
&p.1:Abstract The spatial and temporal association of mus-
cle-specific tropomyosin gene expression, and myofibril
assembly and degradation during metamorphosis is ana-
lyzed in the gastropod mollusc, Haliotis rufescens. Meta-
morphosis of the planktonic larva to the benthic juvenile
includes rearrangement and atrophy of specific larval
muscles, and biogenesis of the new juvenile muscle
system. The major muscle of the larva – the larval retrac-
tor muscle – reorganizes at metamorphosis, with two
suites of cells having different fates. The ventral cells de-
generate, while the dorsal cells become part of the devel-
oping juvenile mantle musculature. Prior to these chang-
es in myofibrillar structure, tropomyosin mRNA preva-
lence declines until undetectable in the ventral cells,
while increasing markedly in the dorsal cells. In the foot
muscle and right shell muscle, tropomyosin mRNA lev-
els remain relatively stable, even though myofibril con-
tent increases. In a population of median mesoderm cells
destined to form de novo the major muscle of the juve-
nile and adult (the columellar muscle), tropomyosin ex-
pression is initiated at 45 h after induction of metamor-
phosis. Myofibrillar filamentous actin is not detected in
these cells until about 7 days later. Given that patterns of
tropomyosin mRNA accumulation in relation to myofi-
bril assembly and disassembly differ significantly among
the four major muscle systems examined, we suggest
that different regulatory mechanisms, probably operating
at both transcriptional and post-transcriptional levels,
control the biogenesis and atrophy of different larval and
postlarval muscles at metamorphosis.
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Introduction

Myogenesis and myofibrillogenesis are integrated close-
ly in muscle cell development. Activation of the battery
of muscle-specific structural genes accompanies terminal
differentiation of myocytes, and represents the first step
in myofibril synthesis (Epstein and Fischman 1991). We
have analyzed these myogenic processes and the pro-
grammed degradation of specific muscle cells during the
metamorphosis of the larva of the gastropod mollusc,
Haliotis rufescens(red abalone). In the abalone larva,
exogenous γ-aminobutyric acid (GABA; an analog of the
natural GABA-mimetic peptide inducer) activates a re-
ceptor-dependent signal transduction cascade that induc-
es the swimming larva to settle from the plankton, begin
plantigrade locomotion, and metamorphose to the adult
(Morse et al. 1984; Trapido-Rosenthal and Morse 1986;
Baxter and Morse 1987; Morse 1992). This convenient
method for the controlled, synchronous induction of
metamorphosis facilitates analysis of the programmed
degradation of redundant larval muscles, the rapid re-
modelling of larval muscles that are recruited into the
emergent musculature of the juvenile, and the de novo
myogenesis of juvenile muscles.

In the gastropod larva, muscle cells first develop from
the mesoderm of the early trochophore (Verdonk and van
den Biggelaar 1983). In H. tuberculata, six dorsolateral
spindle-shaped muscle cells comprising the developing
larval retractor muscle (LRM) elongate and migrate
down the left side of the trochophore as it undergoes
morphogenesis to the veliger (late larval) form. These
cells converge in the posterior of the veliger, where they
attach to the mantle and shell; the anterior projections of
these cells diverge and attach to the velum (the larval
swimming organ), mantle and foot (Crofts 1937). The
numerous fibers of this LRM constitute the major muscle
system of the larva. A second, smaller larval muscle –

Edited by D. Tautz

D.E. Morse
Marine Biotechnology Center and Department of Molecular,
Cellular and Developmental Biology, University of California,
Santa Barbara, CA 93106, USA

B.M. Degnan (✉) · S.M. Degnan
Department of Zoology and Centre for Molecular
and Cellular Biology, University of Queensland, Brisbane,
Qld 4072, Australia&/fn-block:

Dev Genes Evol (1997) 206:464–471 © Springer-Verlag 1997

O R I G I N A L  A RT I C L E

&roles:Bernard M. Degnan · Sandie M. Degnan
Daniel E. Morse

Muscle-specific regulation of tropomyosin gene expression
and myofibrillogenesis differs among muscle systems examined
at metamorphosis of the gastropod Haliotis rufescens

&misc:Received: 17 September 1996 / Accepted: 18 December 1996



465

the right shell muscle (RSM) – has been reported to give
rise to the major muscle system of the adult, the colum-
ellar muscle (CM; Crofts 1937).

To characterize the morphogenesis, atrophy and re-
structuring of the major larval and postlarval (juvenile)
muscle systems at metamorphosis in Haliotis, we investi-
gated patterns of accumulation of tropomyosin mRNA
and myofibrillar filamentous actin (F-actin; cf. Nag-
anuma et al. 1994, for our related studies in tissue cul-
ture). The tropomyosin gene, encoding an actin-binding
protein largely confined to the thin filaments of muscle,
is regulated in a developmental stage-specific and tissue-
specific manner (e.g. Karlik and Fyrberg 1986; Reinach
and MacLeod 1986; MacLeod and Gooding 1988; Band-
man 1992). Characterization of Haliotis tropomyosin
mRNA accumulation in concert with analyses of the for-
mation of myofibrillar F-actin thus allows examination
of two distinct regulatory processes in the development
of muscle: structural gene expression and myofibrillo-
genesis. Our data reveal that patterns of tropomyosin
mRNA accumulation in relation to myofibril assembly
and disassembly differ significantly among the four ma-
jor muscle systems examined. These results indicate that
different regulatory mechanisms, probably operating at
both transcriptional and post-transcriptional levels, con-
trol the biogenesis and atrophy of different larval and
postlarval muscles.

Materials and methods

Animals and larvae

H. rufescensadults were maintained in flowing, ambient tempera-
ture (14–16°C) sea water and induced to spawn by hydrogen-per-
oxide treatment (Morse et al. 1977). Larvae were maintained in
the laboratory at 15°C. Nine-day-old larvae were induced to settle
and metamorphose by the addition of 10–6 M GABA in the pres-
ence of rifampicin (2 mg/ml) as described previously (Trapido-Ro-
senthal and Morse 1986). A single cohort of eggs, embryos, larvae
and settled juveniles was used for RNA isolation, F-actin staining
and in situ hybridization analyses. Ages are indicated as hours
post fertilization (hpf) and hours post induction (hpi).

BODIPY-phallacidin staining of myofibrils

Myofibrillar F-actin was stained preferentially with BODIPY-
phallacidin (Molecular Probes; Burke and Alvarez 1988). Veliger
larvae and plantigrade postlarvae were anesthetized by the drop-
wise addition of 1 M MgCl2-sea water to the 100 ml cultures, and
then fixed in 4% (w/v) paraformaldehyde in 100 mM Hepes
(pH 6.9), 2 mM MgSO4, 1 mM ethyleneglycol tetraacetic acid
(EGTA) for 3 h. Fixed samples were washed twice for 5 min in
phosphate-buffered saline (PBS), extracted for 1 min in cold ace-
tone, rinsed for 30 s in PBS, incubated in a 1:10 dilution of
BODIPY-phallacidin in PBS for 1 h, washed three times in PBS
for 2 min each, and mounted in 1:1 PBS:glycerol. Stained samples
were examined on a BioRad 600 laser confocal scanning micro-
scope by excitation with 488-nm laser light; emission was moni-
tored at 518 nm, and data were recorded and processed with Bio-
Rad software. Optical sections from a Z-series were combined to
form a partial reconstruction of larval and post-larval muscles
(Matsumoto and Hale 1993) and images were photographed di-
rectly from the video screen.

Reverse transcriptase-polymerase chain reaction (RT-PCR)
amplification, cloning and sequencing

cDNA templates were prepared from 168-hpf H. rufescenslarval
RNA and amplified by PCR with degenerate oligonucleotide prim-
ers that annealed to conserved regions of the tropomyosin gene –
primer T1 (5′ ATGGAYGCNATHAARAARAARATGCARGCN
3′) annealed to codons 1–10, primer T2 (5′ YTCNGCNCKNGT-
YTCNGCYTCYTTNARYTT 3′) to codons 240–231. The resul-
tant RT-PCR product was blunt-ended, gel purified and cloned into
pBSK+ (Stratagene), and six randomly selected recombinant colo-
nies were sequenced. Methods for preparation of total RNA and
cDNA, PCR amplification, cloning and sequencing were as de-
scribed in Degnan and Morse (1993).

Tropomyosin gene-specific primers were used for the amplifi-
cation of 5′ and 3′ cDNA ends (RACE; Frohman et al. 1988);
TGS1 (5′ CTTCTGCTCTTCGGTATCCCTT 3′) annealed to co-
dons 36–30, and TGS2 (5′ CAGTGAACAAGAGGCATCTCAG
3′) to codons 209–216. For 5′ RACE, cDNA was tailed in the
presence of terminal transferase and dCTP using a 5′ RACE kit
(BRL). The 5′ RACE product was generated by amplifying this
tailed cDNA using an anchor primer (5′ GGCCACGCGTCGA-
CTAGTACGGGIIGGGIIGGGIIG 3′) and TGS1 following the in-
structions of the manufacturer. For 3′ RACE, oligo(dT) adaptor-
primed (5′ GGCCACGCGTCGACTAGTAC(T)17 3′) cDNA was
amplified using an adaptor primer (5′ GGCCACGCGTCGACT-
AGTAC 3′) and TGS2 following the instructions of the manufac-
turer. The major 5′ and 3′ RACE products were purified, cloned
and three randomly selected recombinant colonies sequenced. The
5′ RACE clones were cycle sequenced using TGS1, and either SK
or KS primers. The 3′ RACE clones were sequenced with TGS2,
SK or KS, and two tropomyosin-specific sense primers that an-
nealed to the 3′ untranslated region.

Northern and in situ hybridization analyses

For northern hybridization analyses, 7.5µg of total RNA/lane was
resolved on a 1% agarose/formaldehyde denaturing gel and capil-
lary blotted onto Hybond-N membrane (Amersham). Probes were
synthesized from a linearized recombinant plasmid containing the
PCR product corresponding to codons 1–240 of the open reading
frame (ORF) (pTR1A), using T3 and T7 RNA polymerases in a
reaction mixture containing digoxigenin-11 uridine triphosphate
(UTP). The membrane was hybridized with the antisense digoxi-
genin-labeled tropomyosin riboprobe, under stringent conditions,
following the protocol recommended by the manufacturer of the
digoxigenin-11-UTP (Boehringer-Mannheim); after hybridization
the membrane was washed three times in 0.5 × sodium sodium ci-
trate (SSC), 0.1% sodium dodecyl sulfate (SDS) at 65°C. An auto-
radiograph detecting the hybridization signal was obtained by re-
action with an alkaline phosphatase-conjugated anti-digoxigenin
antibody, wetting the membrane with fluorogenic substrate (Lumi-
phos 530; Boehringer-Mannheim) and exposure to XAR film (Ko-
dak) for 5 min.

Whole mount in situ hybridizations were performed as de-
scribed in Degnan et al. (1995). Specifically, Haliotis larvae and
postlarvae were hybridized to digoxigenin-labeled anti-sense and
sense tropomyosin cDNA riboprobes at 0.1 ng probe/µl hybridiza-
tion solution. Prior to use, riboprobes were hydrolyzed in 30 mM
Na2CO3, 20 mM NaHCO3 (pH 10.2) at 60°C for 10 min, and neu-
tralized by the addition of an equal volume of 200 mM NaOAc,
1% (v/v) acetic acid (pH 6.0; Cox et al. 1984). The sense ribo-
probe was used as a negative control in the hybridization analyses.
Hybridization patterns were visualized by light microscopy using
a Zeiss microscope equipped with Normarski optics.
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Results

Myofibrillogenesis and muscle atrophy at metamorphosis

Myofibrillar F-actin was detected by laser confocal mi-
croscopy after BODIPY-phallacidin staining. In this sec-
tion, we describe myofibrillar structure and amount in
each of four muscle systems (the larval retractor muscle,
the right shell muscle, the foot muscle and the columellar
muscle), first at a representative stage prior to induction of
metamorphosis and then in a time series post-induction.

At 168 hpf, the veliger larvae became competent to
settle and metamorphose (Morse 1992). At this stage, the
LRM projected from the posterior shell attachment
plaque to the mantle and cephalopedal regions (Fig. 1A).
The RSM and extensive foot musculature was present,
and an extensive network of single, discrete myofibrils
was located under the epidermis throughout the velum
and cephalopedal region, including the cephalic tentacles
(Fig. 1A). No further increase in muscle size or com-
plexity in any of the muscles was observed after this
stage until metamorphosis was induced.

Within 24 h post-GABA induction (hpi), plantigrade
attachment, abscission of the larval velum and initiation
of adult shell synthesis occurred. At this time, increased
BODIPY-phallacidin staining of the posterior terminus
of the LRM was observed (Fig. 1B). This apparently was
the result of the severance of the anterior LRM connec-
tions to the velum, and the consequent posterior contrac-
tion of the fibers of this larval muscle. Some LRM at-
tachments to the foot remained intact until after 42 hpi
(Fig. 1C). By 70 hpi, the LRM had lost all connection
with the cephalopedal region and the ventral LRM cells
had degenerated to short myofibrillar assemblies or dis-

organized F-actin-containing cell bodies (Fig. 1D). There
was no significant change in myofibril staining in these
ventral cells from 70 to 134 hpi (Fig. 1D, E and data not
shown). In marked contrast, there was a conspicuous in-
crease of myofibrillar content of the dorsal LRM cells
during this period. After 134 hpi, only the dorsal LRM
was detectable by phallacidin staining (not shown).
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Fig. 1A–F Changes in distribution of BODIPY-phallacidin-la-
beled myofibrillar F-actin during metamorphosis. All confocal mi-
crographs are lateral views with anterior to right. A Veliger larva
of 168 hours post fertilization (hpf) with fully developed larval
musculature; the larval retractor muscle (LRM; lrm), originating
posteriorly, has extensive connections to head, foot, velum and
mantle; the foot musculature (fm) is well developed and individual
myofibers are present in the head and cephalic tentacle. B Postlar-
va of 24 hours post induction (hpi); LRM myofibril staining is re-
duced in cephalopedal region; myofibrils associated with mantle
remain intact; the right shell muscle (RSM; rsm) is stained in-
tensely. C Postlarva of 42 hpi; myofibrils of LRM increase in
prominence in posterior portion of ventral fibers (vlrm) and re-
main intact throughout dorsal LRM (dlrm); myofibril content of
foot and RSM have increased. D Postlarva of 70 hpi; numerous
fluorescent cell bodies (arrowheads) and shortened myofibrils are
all that remain in posterior region of ventral LRM; dorsal LRM in
the mantle are evident; foot musculature continues to increase. E
Postlarva of 96 hpi; mantle and foot myofibrillar content increase;
fluorescent cell bodies (arrowheads) and shortened ventral LRM
myofibrils are still present. F Postlarva of 204 hpi; dramatic in-
creases in myofibrillar content of posterior portion of foot and me-
dian mesoderm cells (mm); new myofibrils connect these two re-
gions (arrowheads); myofibrils also project from mesoderm to
head and mantle (small arrows). Increased myofibril content and
phallacidin staining reduce relative contribution of background au-
tofluorescence; LRM-derived mantle myofibrils (dlrm) are faint
relative to foot and new myofibrils. Larva and postlarvae are
200 µm maximum diameter in all panels (magnifications differ).
(ct cephalic tentacle, dg digestive gland, e eye spot, m mantle, o
operculum, v velum)&/fig.c:



467

In the foot, myofibrillar content was observed to in-
crease slightly following the induction of metamorpho-
sis. Between 42 and 204 hpi, the musculature of the pos-
terior region of the foot increased significantly
(Fig. 1C–F), with two primary bands of this new muscle
encircling the dorsal and ventral edges of the foot, con-
nected by a row of evenly spaced secondary fibers
(Fig. 1D–F). The RSM showed no detectable change in
size following induction of metamorphosis.

In the median mesoderm of the post-larva, there was a
first appearance of myofibrillar F-actin at 204 hpi
(Fig. 1F); F-actin was not detected in this region at
188 hpi (not shown). The new myofibrils projected
dorsoventrally from the posterior of the foot to the ce-
phalic region between the eyes (Fig. 1F). These large F-
actin-containing mesodermal cells were located in the re-
gion of the CM, the major muscle system of the adult.

Tropomyosin sequence analysis

Sequence analysis of clones derived from the degenerate
oligonucleotide RT-PCR, and 5′ and 3′ RACE products
(720, 366 and 1406 bp, respectively) confirmed that all of
the PCR products analyzed represented the same tropo-
myosin sequence. A composite 2217-bp H. rufescenstro-
pomyosin (HrTM1) cDNA sequence was obtained (Gen-
Bank/EBI accession No. X75218). The deduced HrTM1
protein sequence conformed closely to the structure of
other metazoan tropomyosins, exhibiting a periodic dis-
tribution of hydrophobic and charged residues in a con-
tiguously repetitive peptide of 7 residues (McLachlan et
al. 1975). Of the 82 residues, 73 at the 1st and 4th posi-
tions of this canonical repeating heptapeptide in HrTM1
are hydrophobic, and 56 of the 80 residues at the 5th and
7th positions are charged; the properties of the residues at
these positions form the basis of the coiled-coil structure
of tropomyosin (McLachlan et al. 1975; Karlik and Fyr-
berg 1986; Mische et al. 1987). The deduced sequence of
HrTM1 exhibits varying degrees of similarity to the
tropomyosins of other metazoans (Fig. 2), being most
similar to tropomyosins expressed in the gastropod mol-
lusc Biomphalaria glabrata(80–84.2% identity), and the
trematode flatworm Schistosoma mansoni(62.6–67.7%
identity; Xu et al. 1989; Dissous et al. 1990; Weston and
Kemp 1993); HrTM1 is less similar to the Drosophila
tropomyosins (51.8–56.6%; Basi and Storti 1986; Karlik
and Fyrberg 1986). Being expressed in larval and postlar-
val muscle, HrTM1 is more similar to vertebrate skeletal
and cardiac muscle (50.9–53.9%) tropomyosins than
smooth muscle tropomyosins (48.9–49.6%; MacLeod
et al. 1985; Mische et al. 1987; Lin and Leavitt 1988;
MacLeod and Gooding 1988; Widada et al. 1988; 
Fig. 2).

Developmental appearance of the 2.3 knt HrTM1 mRNA

Northern blot analysis of total RNA from egg, embryos,
larvae and postlarvae demonstrated that a single tropo-

myosin transcript of approximately 2.3 knt hybridized to
the cloned 720-bp PCR product, and accumulated
through larval and early post-metamorphic development
(Fig. 3). The HrTM1 probe used in this investigation cor-
responds to conserved codons 1–240, and should cross-
hybridize with transcripts encoding other tropomyosin
isoforms expressed from the same locus (cf. Karlik and
Fyrberg 1986), but not necessarily those from other loci
(e.g. Bautch et al. 1982). This HrTM1 mRNA was first

Fig. 2 Alignment of derived tropomyosin protein sequence from
Haliotis rufescens(HrTM1) with muscle tropomyosin isoforms
from the gastropod Biomphalaria glabrata(Bg), the trematode
Schistosoma mansoni(Sm; Xu et al. 1989; Dissous et al. 1990;
Weston and Kemp 1993), Drosophila (Dm; Basi and Storti 1986;
Karlik and Fyrberg 1986), and human (Hs) skeletal muscle (sk;
Mische et al. 1987; MacLeod and Gooding 1988; Widada et al.
1988) and fibroblasts (f; MacLeod et al. 1985; Lin and Leavitt
1988). Dashesindicate identity; paired valuesat the end of each
sequence indicate percent of identity with Haliotis sequence and
percent identity including conservative substitutions (I/V/L; T/S;
R/K; D/E; N/Q; F/Y/W)&/fig.c:
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Fig. 3 Northern blot analysis of HrTM1 transcript accumulation
through embryogenesis, larval development and metamorphosis.
Competent larvae were induced to settle and begin metamorphosis
at 210 hpf. Each lane contained 7.5µg total RNA. The rRNA
bands in each lane were of equal intensity in the ethidium bro-
mide-stained gel and on the membrane after transfer (not shown),
indicating equal loading of RNA. Numbers in horizontal roware
hours post fertilization (hpf), followed where appropriate by hpi
(for samples from induced postlarvae); numbers at leftare knt
from standard. 0 hpf = unfertilized eggs; 4 hpf = 16-cell embryos;
16 hpf = late gastrulae; 24 hpf = hatched trochophore larvae;
24–75 hpf = developing larvae; 97–149 hpf = veliger larvae,
171–240 hpf = veliger larvae competent to metamorphose;
21–119 hpi = postlarvae undergoing metamorphosis&/fig.c:

Fig. 4A–F Spatial accumulation of HrTM1 mRNA during meta-
morphosis. All micrographs are lateral views with anterior to
right, except D which is a dorsal view with anterior to lower right
corner. Abbreviations as in Fig. 1. A Veliger larva of 168 hpf;
HrTM1 transcripts present in LRM, RSM, foot (f), mantle and ce-
phalic tentacle muscles. B Postlarva of 24 hpi; HrTM1 mRNA
abundant in most dorsal LRM cells; transcripts rare in ventral
LRM cells. C, D Postlarvae of 45 hpi; transcripts limited to mantle
LRM cells (dlrm), foot and a population of dorsal median meso-
derm cells (cmpCM progenitors); dorsal view (D) shows that the
distribution of cmp cells expressing tropomyosin is bilaterally
symmetrical; no transcripts detectable in ventral LRM. E Postlarva
of 94 hpi; transcripts abundant in foot, RSM and CM progenitors.
F Postlarva of 188 hpi; transcripts remain abundant in foot, RSM
and CM progenitors. Larva and postlarvae are 200µm maximum
diameter&/fig.c:

detected in the 24-hpf larvae (upon longer exposure of
the northern blot hybridization filter in Fig. 3) and con-
tinued to accumulate to about 171 hpf; this is close to the
time at which the veliger larva becomes competent to
settle and metamorphose (Morse 1992). There were
small changes in the level of HrTM1 abundance during
early metamorphosis, with overall transcript abundance
decreasing by 119 hpi (equivalent to 329 hpf). In sibling
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larvae that were not induced to metamorphose, transcript
abundance decreased earlier, by 240 hpf (Fig. 3, last
lane).

Spatial expression of HrTM1 during metamorphosis

HrTM1 expression was detected by light microscopy af-
ter whole-mount in situ hybridization using digoxigenin-
labeled cDNA riboprobes. In this section, we describe
patterns of HrTM1 expression in each of four major
muscle systems (the LRM, RSM, foot muscle and CM),
first at a representative stage prior to induction of meta-
morphosis and then in a time series post induction.

In the 168-hpf competent veliger larva, HrTM1
mRNA was detected in the LRM, RSM, mantle, foot,
head and cephalic tentacles (Fig. 4A), in a spatial pattern
which resembled that of myofibrillar F-actin staining



(Fig. 1A). In both the foot and RSM, the amount and dis-
tribution of HrTM1 mRNA remained stable from this
stage right through to 188 hpi (Fig. 4).

At 24 hpi, HrTM1 mRNA was detected primarily in
the posterior ends of the most dorsal cells of the LRM
(Fig. 4B), the most dorsal cells being those which remain
associated with the mantle of the postlarva. By 45 hpi,
transcripts were detected along the entire length of these
dorsal LRM cells (Fig. 4C), but this expression subse-
quently decreased from about 94 hpi onwards (Fig. 4E,
F) despite the presence of myofibrillar F-actin in these
cells at this stage (Fig. 1E, F). A contrasting pattern was
observed in the ventral cells of the LRM, which attach
anteriorly to the velum and the cephalopedal domain.
Here, HrTM1 expression decreased substantially be-
tween the veliger stage at 168 hpf and the postlarva at
24 hpi (Fig. 4A, B), and transcripts were no longer de-
tectable by 45 hpi (Fig. 4C).

In a discrete population of cells in the median meso-
derm located behind the eyes, there was a sudden and
dramatic accumulation of HrTM1 transcripts at 45 hpi
(Fig. 4C, D), followed by progressively more ventral me-
sodermal expression from 94 to 188 hpi (Fig. 4E, F).
This expression corresponds to a region of F-actin accu-
mulation in the 204-hpi postlarva (Fig. 1F). In this con-
text, it is of interest that Crofts (1937) reported from
light microscopy studies on H. tuberculatathat the CM,
the major muscle of the adult, appeared to arise from the
RSM. Our observations of HrTM1 mRNA accumulation
(Fig. 4) and myofibrillar staining (Fig. 1) in H. rufescens
suggest instead that the CM develops from these myo-
genic cells in the dorsomedial mesoderm, which subse-
quently extend both ventrally and dorsally to connect the
foot to the dorsal shell.

Discussion

The in situ hybridization analyses described here have
revealed complex spatial and temporal changes in
HrTM1 mRNA accumulation in H. rufescensmuscles
during metamorphosis. One interpretation of this com-
plexity could be that divergent tropomyosin transcripts
are being expressed simultaneously in larval and postlar-
val muscles. Indeed, there are cases in other (non-mol-
luscan) animals where different isoforms of muscle tro-
pomyosin mRNA, derived from a single locus, each are
expressed in a developmentally-restricted manner (Karl-
ik and Fryberg 1986; MacLeod and Gooding 1988).
However, these cases were easily detectable via northern
blot analyses conducted with a single tropomyosin
probe, because the different isoforms typically are en-
coded by transcripts of different lengths. In molluscs,
electrophoretic analyses of adult muscle tropomyosin
have lead to the general conclusion that only a single
peptide exists, in contrast to the two chains found in ver-
tebrates (reviewed in Chantler 1983), although more so-
phisticated analyses recently have revealed two tropomy-
osin cDNAs, with open reading frames (ORFs) of 94.7%

identity, in the gastropod B. glabrata (Dissous et al.
1990; Weston and Kemp 1993). Using degenerate prim-
ers T1 and T2, and the RT-PCR and cloning procedures
described above, we recently identified a single tropo-
myosin gene that is expressed in the adult columellar and
mantle muscles of the tropical abalone, H. asinina(Co-
unihan and Degnan, unpublished data) and is nearly
identical to HrTM1 (the first 917 nt, comprising the 5′
UTR and a portion of the ORF, are 94.9% identical and
the first 230 amino acids are 96.5% identical). The iden-
tification of a very similar tropomyosin gene in a differ-
ent species of Haliotis supports the contention that a sin-
gle tropomyosin is expressed in the major muscles of the
abalone larva, postlarva and adult.

As evidence against the ‘multiple-transcript’ interpre-
tation in our case, we point out that (i) northern blot
analysis indicated that only one size of tropomyosin
transcript hybridized to the probe (corresponding to resi-
dues 1–240 of the ORF) used in this study, (ii) PCR am-
plification with degenerate oligonucleotide primers gen-
erated only a single tropomyosin product, and (iii) iden-
tical in situ hybridization results were obtained using a 3′
riboprobe corresponding to nts 869–2217 (results not
shown). We acknowledge that these experimental results
cannot preclude completely the possibility that multiple
types of tropomyosin mRNA are simultaneously ex-
pressed in the developing Haliotis larvae or postlarvae.
However, comparison of the in situ hybridization data
with those on the accumulation of myofibrillar F-actin
strongly suggests that the 2.3 knt HrTM1 mRNA is ex-
pressed in most, if not all, larval and postlarval muscles.

Changes in HrTM1 mRNA in LRM cells
at metamorphosis

The induction of separate fates of the dorsal and ventral
cells of the LRM at metamorphosis is documented both
by the changes in LRM myofibrillar structure (Fig. 1)
and by the differential accumulation of HrTM1 mRNA
(Fig. 4). Crofts (1937) long ago observed via light mi-
croscopy that, at metamorphosis in H. tuberculata, some
of the LRM cells atrophy, while others become incorpo-
rated into the developing musculature of the adult man-
tle. We did not determine if the ventral LRM cells exhib-
it all of the characteristics of apoptosis (cf. Coles et al.
1993), but we would argue that the (i) disassembly of the
myofibrillar apparatus, (ii) shrinkage and apparent frag-
mentation of these muscle cells (resulting in the ob-
served increase in the number of ventral F-actin-staining
bodies during metamorphosis), and (iii) subsequent dis-
appearance of these F-actin-staining bodies together sug-
gest that these ventral LRM cells undergo a form of pro-
grammed atrophy, as predicted by Crofts (1937).

Within 24 h of the induction of metamorphosis, we
observed a differential response in the ventral and dorsal
cells of the LRM; HrTM1 mRNA decreased to undetect-
able in the ventral cells, while increasing markedly in the
dorsal cells (Fig. 4B, C). The depletion of transcripts in
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the ventral LRM occurred approximately 48 h before
gross myofibrillar degeneration (Figs. 1, 4), suggesting
that a programmed pathway specifying the destruction of
certain myofibrils is regulated by morphogenetic signals
that originate from the larval chemosensory receptors
(cf. Degnan and Morse 1995). Programmed cell death is
a common fate of redundant larval tissues at metamor-
phosis in a wide range of taxa (Ellis et al. 1991). In the
moth, Manduca sexta, the intersegmental muscle cells
die during metamorphosis; prior to death, the number of
actin and myosin mRNAs and proteins in these cells is
reduced by repression of gene expression (Schwartz et
al. 1993). Our data from H. rufescenssuggest that either
repression of HrTM1 (cf. Schwartz et al. 1993) and/or
increased mRNA degradation is occurring in the ventral
cells of the LRM. In contrast, in the dorsal cells of the
LRM, HrTM1 mRNA increased before we saw the
changes in myofibril content that correspond to a transi-
tion from larval to adult muscle form (Figs. 1, 4). Our
data thus indicate that induction or repression of HrTM1
mRNA accumulation occur differentially in the two dis-
crete populations of cells in the LRM prior to changes in
the muscle phenotype. These simultaneous and opposite
responses to morphogenic activation suggest that either
preexisting differences in these cells, or a signaling event
along the dorsoventral axis, might be responsible for the
differential specification of dorsal and ventral LRM cell
fates.

Accumulation of HrTM1 mRNA precedes
myofibrillogenesis in the columellar muscles

In the postlarval CM, there is a significant lag between
HrTM1 mRNA accumulation and myofibril assembly. At
metamorphosis, HrTM1 transcript accumulation in the
median mesoderm begins almost 7 days prior to myofi-
brillar assembly (Figs. 1, 4). This is in contrast to the
LRM, RSM and foot musculature, in all of which myofi-
brillar assembly appears to be more closely coupled tem-
porally with HrTM1 mRNA accumulation. These results
suggest that different post-transcriptional regulatory
mechanisms may be operating to control myofibrillogen-
esis in different populations of myoblasts. For example,
it is possible that, in the Haliotis CM, other essential
myofibrillar gene products are not synthesized concomi-
tantly with HrTM1, thus preventing myofibril assembly
in concert with the accumulation of HrTM1 mRNA. A
majority of vertebrate sarcomeric structural gene
mRNAs accumulate within 1 day of maturation of mus-
cle fibers (e.g. Cox et al. 1991; Lyons et al. 1991), but
there are cases of greater time lags in other gene sys-
tems. For example, perinatal myosin heavy chain (MHC)
mRNA accumulates in mouse myogenic cells 5.5 days
prior to perinatal MHC detection (Lyons et al. 1990).
With this mouse example in mind, we argue that our re-
sults are consistent with the suggestion that translational
and/or post-translational regulatory mechanisms can
control myofibril assembly. The dramatic onset of myo-

fibrillogenesis in CM progenitors (Fig. 1F) suggests that
the prior accumulation of large quantities of structural
gene mRNA may be part of a developmental mechanism
to facilitate rapid myogenesis and muscle growth in this
tissue. Complete elucidation of the regulatory mecha-
nisms governing myofibril assembly will require charac-
terization of transcript accumulation for the other struc-
tural genes involved, and analyses of translation and deg-
radation of the messenger transcripts.
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