moreover the
genetic diversity of H. mylodon populations is reported to be
extremely low as assessed by polymorphic microsatellite
markers (Kim et al., 2007) and amplified fragment length
polymorphism (AFLP) analysis (Lee et al., 2008). Due to
such a highly threatened status, conservation and restoration
efforts for this species are urgently needed. In line with vari-
ous activities for in situ and/or ex situ restoration of such an
endangered fish species, the mining of important gene
sequences is crucial for getting a deeper insight into its relevant
physiology as well as for better understanding its phylogenetic
relationship with conspecific members or related species.
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Actins are ubiquitous and highly conserved proteins found
in eukaryotic cells. The multiple actin family plays key roles
in maintaining cytoskeletal structure, cellular mobility, cell
division, intracellular movements, and contractile processes,
and exhibits distinct tissue- and stage-specific expression pat-
terns (Vandekerckhove and Weber, 1979; Pollard and Coo-
per, 1986). Mammals have six actin isoforms: they consist of
two striated muscle actins [skeletal «-actin {actal) and car-
diac a-actin (actcl)], two smooth muscle actins [aortic o-
actin {acta?) and enteric y-actin actin {actg2)], and two cyto-
plasmic actins [B-actin (actb) and y-actin (actgl)] (Vandeker-
ckhove and Weber, 1979; Miwa et al., 1991). Meanwhile nine
actin isoforms were isolated from the pufferfish Takifugu
rubripes, and they include six muscle actins [three cardiac,
two skeletal, and one anomalous (testis type) a-actins] and
three cytoplasmic actins [B-cytoplasmic actins 1 and 2, and -
cytoplasmic (vascular) actin] (Venkatesh et al., 1996).
Genetic determinants of muscle actins have been isolated
from diverse fish species (Watabe et al,, 1995; Kim et al.,
2000; Xu et al., 2000; Moutou et al., 2001; Krasnov et al.,
2003), and presences of two actal isoforms were reported in
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three Coryphaenoides species (Morita, 2000, 2003) and
Theragra chalcogramma (Tanaka et al., 2004).

Unlike mammals where four distinct muscle actin genes
have been comprehensively characterized, the multiple mus-
cle actin isoforms from a given teleost species has been little
studied. Moreover, the high sequence identity and multiple
gene duplications in the teleost lineage make it difficult to
perform the orthology prediction of diverse teleost muscle
actin genes to the four mammalian counterparts. No molecu-
lar phylogenetic study has been conducted to reveal the
orthology of muscle actin isoforms of teleosts to date.

Recently, we have reported the molecular structure of two
cytoplasmic actin genes isolated from H. mylodon and pre-
sented phylogenetic relationships among vertebrate cytoplas-

mic actins (Kim et al., 2008). Along with this previous study,

we aimed to extend our knowledge on the actin gene family of
H. mylodon by further mining of muscle actin isoforms from
the expressed sequence tag (EST) database (Bang et al., 2007).
In this study, we isolated three muscle actin mRNA species
from H. mylodon and carried out the phylogenetic analysis
within the vertebrate lineage to reveal their orthologous rela-
tionships and also to further discuss evolutionary history of
teleost muscle actins in comparison to tetrapod counterparts.

Material and Methods

Fish specimen, cDNA library construction, and nucleic
acids preparation

Fish specimens used in this study were adult individuals
maintained at Soonchunhyang University, Korea. Informa-
tion on the H. mylodon cDNA libraries constructed with
diverse tissue types for EST analysis can be referred to Bang
et al. (2007). For RT-PCR isolation of full-length open read-
ing frame (ORF) sequence of muscle actin mRNA species,
total RNA was extracted from skeletal muscle using TriPure
Reagent (Roche Applied Science, Mannheim, Germany)
according to the manufacturer’s instruction manual. The
RNA preparation was purified again using RNeasy Mini
Clean-up kit (Qiagen, Hilden, Germany) including the
DNase treatment according to the manufacturer’s recommen-
dation. Integrity of the extracted total RNA was confirmed
by the ratio of 28S and 18S ribosomal RNA (rRNA) bands
from MOPS-formaldehyde agarose gel electrophoresis.

Isolation of muscle actin cDNA sequences
From the survey of the H. mylodon ESTs (Bang et al.,

2007), 28 ESTs from the muscle and intestine sources
matched significantly with previously known teleost muscle
actin sequences based on the homology search against NCBI
GenBank (http://www.ncbi.nlm.nih.gov/) using the BLASTx
option. They were assembled into three contigs encoding
muscle actins in Sequencher™ (Gene Codes, Ann Arbor, MI,
USA). With the contig sequences full-length ORF sequences
were isolated by RT-PCR using One-Step RT-PCR kit (Roche
Applied Science, Mannheim, Germany). Three oligonucle-
otide primer pairs used for RT-PCR isolation were
HMACTO1 1F/IR (5-AAACCAACCATGTGCGACGA-3'
and 5-ATGTACGGCTGAGACTGAGAGA-3"), HMACT(2
1IF/IR  (5“CTCCTGTTGGAGTAAGGAAG-3' and 35
ATGTGGGCAGTGCAAAGACA-3") and HMACTO3 1F/IR
(5-AAGCTCTCCTGGCTGICTAA-3' and 5-AACGICT-
GCGGTACAAACAC-3"). Total RNA (200ng) from the
muscle or intestine was reverse transcribed into cDNAs at
42°C for 60 min, followed by 30 cycles of 94°C for 45 s,
58°C for 45 s, and 72°C for 1 min with an initial denaturation
step at 94°C for 4 min. RT-PCR product was cloned into
pGEM®-T Easy Vector (Promega, Madison, WI, USA)
according to the manufacturer’s instruction. The insert DNA
was read at both directions using ABI 3700 Automatic
Sequence Analyzer (Applied Biosystems, Foster City, CA,
USA) in order to confirm the sequence of each isoform. The
muscle actin isoforms isolated in this study were deposited in
GenBank under accession numbers, FJ713567-FJ713569.

Phylogenetic analysis

Full-length cDNA sequences of muscle actin isoforms for
teleosts, and representative bird (Gallus gallus) and mam-
mals (Mus musculus and Homo sapiens) were retrieved from
GenBank (Table 1). Muscle actins of two ascidians (Molgula
oculata and Halocynthia roretzi), which are the closest rela-
tives of vertebrate muscle actins, were used as outgroups.
The sequence data were aligned using ClustalW in BioEdit
(Hall, 1999), and the output was used to reconstruct a phylo-
genetic tree. Redundant actin sequences belonging to the
same species and clustered into the same clade or group were
excluded in the phylogenetic analysis to reduce computa-
tional time.

The aligned data matrix was subjected to neighbor-joining
(NJ) analysis with the coding nucleotide sequences with the
Kimura 2-parameter model in PAUP* (Swofford, 2002).
Three nucleotide codon positions in the reading frame were
differentially weighted in a ratio of 2:3:1, because of satura-



Isolation and Phylogeny of Hemibarbus Mylodon Muscle Actin Isoforms

Table 1. List of muscle actin sequences used for molecular phylogenetic analysis
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Species Gene name Gene? GenBank acc. no.
Carassius auratus skeletal alpha-actin actal D50029
Coryphaenoides acrolepis alpha-actin type-2 actal.2 AB021650
Coryphaenoides acrolepis skeletal alpha-actin type-1 actal.l AB021649
Coryphaenoides armatus skeletal alpha-actin type-2a actal 2a AB086240
Coryphaenoides armatus skeletal alpha-actin type-2b actal. 2b AB086241
Coryphaenoides cinereus skeletal alpha-actin type-1 actal ] AB021651
Coryphaenoides cinereus skeletal alpha-actin type-2 actal .2 AB021652
Coryphaenoides yaquinae skeletal alpha-actin type-2a actal 2a AB086242
Coryphaenoides yaquinae skeletal alpha-actin type-2b actal.2b AB086243
Cyprinus carpio skeletal alpha-actin actal D50028
Cyprinus carpio skeletal muscle actin actal AY 309091
Danio rerio actin, alpha 1, skeletal muscle actal NM 131591
Danio rerio actin, alpha 2, smooth muscle, aorta acta? NM 212620
Danio rerio actin, alpha, cardiac muscle | actel NM_214784
Darnio rerio actin, alpha, cardiac muscle 1 like actell NM 001001409
Danio rerio zge: 112098 zge: 112098 NM_001017750
Danio rerio 2gc:86709 zge: 86709 NM_ 001002066
Dario rerio zgc:86725 zgc:86725 NM_001002074
Gadus morhua skeletal muscle alpha-actin actal AF500273
Gallus gallus actin, alpha 1, skeletal muscle ACTAI NM 001031063
Gallus gallus actin, alpha 2, smooth muscle, aorta ACTA2 NM_001031229
Gallus gallus actin, alpha, cardiac muscle 1 ACTCI NM 001079481
Gallus gallus actin, gamma 2, smooth muscle, enteric ACTG2 NM 205172
Halocynthia roretzi muscle actin HrMA4a D10887
Hemibarbus mylodon skeletal alpha-actin actal FI713567
Hemibarbus mylodon aortic alpha-actin acta? FI713568
Hemibarbus mylodon novel muscle actin type 1 - FI713569
Homo sapiens actin, alpha 1, skeletal muscle ACTAl NM_0011060
Homo sapiens actin, alpha 2, smooth muscle, aorta ACTAZ NM_001141945
Homo sapiens actin, alpha, cardiac muscle | ACTC! NM_005159
Homo sapiens actin, gamma 2, smooth muscle, enteric ACTG2 NM_001615
Lampanyctus regalis alpha actin - AF503592
Molgula oculata adult muscle-type actin MocuMA2 D85743

Mus musculus actin, alpha 1, skeletal muscle Actal NM_009606
Mus musculus actin, alpha 2, smooth muscle, aorta Actal NM_007392
Mus musculus actin, alpha, cardiac muscle 1 Actel NM_009608
Mus musculus actin, gamma 2, smooth muscle, enteric Actg? NM_009610
Notothenia coriiceps alpha actin - AF503590
Oncorhynchus keta actin - AB032464
Oreochromis mossambicus alpha-actin - AB037866
Oryzias latipes cardiac muscle actin actcl AB016259
Oryzias latipes muscle actin OIMA1T NM_ 001104806
Pleurogrammus azonus alpha skeletal actin actal AB073381
Salmo salar actin alpha 1-1 (actc1-1) actel.] BT043779
Salmo salar actin, alpha 1-2 (actcl-2) actel.2 BT043780
Salmo salar actin, alpha 1-3 (actc1-3) actel.3 BT043781
Salmo trutta alpha actin - AF267496
Salmo trutta cardiac muscle actin actel AF303985
Scomber scombrus alpha actin EF607093
Siniperca chuatsi skeletal muscle alpha-actin actal AY395872
Sparus aurata skeletal alpha-actin - AF190473
Sphyraena idiastes alpha actin - AF503593
Takifugu rubripes alpha-anomalous (testis) actin actx 138962
Takifugu rubripes alpha-cardiac actin 1 actel. ! U38959
Takifugu rubripes alpha-cardiac actin 2 actel.2 U38960
Takifugu rubripes alpha-cardiac actin 3 actel.3 U38961
Takifugu rubripes alpha-skeletal actin 1 actal.l U38850
Takifugu rubripes alpha-skeletal actin 2 actal.? U38958
Theragra chalcogramma alpha skeletal actin-1 actal.l AB073379
Theragra chalcogramma alpha skeletal actin-2 actal.? AB073380
Trematomus bernacchii alpha actin — AF503589

-, the gene nomenclature not provided
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actal ~-44 catcagtcttgtga taacaacttgaccaaccagaaaaaccaacc
actaz -69 ccctececec ggeccagcactgtcaggtgattgtetectg ttggagtaaggaaggaaatacgagctgaaa
novel -43 gttcaggcctctt gtgcaagctctcectggctgtctaageaaac
actal ATGTGCGACGACGAGGAGACTACCGCCCTT GTGTGCGACAACGGCTCTGGCTTGGTCAAG GCTGGATTTGCCGGAGATGACGCTCCCCGT 90
acta? ..... Tivieeann AL AG e Teiiieer teennnnaens T..A..A..AC,.TGT... A,.C..C..... Geounn Tieens TA.A
novel ........... A..A ..C.. T..G «ovvnvns el Teens A..TC....G... c..C........T..C.....C A.G
actal GCTGTCTTCCCCTCCATCGTTGGAAGGCCC CGTCACCAGGGTGTGATGGTCGGTATGGGT CAGAAGGACAGCTACGTAGGTGATGAGGCT 180
acta? ..BA..Geeieuraain A..G..TC.T S G..A..... G ... - P R ) G
novel

actal 270
actaZ ..A..... A..... A...Counnnn Cive venennnn Chrtttinniacnnnnens A..T

novel ....iiiiiiaa.n C...C.C..... ColA it Teeinnnens C..

actal ACCTTCTACAATGAGCTGCGTGTGGCCCCT GAGGAGCACCCAACCCTGCTCACTGAAGCC 360
acta? T.T..vueunn. C..A..Covnvann - C..T...T.G..A......

novel .. T...euiuenieianans Coeeten i eivine v A..... CGTT..CT.G..... G..T

actal ATGACTCAGATCATGTTTGAGACCTTCAAC GTCCCTGCCATGTATGTGGCCATCCAGGCT 450
I To2 o2 1 b PI PU  S A Teen.. A..G

novel ..... (G hearer s eninaran LTLGLUT L. Cooenennrieiennas

actal ACCGGTATCGTGCTGGACGCTGGTGACGGT GTGACCCACAACGTCCCAGTCTATGAGGGT 540
actaZ ..A..C..T..C..T..TT....... T... ..C..... T..T..G..CA.T..C.....C

novel ..A..... O Tovr tenenennnns T..G..Co.Acennonn

actal GATCTGGCCGGTCGCGATCTGACTGACTAT CTCATGAAGATCCTGACTGAGAGAGGCTAC TCTTTCGTTACAACCGCTGAGCGTGAGATC 630
acta? .. TeeeeenColTonnlChvivn e dhC tiiinen e AL Accuns Al CevwsoTov . .AAA.A..T
novel

actal 720
acta2 .

novel ..

actal 810
acta2

novel

actal 900
acta2

novel

actal 930
actaz

novel

actal 1080
actaz

novel ..

actal aacaatctctcagtcetcageegtacatttg 1170
ACLAZ ii i e ALALL. ... G..TC.C..ovennn taaacggca ccttcaactccctcctggtcccetaattcet
novel ..AG.C..... TooGovvvunnn - P taaacccct cctcttetcattctecctetgtectggacte
actal tactgtctcttttactgtatatacatgtaa tgttgtaataaaaacagataactgataaca gaaaaaaaaaaaaaaaaaaa 1250

acta2 getattgcttcttagectgtaaactgtgaa catacttccctotgttttgtetttgcactg cccacatctgtttgaatgtttigatitaat 1260
novel tccatgtcacgtctcgtgtttgtaccgcag acgtttgtttcaagctcceoctgtacaacaa ttcaagtctacagccacaataaattgttca
acta? tatgtcatgacgatatagtgttatcaatgg gttaaaaagcttgaatgtgotgecaatatg aaggatttgggagattctttggggtggega 1350
novel ataaattcaaaaaaaaaaaaaaaaaa 1286

actaZ gactccagagatgaggagaggtagaggaac tcccttttgtgttaaaacgctacgaggtaa cacaactgcatgtcagetttcaggecagtct 1440
acta2? gtatggacatcatatctccatgaaggaata aagctctgcaataataaaaaaaaasaaaaa aaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 1530
acta2 aa 1532

Fig. 1. Nucleotide sequences of cDNAs encoding three Hemibarbus mylodon muscle actin isoforms. Actal, skeletal a-actin; acta2, aortic
a-actin; novel, novel muscle actin type 1. Coding sequences are represented by upper case letters and non-coding by lower case. Dots indi-

cate identical nucleotide bases for the coding region. The putative

tion of synonymous substitutions in the third codon posi-
tions. Robustness of tree topologies was evaluated by
bootstrap analysis with 5,000 replicates (Felsenstein, 1985).

Bayesian inference (BI) analysis was carried out in
MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003). The
nucleotide sequence matrix was partitioned into three codon

polyadenylation signal (AATAAA) is indicated in boldface.

positions for coding nucleotide sequences. Model selection
strategy of Akaike Information Criterion (AIC) implemented
in MrModeltest 2.2 (Nylander, 2004) was used to determine
the best-fit evolutionary model of nucleotide substitutions for
each partition, and the GTR+I+T" (Iset nst = 6 rates = invgamma)
was selected for all three positions. All model parameters were
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unlinked [unlink statefreq = (all) revmat = (all) shape = (all)
pinvar = (all)], and all partitions were allowed to have differ-
ent rates (prset ratepr = variable). Two independent Markov
chains were performed with four simultaneous chains (three
heated and one cold) with random starting trees for 5,000,000
generations, sampling trees at intervals of 100 generations. A
total of 10,000 out of 50,001 resulting trees were discarded as
“burn-in.” The remaining 40,001 trees were used to con-
struct a 50% majority-rule consensus tree and to estimate sta-
tistical supports for tree topologies determined on the basis of
posterior probabilities.

Results and Discussion

Sequence characteristics of three muscle actin ¢cDNAs

Three full-length muscle actin clones were identified from
the EST database of H. myladon (Fig. 1). Each was desig-
nated as actal, acta2, or novel muscle actin type 1, of which
annotation was based on the highest sequence similarity (see
below), high homology in 5- and 3'-untranslated region
(UTR) sequences (data not shown), and reciprocal phyloge-
netic clustering to one of seven muscle actin isoforms of
Danio rerio (see below). The ¢cDNA sequences of actal,
acta2, and novel actin type 1 were 1,294, 1,601, and 1,329 bp
long with poly (A+) tails of 19, 47, and 18 bp, respectively.

The long nucleotide sequence of acta? resulted from much
longer 3'-UTR than the other two isoforms. All of the cDNAs
shared the canonical poly (A+) signal (AATAAA) prior to the
poly (A+) tail. Two putative poly (A+) signals were found in
novel actin type 1. The coding nucleotide sequences showed
83.9-87.2% identity each other.

Multiple alignment of amino acid sequences

Three cDNA sequences of H. mylodon muscle actin iso-
forms identically encoded 377 amino acid proteins (Fig. 2)
and contained the Met-Cys residues in the N-terminal region,
which are known to undergo the posttranscriptional removal
(Gunning et al., 1983; Sheff and Rubenstein, 1992). They
showed 96.8-98.1% identity each other. Comparison of
amino acid sequences revealed that H. mylodon actal
showed 100% identity to D. rerio actal, and 99.7% identities
to Cyprinus carpio and Carassius auratus actal. H. mylodon
acta2 showed 99.7% identity to D. rerio acta2 and 98.9-
99.2% identities to tetrapod actaZ. Novel muscle actin type 1
of H. mydolon showed 99.7% identities to an uncharacter-
ized actin isoform of D. rerio (zgc:86725) and a slow skeletal
muscle of Salmo trutta (AF267496). The six nonconservative
substitutions in the salmonid slow skeletal actin (as defined
by a change in polarity, charge, and Gly content) (Mudalige
et al., 2007) were also conserved in the novel actin type 1 of

+1 78
actal MCDDEETTALVCDNGSGLVK AGFAGDDAPRAVFPSIVGRP RHQGVMVGMGQKDSYVGDER QSKRGILTLKYPIEHGIITN
acta2 [ R G i e it i ettt e e it et it
novel e

158
actal WDDMEKIWHHTFYNELRVAP EEHPTLLTEAPLNPKANREK MTQIMFETFNVPAMYVAIQA VLSLYASGRTTGIVLDAGDG
acta ......e... o S...
NOVELl ..ttt iiieier e Vit ittt eiisns omran et e e raaeecrae e

A A

238
actal VITHNVPVYEGYALPHAIMRL DLAGRDLTDYLMKILTERGY SFVITAEREIVRDIKEKLCY VALDFENEMATAASSSSLEK
acta2 ...... T
DOV L ittt ittt ts sttt ettt et e s

318
actal SYELPDGOVITIGNERFRCP ETLFQPSFIGMESAGIHETA YNSIMKCDIDIRKDLYANNYV LSGGTTMYPGIADRMOKEIT
BCLAZ i e i i a e e B i e e it i ae et a et
NOVEL L ite it ii it i enenoton temre e R ! Govvrnnns

A A A
375
actal ALAPSTMKIKIIAPPERKYS VWIGGSILASLSTFQOMWIT KQEYDEAGPSIVHRKCF
BCLAZ it i e e bt 1 TN
novel .......... Mttt i e et e S .D..E.. .
A

Fig. 2. Alignment of deduced amino acid sequences of three Hemibarbus mylodon muscle actin isoforms. Actal, skeletal a-actin; acta2, aor-
tic a-actin; novel, novel muscle actin type 1. Dots indicate the identical residues, and letters represent amino acids where substitutions occur.
Characteristic Met-Cys residues in the N-terminal, which are known to undergo the posttranscriptional removal, are boxed. The six non-
conservative substitutions (as defined by a change in polarity, charge, and Gly content) in the novel actin type 1 (Mudalige et al., 2007)
are indicated by arrowheads. The numbering system is for the mature protein comprising 375 amino acid residues after excluding the first

two codons.
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H. mylodon (i.e., 103-Val, 155-Ala, 278-Thr, 281-Gly, 310-
Gly, and 360-Asp; Fig. 2). This novel piscine muscle actin

Yoon Kwon Nam

Phylogenetic analysis
Phylogenetic tree of teleost muscle actins including three

muscle actin isoforms of H. mylodon and representative bird
and mammals (tetrapods) were reconstructed to understand
their phylogenetic relationships using BI and NJ methods
with their coding nucleotide sequences (Fig. 3). Our tree

type is known to be exclusive in slow skeletal muscle in
salmonids, and differs significantly from other muscle actins
in terms of various biochemical properties (Mudalige et al.,
2007).

Halocynthia roretzi HrMA4a D10887
Molgula oculata MocuMA2 D85743
Danio rerio actc1/ NM_001001409

Takifugu rubripes actc1.2 U38960
_{:: Takifugu rubripes actc1.3 U38961
Danio rerio acta? NM_131591
Hemibarbus mylodon acta1 FJ713567
Cyprinus carpio acta’ D50028
Carassius auratus acta1 D50029

Salmo frutta actc1 AF303985
Takifugu rubripes acta1.2 U38958

Danio rerio zgc:112098 NM_001017750
Oryzias latipes actc1 AB016259
Takifugu rubripes actx U38962
0.95/100%- Takifugu rubripes actc1.1 U38959

Danio rerio zge:86709 NM_001002066
1.00/100 Salmo trutta AF267496
{:‘_—C:Hemibarbus mylodon FJ713569
1.00/661.00/100 Danio rerio zgc:86725 NM_001002074

Gallus gallus ACTAT NM_001031063
Mus musculus Acta1 NM_009606

Homo sapiens ACTAT NM_001100
Gallus gallus ACTC1 NM_001079481
Mus musculus Actc1 NM_009608
Homo sapiens ACTC1 NM_005159
Gallus gallus ACTG2 NM_205172
| S ey Mus musculus Acig2 NM_009610

.00/100 Homo sapiens ACTG2 NM_001615
Hemibarbus mylodon acta2 FJ713568
Danio rerio acta2 NM_212620
Gallus gaflus ACTA2 NM_001031229
Mus musculus Acta2 NM_007392

Homo sapiens ACTA2 NM_001141945
1‘0011_%: Cyprmus carpro actat AY309091

Danio rerio actc1 NM_214784
— Salmo salar actc1.1 BT043779
Oncorhynchus keta AB032464
Salmo salar actc1.2 BT043780
Salmo salar actc1.3 BT043781

Lampanyctus regalis AF503592
Scomber scombrus EF607093
Takifugu rubripes actat.1 U38850
Oreochromis mossambicus AB037866
Oryzias latipes OIMA1 NM_001104806
Siniperca chuatsi actal AY395872
Sparus aurata AF190473
Sphyraena idiastes AF503593
—— Pleurogrammus azonus actat AB073381

-/60~1

1.00/100
0.99/87

Cypriniform actat

1.00/

0.99/96

Teleost novel type

Tetrapod acta?

Tetrapod acic?

Tetrapod acig2

Vertebrate acta2

Smooth Muscle Actins

Cypriniform actc?

1.00/100
1.00/99

Salmoniform acte?

1.00/10

0.1 substitution/site

Notothenia coriiceps AF503590

Trematomus bernacchii AF503589

Coryphaenoides cinereus acta1.1 AB021651

Coryphaenoides acrolepis acta1.1 AB021649

Theragra chalcogramma acta1.1 AB073379

Theragra chalcogramma acta1.2 AB073380

Gadus morhua actal AF500273

1.00/1 00[ Coryphaenoides armatus acta1.2b AB086241
Coryphaenoides yaquinae acta1.2b AB086243

Coryphaenoides acrolepis acta1.2 AB021650

. |F| Coryphaenoides cinereus acta1.2 AB021652

Neoteleostei
actal

1.00/100]; Coryphaenoides armatus acta1.2a AB086240
1.00/100

Coryphaenoides yaquinae actal.2a AB086242

Fig. 3. Bayesian tree inferred from the coding nucleotide sequences of muscle actins of teleosts and representative vertebrate taxa. Two
ascidian species were used as outgroups. Numbers above each branch node indicate postetior probability above 0.90 in Bayesian analysis
and bootstrap values above 50% in neighbor-joining analysis. Taxonomic placements with actin types were indicated for major actin groups.
See Table 1 for more information.
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showed the monophyletic status of muscle actins from teleo-
sts and tetrapods with 0.99 posterior probability in BI analy-
sis and 96% bootstrap value in NJ analysis, Three muscle
actin isoforms cloned from H. mylodon branched off in the
clades, in which three of seven muscle actin isoforms from
D. rerio [ie., actal, actcl, cardiac a-actin like (actcl)),
acta2, and three characterized actin isoforms (zge:86709,
zgc:86725, and zge:112098)] placed, with highest statistical
supports. H. mylodon actal placed in the clade of cyprini-
form actal from C. carpio, C. auratus, and D. rerio. H. myl-
odon acta2 showed the closest phylogenetic affiliation to D.
rerio acta2, and the two cypriniform actins formed a mono-
phyletic group with tetrapod acta?. Finally the third muscle
actin isoform of H. mylodon formed a strongly supported
monophyly to D. rerio zgc:86725 and S. truita slow muscle
actin, which were designated as novel muscle actin type 1 in
this study. Given the presence of as much as seven muscle
actin isoforms in D. rerio (Fig. 3) we would expect the pres-
ence of additional muscle actin isoforms in H. mylodon when
extending EST sampling.

Within the muscle actin lineage of vertebrates, two smooth
muscle actins (acta2 and acig?) emerged together with 0.98
posterior probability in BI analysis. The acta2 clade com-
posed of cypriniforms and tetrapods were phylogenetically
separated from the actg? clade only composed of tetrapods.
Two cypriniform species (D. rerio and H. mylodon) were fur-
ther separated from tetrapods within the acta2 clade. Beside
this notable clade of smooth muscle actins of vertebrates,
other muscle actins tended to cluster together according to a
taxonomic group with a specific actin isoform rather than
major actin isoforms. For example tetrapod actal and actel,
cypriniform actal and actcl, novel actin type 1 of teleosts,
salmoniform actcl, and Neoteleostei actal formed each
monophyletic group. However there were no clear phyloge-
netic relationships among these actin clades. In addition 7.
rubripes actcl.2 and actcl.3, and T. rubripes actcl.] and
actx independently branched off among the above main mus-
cle actin clades.

The actin multigene family has evolved through duplica-
tion and divergence from a common ancestral gene resulting
in functionally distinet actin isoforms. Our phylogenetic anal-
ysis also showed that diverse muscle actin isoforms of verte-
brates were recovered as the monophyly, implying that their
actin isoforms have been derived from a single common
ancestor after the emergence of vertebrates. Furthermore
teleosts, in which as much as seven muscle actins isoforms

were found, appeared to have experienced more frequent
duplication events than tetrapods, in which four muscle actin
isoforms were only found (Vandekerckhove and Weber,
1979; Miwa et al., 1991). Our result also showed the differ-
ent evolutionary history between striated and smooth muscle
actins. The monophyletic status of two smooth muscle actin
isoforms (acta? and actg2) was supported in BI analysis.
Their monophyly was independently supported by the iden-
tical exon/intron organization (Miwa et al., 1991). These
results strongly suggest that the two isoforms originated from
a common ancestral gene and further diverged into two dis-
tinct isoforms after the emergence of vertebrates. In contrast
to the acta? clade, in which cypriniforms and tetrapods con-
sistently clustered together, the actg? clade consisted of only
tetrapods, implying either the specific gene duplication event
in the tetrapod lineage or the loss of actg? orthologs during
the teleostean evolution. When considering the apparent
monophyly of teleosts and the isolation of the nearly com-
plete set of muscle actin isoforms from both D. rerio and T.
rubripes it is interesting that no other teleostean taxa except
cypriniform species showed the phylogenetic affiliation to
the acta? clade.

Other muscle actin isoforms however appeared to have
experienced much complicated evolutionary history by mul-
tiple gene duplication events. Two striated muscle actin iso-
forms of tetrapods (actal and actel) formed each monophyletic
group. Most of muscle actin isoforms of teleosts phylogenet-
ically clustered according to specific taxonomic groups, i.e.,
Cypriniformes, Salmoniformes, or Neoteleostei, and no nota-
ble phylogenetic groupings were identified among them. This
result is congruent with the phylogenetic analysis of cyto-
plasmic actins, in which actb of cypriniform and perco-
morph species showed no phylogenetic relationship in spite
of their apparent orthology to tetrapod actb inferred from the
exon/intron organization and high homology in the 5'-
upstream and 3-UTR sequence (Kim et al., 2008). Muscle
actins of teleosts also distinct by species- or lineage-specific
gene duplications. For example, salmoniform actal was
duplicated into actal.l and actal.2/actal.3, and the latter
two isoforms were further duplicated in Safmo salar. Actal
of some gadiform species (Coryphaenoides acrolepis, Cory-
phaenoides cinereus, and Theragra chalcogramma) was also
duplicated into actal.! and actal.2, and two abyssal Cory-
phaenoides species (C. armatus and C. yaquineae) further
duplicated into actal.2a and actal.2b. These gene duplica-
tions were also observed in 7. rubripes (actcl. I and actx, and
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actel.2 and actel. 3). Biological significance of the presence
of multiple actin isoforms remains to be elucidated, but it
appears to be a source of skeletal muscle plasticity (Mudalige
et al., 2007) or to be resulted from adaptive modification to
the new environment as exemplified in abyssal C. armatus
and C. yaquineae (Morita, 2003). Meanwhile the strong phy-
logenetic clustering of the uncharacterized novel muscle
actin type 1 of teleosts between the two higher taxonomic
levels (i.e., Cypriniformes and Salmoniformes) was notable
from other phylogenetic groups of teleost actins, implying
this novel actin type is evolutionary well conserved and plays
some important roles in teleosts.

In this study we isolated three muscle actin isoforms from
H. mylodon. One of them showed the clear orthologous rela-
tionship to mammalian acta? in our phylogenetic analysis.
However the other two isoforms did not show clear phyloge-
netic relationships to four mammalian counterparts and were
tentatively designated as actal and novel actin type 1
inferred from their phylogenetic cluserings to cypriniform
skeletal a-actins and uncharacterized D. rerio muscle actin
isoform/S. trutta slow muscle actin, respectively. Compari-
sons of the 5'- and 3'-UTR sequences to four orthologous
actin genes of mammals did not reveal high degree of homol-
ogy for the three muscle actins of H. mylodon (data not
shown). In the future study comparisons of the exon/intron
organization or sequences of 5'-flanking region will help to
reveal their orthology.
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