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Studies on the mechanisms involved in the expressfanyosin heavy chain genes in various muscle
types of torafugurakifugu rubripes
(Fx DT 7 7HEATITRBT DI A BEHBE OIS TS 50F58)

The molecular, genetic and cellular bases for gkélenuscle growth and regeneration have been
documented in a number of vertebrate species. Rommaf skeletal muscle of fish differs in seveespects
when compared with mammals. These include the apag¢iparation of fast and slow muscle precursolscel
during somite formation in embryos. The other umidfieature observed in fish muscle is the incredse o
muscle mass during postembryonic growth by recreitmof new fibers, called hyperplasia. Fish muscle
grows by stratified and mosaic hyperplasia at largad adult stages, respectively. During stratified
hyperplasia in larvae, new fibers are formed maiatythe dorsal and ventral extremes of myotome and
additionally in a layer between superficial slowdadeep fast fibers, whereas mosaic hyperplasiareccu
throughout the whole myotome of adult fast mus8arcomeric myosins including skeletal and cardiaeso
are composed of two heavy chains (MYHs) and foghtlichains, whereas fiber characteristics are well
correlated with the expression of MYH isoforms. Medile, fish are known to possess highly conserved
MYH multigene family, although MYH genesM(YHs) are much more than their higher vertebrate
counterparts. However, functional implications feuch a high number of MYHs have remained to be
elucidated.

The present study was carried out to investigafession patterns of sarcomeric MYHs in various
adult muscles of torafugtiakifugu rubripes, where the total genome database is publicly abésl Fiber
types were then characterized by histochemical odghin adult skeletal muscles. MYHs were also
cloned from embryos and larvae, and analyzed feirtexpression. Finally, the members of paired box
protein (Pax) gene familyPax3 and Pax7, were characterized for their possible applicatt@ena marker
for identification of muscle precursor cells.

1. Characterization of fiber types in adult skeletalstles of torafugu

In the present study, myofibrillar ATPase was destmated in adult skeletal muscle of torafugu (body
weight 290 g) by selective inhibition or activatiohspecific fiber groups after preincubation (32 min)
either at acidic or alkaline pH. Fast muscle camddi various fibers with different diameters. ATPase
fast fibers with large diameters was inactivategtdt4.6, whereas that with small diameters waslsttb

this acidic pH. It was noted that the fibers witmadl diameters were more stable with those having



smaller diameters. Such existence of fibers withalérdiameters in fast muscle suggests hyperplastic
growth in adult fast muscle, since it has been reggbthat new fibers are formed by hyperplasticcess

in most adult fish which grow to a large final bosiige like torafugu. Meanwhile, most fibers in latiés
superficialis (LS) and erector and depressor (EIDyvamuscles were resistant to pH 4.6, although some
large-sized fibers were found to be slightly acdbile. In contrast, ATPase of all fast fibers o¥guile
torafugu was inactivated at pH 4.6, suggesting that existence of different fibers in fast muscieai
distinct feature of muscle growth in adult.

NADH-diaphorase staining was performed to identif§idative fibers in skeletal muscles according
to Novikoff et al. (1961). All fibers in LS and ESlow muscles were positive for NADH-diaphorase rstai
suggesting that these muscles have oxidative mesatolmportantly, fibers in LS slow muscle with
large diameters adjacent to fast muscle showedrd#eDH-diaphorase reaction compared with those in
a superficial region with small diameters, demoatsig that the former fibers have an intermediate
oxidative potential. In contrast, none of fibersfast muscle was stained for NADH-diaphorase.

2. Expression patterns of sarcomeric myosin heavyrzhai adult torafugu muscles

cDNAs encoding sarcomeritMYHs were amplified by RT-PCR usinylYH-specific degenerate
primers. In total, seven sarcomeini¢tYHs were cloned from adult fast, slow and cardiac gtass of
torafugu (body weight 1 kg). The nomenclature aafaguMYHs found in the present study is described
following lkeda et al. (2007) who found 20 sarcomevYHs byin silico approach on the total genome
database. Thre®IYHs, MYHygs.1, MYHyg4s and MYH gg0, Were cloned exclusively from fast, slow and
cardiac muscles, respectively, whereas MMHs, MYH 25061 andMYHy 1024, Were cloned from both fast
and slow muscles and another tWMdYHs, MYHy2106.2 and MYHys, from both slow and cardiac muscles.
Evolutionary relationships of torafugu MYHs with afe reported from other fish were studied by
phylogenetic analysis on the deduced amino aciduesecps using the neighbor-joining method.
MYH ygs.1,, MYHpuos08.1 @and MYHy1034 belonged to fast type as they were placed in thmesalade
representing fast-type MYHs from other fish on thhylogenetic tree. MYkgass and MYHy126.2
belonged to slow and cardiac types, respectividlyH ys and MYH yg80 Were found to have appeared in
an early evolution of MYHs and thus regarded toobglto ancestral slow/cardiac type.

The frequencies of cDNA clones encoding above-noereti MYHs in the cDNA clone libraries and
relative mRNA levels determined by Northern blotabsis further revealed their tissue-specific
expression in adult skeletal and cardiac muscld®e €lones encoding fast-tygdYHysgs.1. were most
abundant in the cDNA clone library constructed frdast muscle. Both LS and ED slow muscles
contained almost equally the clones of fikYHs including fast-typeMYHys05.1 and MYHy1z4,
slow-type MYHyago4g, cardiac-typeMYHy2126., and unique, slow/cardiac-typdYHys. Among three types
of MYH clones from cardiac muscle, cardiac-ty¥Hy.106.o Was most abundant.

In situ hybridization was performed to localize the tramsts of MYHs in skeletal muscles of adult

torafugu (body weight 275 g). The transcripts oftfeype MYHyge.1 were found in all fibers with



different diameters in fast muscle. Fast fibershwi#maller diameters tended to have transcripts of
fast-typeMYHy.s026.1 more abundantly. Given that such fast fibers veithall diameters are generated by
hyperplasia, the expression dfYHy.s05.1 iS thought to be deeply correlated with generatidrthese
fibers and those with the smallest diameter aresictared to be most newly formed.

The fibers expressing slow-typdYHysg.ss resided a superficial part of LS slow muscle wsthall
diameters. Fibers expressing cardiac-tip¥éH 1262 also occupied a superficial layer in LS slow muscle
with small diameters. Interestingly, fast-typdYHy.s8.1 Was expressed in fibers of LS and ED slow
muscles with large diameters which showed an inésliate oxidative potential as described above,
implying their possible involvement in muscle geatén by hyperplasia.

The expression levels of fast-typdYHs were also investigated in both wild and farm-grdt
torafugu individuals (body weight 0.8 - 1 kg). Anmpthree fast-typdMYHs, the relative mRNA levels of
MYH 25261 Were significantly higher in wild than farm-cultutédish.

3. Expression patterns of myosin heavy chain gendsrafugu at embryonic and larval stages

Six sarcomeridMYHs were cloned from embryos and larvae of torafuahotatory-reared at 18°C by
using the same method as described for adult tgraffhese included four fast-tyddYHs, MYH 743,
MYHpusge.2, MYHpos28.1 @and MYHy1034, Cardiac-typeMYHy126.1 and slow/cardiac-typMYHys. MYHy743
andMYHygs.» have been reported by lkeda et al. (2007) usinegpecific primers. Among all fast-type
MYHs, the cDNA clone encodiniylYHy-4s was most abundant in all clone libraries from eyolsr and
larvae, followed by those encodingYHygs.> in embryos [5 and 7 days post fertilization (dp8hd
MYHpys261 in larvae (10 and 16 dpf). The cDNA clone encodiigH1034 Was marginally observed in
clone libraries from larvae. While cDNA clones dbw/cardiac-typeMYHys were identified in all clone
libraries from embryos and larvae, their abundaindarvae was found to be much lesser than in ewdry

RT-PCR using highly specific primers based on ther8ranslated region nucleotide sequences of
MYHs showed that the transcripts Mi*Hy 743 appeared in embryos at 3 dpf, whereas thodd Y ge.» in
embryos at 4 dpf. These twdYHs continued to be expressed during embryonic andilalevelopment,
suggesting their involvement in muscle developm@thie transcripts of fast-typ®YHy.s06.1 appeared in
embryos at 7 dpf and continued to be expressediatessive embryonic and larval stages, as welhas i
adult fast and slow skeletal muscles. The transeripf slow/cardiac-typeMYHys continued to be
expressed from embryos at 3 dpf to larvae and dsimadult slow and cardiac muscles. Such exp@ssi
patterns ofMYHys26.1 and MYHysin adult muscles were consistent with those descriim the previous
section.

Whole mountin situ hybridization for embryos at 4 dpf with probes cifie to fast-typeMYHysgs.»
and slow/cardiac-typ®YHys revealed that the former transcripts were localize the whole embryonic
myotome, whereas the latter transcripts were msili to the superficial slow muscle as well ashe t
horizontal myoseptum. The transcripts of cardigoetyMYHy.106.1 Were localized adjacently to the

notochord of embryos at 3 dpf.



4. Characterization of paired box protein genes asgape precursor cell markers in torafugu

Paired box protein (Pax) genes play pivotal rolesthie formation of tissues and organs during
development. This gene family encodes transcripfaariors characterized by the presence of paired bo
domain (PD), octapeptide motif and homeodomainhds been reported that Pax3 and Pax7 regulate
survival, proliferation and migration of myogenicepursor cells. In this contexBax3 and Pax7 were
cloned from torafugu embryos and adult fast skéletascle by using degenerate primers based on yighl
conserved amino acids in PD and homeodomain. Sules¢dn silico analysis with the Fugu genome
database (ver. 4.0) yielded two distinct genes dachPax3 (Pax3a and Pax3b) and Pax7 (Pax7a and
Pax7b). The 7% amino acid, glutamine (Glu75), from the N-terminuas replaced by proline in PD of
Pax3b. Mammalian Pax3 and Pax7 both have alterlgtispliced isoforms, differing in the presence or
absence of Glu75 (Q+/Q-) in PD which affects the Abinding specificity (Vogan et al., 1996). One
single cDNA clone encoding Pax3a had deletion af®Blin PD, suggesting the presence of alternatively
spliced variants (Q+/Q-) for torafugu Pax3a. Thigswurther supported by identification of two adjat
alternative 3’ splice acceptor sites for torafugitnieh produce Pax3a Q+ (aagCAGGGA) and Q-
(aagcagGGA) variants. Interestingly, torafugax7b, but notPax7a, had an insert encoding five amino
acid residues (GEASS) in a C-terminal region of iRDwo out of three cDNA clones. Genomic analysis
showed two alternate splice donor cites at exonf4Pax7b which is responsible for forming two
alternately spliced variants.

RT-PCR revealed that the transcripts Rex3a, Pax3b, Pax7a and Pax7b were found to appear in
embryos at 3 dpf and later developmental stageggesting their key roles during development.
Interestingly, the transcripts ¢fax7b were observed in adult skeletal muscles. TiRex3 and Pax7 can
be used to monitor muscle precursor cells.

Conclusion

Expression patterns of seven sarcoméidHs were determined in adult muscles of torafugu. lé/hi
three MYHs were specifically expressed in either fast, slmwcardiac muscle of adult torafugu, four
showed a mixed expression pattern, suggestinguhetibnal significance of eadliYH. Furthermore, six
MYHs were cloned from embryos and larvae and founbletexpressed sequentially during development.
Fiber-type diversity was also demonstrated ibysitu hybridization for MYH transcripts. This is an
important step ahead in understanding fiber typemity and associated muscle growth by hyperplasia
specifically observed in larval and adult fish hayian intermediate body size. Our study also gyeatl

helps to understand functional significance of ighumber oMYHs in fish.



