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Abstract Two myostatin (MSTN) isoforms were isolated from
brook trout with 92% identity in corresponding regions at the
nucleotide level. One isoform was isolated from muscle and brain
and the second from ovarian tissue. To our knowledge this is the
first time two MSTN isoforms have been isolated from a given
vertebrate species. Within the brain, MSTN transcripts were
localized to the optic lobes, hindbrain, and hypothalamus. In the
trout ovary, MSTN transcripts were upregulated at ovulation in
several females. MSTN cDNA fragments were also isolated
from several other fish species and differential expression of
MSTN among muscle fiber types was observed. ß 2001 Fed-
eration of European Biochemical Societies. Published by Else-
vier Science B.V. All rights reserved.
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1. Introduction

Myostatin (MSTN), a member of the Transforming
Growth Factor-L (TGF-L) superfamily, has been established
as a regulator of development and growth in several verte-
brates. MSTN, originally termed growth and di¡erentiation
factor-8, was ¢rst characterized in the mouse where it is ex-
pressed during embryogenesis in developing somites [1]. Adult
mice that did not express the MSTN gene were 25^30% heav-
ier than wild-type littermates and the individual muscles of the
MSTN null mice were 2^3 times heavier. This increase in
muscle mass was attributed to an increase in ¢ber number
(hyperplasia) and size (hypertrophy). Subsequently, the dou-
ble muscling phenotype found in Belgian Blue and Piedmon-
tese cattle was attributed to mutations in the MSTN gene [2^
4]. Research on cattle [2], pigs [5], and chickens [6] has indi-
cated a similar developmental expression pattern of MSTN
that begins early and continues through gestation. These stud-
ies also show that MSTN expression roughly coincides with
primary and secondary muscle formation followed by reduced
levels at birth. MSTN expression has been reported in adults
of several vertebrate species [2^5]. During development and
adulthood, MSTN is predominately expressed in skeletal
muscle, though there have been reports of myostatin protein
in cardiomyocytes and Purkinje ¢bers of the heart [7], as well
as MSTN mRNA expression in the mammary gland [5]. Re-

cently, Rodgers et al. [8] have also reported the presence of
MSTN in a variety of tissues in tilapia.

Originally, the MSTN gene was cloned in representatives of
several vertebrates including zebra¢sh [3]. The gene is highly
conserved among species and the predicted amino acid se-
quences of human, rat, mouse, porcine, chicken, and turkey
are identical within the active carboxy-terminal region [3].
Though MSTN has been cloned in representative lower verte-
brates, MSTN gene expression has not been characterized in
these animals. To understand the role that MSTN could have
in the growth and development of ¢sh, the present study ex-
amined MSTN gene expression in several ¢sh species.

2. Materials and methods

2.1. Animals and tissue collection
Experiments and animal care were conducted according to the

guidelines speci¢ed by the University of Notre Dame Institutional
Animal Care and Use Committee. Mature brook trout (Salvelinus
fontinalis) were purchased from a commercial hatchery in Grand Ha-
ven, MI and held in 300 gallon tanks in 12³C well water. Yellow perch
(Perca £avescens) were obtained from the Lake Mills State Fish
Hatchery in Lake Mills, WI. Mahi-mahi (Coryphaena hippurus), little
tunny (Euthynnus alletteratus), and king mackerel (Scomberomorus
cavalla) were obtained by hook and line in the Atlantic Ocean o¡-
shore of South Carolina. For obtaining ovaries, the reproductive stage
of individual brook trout was determined by sampling follicles in vivo
as previously described [9]. Ovarian tissue was collected from females
before germinal vesicle breakdown, during ovulation (20^100% of the
ovary ovulated at time of sampling), and 48 h after ovulation. In all
cases, ¢sh were overanesthetized and tissue samples were dissected
and placed into ice-cold Tri-Reagent (Molecular Research Center
Inc.). Tissue was homogenized with a TissueTearor (Biospec) and
RNA isolation was completed as previously described [10,11]. When
used, mRNA isolation was performed using the Poly-A-Tract mRNA
Isolation System (Promega).

2.2. Cloning ¢sh MSTNs
Two sets of degenerative primers were designed based on known

MSTN sequences. These consisted of two forward primers: AA-
(A,G)CCI(inosine)AA(A,G)TG(C,T) TG(C,T)TT(C,T)TT(C,T) [Fw1]
and CAAAT(T,C)CT(T,C)AG(C,T)AAACT(C,G,T) [Fw2] and two
reverse primers: (A,G)TGIGT(A,G)TGIGG(A,G)TA(C,T)TT(C,T)-
TG [Rv1] and ATAATCCA(G,A)TCCCA(G,T)CCAAA [Rv2].

Total RNA from brook trout ovaries, brain, and red muscle, as well
as red muscle from all other ¢sh species, was reverse transcribed using
AMV reverse transcriptase (Promega) and the resulting cDNA was
used for PCR. Polymerase chain reactions were separated on agarose
gels, visualized under UV light and the appropriate size band was cut,
gel puri¢ed, and cloned in pCR 2.1 (Invitrogen). Positive clones were
grown for plasmid preparation and the cDNAs were sequenced using
a modi¢ed dideoxy chain termination method (SequiTherm EXCEL
II Long-Read, Epicentre). The sequencing reactions were separated
and analyzed using an ALFexpress Sequencer (Amersham Pharmacia
Biotech).
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A cDNA fragment obtained from RT-PCR of brain and muscle
tissue (b/m BT MSTN) was used to screen a brook trout multiple
tissue (liver, brain, testes, skin, and spleen) cDNA library constructed
in Zap Express (Stratagene). Library screening was conducted under
high stringency as previously described [12]. Positive clones were re-
screened once to homogeneity, in vivo excised, and the resulting plas-
mids were completely sequenced on both strands as described above.

2.3. Northern analysis
Northern blot analysis was performed as previously described [12].

The full-length b/m BT MSTN clone obtained from library screening
and the brook trout cDNA fragment from ovarian tissue (ov BT
MSTN) were used to probe brook trout tissue blots. Northern blots
of tissue from other ¢sh species were probed using MSTN cDNA
fragments cloned from each corresponding ¢sh species.

Fig. 1. Amino acid alignment of MSTN fragments from brook trout ovarian tissue (ov B Trout) (accession number AF313912), yellow perch
red muscle (Y Perch) (accession number AF319959), mahi-mahi red muscle (M Mahi) (accession number AF317665), little tunny red muscle (L
Tunny) (accession number AF317666), and king mackerel red muscle (K Mack) (accession number AF317667), compared with the correspond-
ing section of the full-length brook trout brain/muscle MSTN (b/m B Trout) (accession number AF247650). Shading indicates amino acid iden-
tity.

Fig. 2. Amino acid alignment of brook trout brain/muscle (accession number AF247650), zebra¢sh (accession number AF019626), chicken (ac-
cession number AF019621), and human MSTNs (accession number AF019627). Consensus sequence is shaded. Solid bar indicates RXXR pro-
teolytic cleavage domain and conserved cysteines are indicated with stars.
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3. Results

The degenerative primer pair Fw2:Rv2 produced cDNA
fragments of 716 bp using brook trout ovarian, muscle, and
brain RNA. However, the fragment obtained from the ovary
was di¡erent from that obtained from muscle and brain. The
ov BT MSTN cDNA fragment was 91% identical to the cor-
responding sequence of b/m BT MSTN at the amino acid level
(Fig. 1) and 92% identical at the nucleotide level. The identical
ov BT MSTN form was independently isolated by RT-PCR
performed on mRNA from ovaries taken from four di¡erent
female brook trout. When the b/m BT MSTN fragment was
used to screen the multiple tissue cDNA library, a 2278 bp
clone was obtained. Compared to zebra¢sh, the full-length
b/m BT MSTN clone is 84% identical throughout and 93%
identical downstream of the proteolytic cleavage site (Fig. 2).
Both human and chicken MSTNs are 65% identical to the
brook trout MSTN and 88% identical downstream of the
proteolytic cleavage site at the amino acid level (Fig. 2).

Based on known MSTNs, the degenerative primer pair
Fw1:Rv1 produced an appropriate size (573 bp) cDNA
band when used in PCR with RNA from yellow perch brain
tissue. The Fw2:Rv2 primer pair produced cDNA fragments
of 719 bp when used in PCR with mahi-mahi, little tunny, and
king mackerel muscle RNA. As would be expected, the cloned
fragments from king mackerel, little tunny, mahi-mahi, and

yellow perch, all had high homology with one another and
with b/m and ov BT MSTNs (Fig. 1). Just as other members
of the TGF-L superfamily, all of the cDNAs have conserved
cysteine residues and a RXXR proteolytic cleavage site. The
one exception is that king mackerel MSTN contains the ami-
no acids RARK in the corresponding site.

On Northern blots, a 2.7 kb transcript was observed in red
muscle when probed with the b/m BT MSTN cDNA (Fig. 3).
A less abundant transcript was present in brain (Fig. 3). On
Northern blots of brain tissue dissected into six distinct re-
gions, the transcript was prominent in the optic lobes and
hindbrain, and faint in the hypothalamus (Fig. 4). When the
full-length b/m BT MSTN cDNA was used as a probe with
ovarian tissue taken at ovulation, no hybridization was ob-
served (Fig. 5). This was also true for Northern blots of
ovarian tissue taken at stages prior to and following ovulation
(results not shown). Transcripts were observed (Fig. 5), how-
ever, in red muscle, brain, and ovary when the ov BT MSTN
cDNA fragment was used to probe a duplicate blot of the
same tissues as probed with the b/m BT MSTN cDNA. On
Northern blots of ovarian tissue taken at di¡erent reproduc-
tive stages and probed with the ov BT MSTN cDNA frag-
ment, increased transcript levels were observed during ovula-
tion in several individuals (Fig. 6).

To evaluate the distribution of MSTN in red and white
muscle tissue across di¡erent species, the muscle of four tele-
osts was examined by Northern analysis (Fig. 7). In brook
trout, king mackerel, and yellow perch, MSTN was predom-
inately expressed in red muscle. In little tunny, higher levels of
MSTN were observed in white muscle while in mahi-mahi
MSTN expression was similar in both red and white muscle
(Fig. 7).

Fig. 3. Northern blot of mRNA (0.5 Wg/lane) taken from various
brook trout tissues. Blot probed with full-length b/m BT MSTN
cDNA.

Fig. 4. Northern blot of brook trout red muscle and brain mRNA
(0.5 Wg/lane) (identical tissue samples as in Fig. 1) adjacent to sam-
ples of total RNA from speci¢c regions of the brook trout brain
(note: `Midbrain' = midbrain^optic lobes). For all brain sections,
15 Wg of total RNA was loaded per lane except for the hypothala-
mus for which as much RNA was loaded as was available. 18S
rRNA bands of the brain tissue samples are shown below the blot.
Blot probed with full-length b/m BT MSTN cDNA.

Fig. 5. Northern blots of brook trout red muscle, brain and ovarian
mRNA (0.5 Wg/lane). The ovarian sample is the same sample as in
Fig. 6 (lane 5). A single gel was loaded in replicate with identical
samples and after transfer, the blot was cut and replicates were sep-
arately hybridized with either the full-length b/m BT MSTN (2278
bp) or the ov BT MSTN cDNA fragment (716 bp).

Fig. 6. Northern blot of brook trout ovarian mRNA (0.5 Wg/lane)
taken prior to germinal vesicle breakdown (pre-GVBD), during ovu-
lation (Ovulation), and 48 h after ovulation (48 h post-Ov). Adja-
cent to the ovarian samples is a brook trout brain mRNA sample
(0.5 Wg/lane). Blot probed with the ov BT MSTN cDNA fragment.
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4. Discussion

Since the recent identi¢cation of MSTN there has been
considerable knowledge gained concerning the role that
MSTN plays in mammalian muscle development. Though
MSTN has been cloned in representative lower vertebrates it
is not known if MSTN has the same function in these animals
as it does in higher vertebrates. The results of the present
study clearly demonstrate several major di¡erences between
MSTN expression in ¢sh and other vertebrates. To date, there
has been only one MSTN cDNA cloned within a given verte-
brate species. Surprisingly, in the present study two distinct
cDNA clones were isolated from brook trout tissue using RT-
PCR. These two clones were only 92% identical at the nucle-
otide level when comparing corresponding regions. When the
speci¢c cDNA fragment isolated from ovarian tissue (ov BT
MSTN) was used as a probe, hybridization was observed in
ovaries of several individuals undergoing ovulation. When the
full-length b/m BT MSTN was used to probe the ovary of one
of the same individuals undergoing ovulation no hybridization
was observed and in other ovarian Northern blots we have
not detected a signal using the b/m BT MSTN as a probe.
While the MSTN isoform isolated from the brain and red
muscle appears to hybridize only with those tissues, it should
be noted that in RT-PCR reactions of ovarian mRNA one
clone of the b/m BT MSTN form was isolated indicating that
it may be in the ovary but expressed at low levels or at some
reproductive stage not yet studied. The ov BT MSTN cDNA
fragment did hybridize with red muscle and brain in addition
to the ovary. Thus it is not known if the isoform isolated from
the ovary is also found in other tissues or if hybridization was
a result of using a highly homologous cDNA fragment (within
the open reading frame) as a probe. Hybridization with brain
and muscle might not occur if the full-length ov BT MSTN is
used as a probe. However, so far we have been unable to
clone this full-length cDNA. To our knowledge this is the ¢rst
time two MSTN isoforms have been isolated from a given
vertebrate species. At this time the role of MSTN in the ovary
is unknown but the expression pattern indicates a possible
role in ovulation.

A second di¡erence between ¢sh and other vertebrates is
the presence of MSTN in multiple tissues. Originally it was
believed that MSTN was limited to skeletal muscle. However,
recently there have been reports of myostatin protein in car-
diomyocytes and Purkinje ¢bers of the heart [7], as well as

MSTN mRNA expression in the mammary gland [5]. In ad-
dition, MSTN has recently been isolated in multiple tissues
from tilapia including the ovary and the brain [8]. In the
current study, MSTN mRNA expression was observed in
brook trout and yellow perch brains. Further, by dissecting
the trout brain into distinct regions, Northern blots localized
brook trout MSTN expression speci¢cally to the optic lobe,
hindbrain, and hypothalamus. The function of MSTN in the
brain is unknown though other growth and di¡erentiation
factors in the TGF-L superfamily have been isolated in the
brain of rodents [13^15] and Xenopus [16]. Expression of
MSTN in the hypothalamus could indicate a possible endo-
crine function for MSTN. A MSTN immunoreactive sub-
stance has been found in human serum [17], suggesting a
circulatory role for MSTN.

As expected, MSTN was expressed in the muscle tissue of
all ¢sh examined. However, what was unexpected was the
di¡erential expression of MSTN among ¢ber types within
various ¢sh species. In adult brook trout, king mackerel,
and yellow perch, Northern analysis indicated that MSTN
mRNA was speci¢c to red muscle tissue (slow ¢bers). How-
ever, in other species MSTN was either expressed predomi-
nately in white muscle (little tunny) or equally in both ¢bers
(mahi-mahi). During muscle unloading in mice, expression of
MSTN mRNA is higher in fast muscle [18], and higher
mRNA and protein concentrations were also observed in
fast muscle in rats [19]. Recent research on rats has indicated
that during muscle ¢ber damage MSTN protein is addition-
ally expressed in slow ¢bers [20]. Most ¢sh have distinct re-
gions of muscle primarily containing fast twitch or slow twitch
myo¢bers. In contrast, in most mammals there is a more
heterologous arrangement of myo¢bers in muscle. The di¡er-
ences in MSTN expression in red and white muscle observed
between ¢sh species could be related to several aspects involv-
ing locomotion. Recently, evidence has been presented that
MSTN plays a role in muscle regeneration [20^22] and load-
ing/unloading processes [18,19,22] in mammals. It is likely
that MSTN could also be involved in the same processes in
¢sh. The species examined in the present study have slightly
di¡erent red:white muscle ratios and use di¡erent strategies
for locomotion. This, in conjunction with the fact that ¢sh
were taken from environments where varying degrees of
muscle loading/unloading occur (e.g. tanks versus open
ocean), might also explain the variation in MSTN expression
in red and white muscle.

In conclusion, this study demonstrates the presence of
MSTN in adult piscine skeletal muscle tissue and the di¡er-
ential expression in red and white muscle types. This study
also provides evidence that MSTN is not limited to skeletal
muscle, but is present in other tissues such as the brain and
ovary. Finally, the data suggest the possibility of multiple
MSTN isoforms that could be expressed in a tissue-speci¢c
manner.
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Fig. 7. Northern blots of total RNA (10 Wg/lane) from red (fast) `R'
and white (slow) `W' muscle ¢bers from four di¡erent ¢sh species.
Yellow perch blot also contains brain tissue `B'. Each blot is probed
with the corresponding species-speci¢c MSTN cDNA fragment iso-
lated from red muscle total RNA by RT-PCR. 18S rRNA bands
for each lane are shown below the blot.
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