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Abstract The spatial and temporal association of mukKey words Abalone - Competence - In situ
cle-specific tropomyosin gene expression, and myofibnybridization - Larva - Muscle call
assembly and degradation during metamorphosis is ana-
lyzed in the gastropod molluddaliotis rufescensMeta-
morphosis of the planktonic larva to the benthic juvenilatroduction
includes rearrangement and atrophy of specific larval
muscles, and biogenesis of the new juvenile museélig§ogenesis and myofibrillogenesis are integrated close-
system. The major muscle of the larva — the larval retrégin muscle cell development. Activation of the battery
tor muscle — reorganizes at metamorphosis, with twbmuscle-specific structural genes accompanies terminal
suites of cells having different fates. The ventral cells ddifferentiation of myocytes, and represents the first step
generate, while the dorsal cells become part of the dewelmyofibril synthesis (Epstein and Fischman 1991). We
oping juvenile mantle musculature. Prior to these changwe analyzed these myogenic processes and the pro-
es in myofibrillar structure, tropomyosin mRNA prevagrammed degradation of specific muscle cells during the
lence declines until undetectable in the ventral cellmetamorphosis of the larva of the gastropod mollusc,
while increasing markedly in the dorsal cells. In the fobfaliotis rufescengred abalone). In the abalone larva,
muscle and right shell muscle, tropomyosin mRNA leexogenous-aminobutyric acid (GABA, an analog of the
els remain relatively stable, even though myofibril comatural GABA-mimetic peptide inducer) activates a re-
tent increases. In a population of median mesoderm cebgtor-dependent signal transduction cascade that induc-
destined to form de novo the major muscle of the juves the swimming larva to settle from the plankton, begin
nile and adult (the columellar muscle), tropomyosin egtantigrade locomotion, and metamorphose to the adult
pression is initiated at 45 h after induction of metamaqiMorse et al. 1984; Trapido-Rosenthal and Morse 1986;
phosis. Myofibrillar filamentous actin is not detected iBaxter and Morse 1987; Morse 1992). This convenient
these cells until about 7 days later. Given that patternsyéfthod for the controlled, synchronous induction of
tropomyosin mRNA accumulation in relation to myofimetamorphosis facilitates analysis of the programmed
bril assembly and disassembly differ significantly amonfggradation of redundant larval muscles, the rapid re-
the four major muscle systems examined, we suggesidelling of larval muscles that are recruited into the
that different regulatory mechanisms, probably operatisgnergent musculature of the juvenile, and the de novo
at both transcriptional and post-transcriptional levelgiyyogenesis of juvenile muscles.
control the biogenesis and atrophy of different larval and In the gastropod larva, muscle cells first develop from
postlarval muscles at metamorphosis. the mesoderm of the early trochophore (Verdonk and van
den Biggelaar 1983). Inl. tuberculata six dorsolateral
spindle-shaped muscle cells comprising the developing

Edited by D. Tautz larval retractor muscle (LRM) elongate and migrate
down the left side of the trochophore as it undergoes
D.E. Morse morphogenesis to the veliger (late larval) form. These

Celltlar and Developmental Biology, University of Caifornia,  CelIS converge in the posterior of the veliger, where they
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the right shell muscle (RSM) — has been reported to gReverse transcriptase-polymerase chain reaction (RT-PCR)
rise to the major muscle system of the adult, the colu@fPplification, cloning and sequencing

ellar muscle (CM; Crofts 1937). . cDNA templates were prepared from 168-pfrufescendarval

To characterize the morphogenesis, atrophy and g and amplified by PCR with degenerate oligonucleotide prim-
structuring of the major larval and postlarval (juvenileys that annealed to conserved regions of the tropomyosin gene —
muscle systems at metamorphosisiaiotis, we investi- primer T1 (3 ATGGAYGCNATHAARAARAARATGCARGCN

; p ) annealed to codons 1-10, primer T2 YA CNGCNCKNGT-
gated patterns of accumulation of tropomyosin MRNGCNGEyTCYTTNARYTT 3) to codons 240-231. The resul-

and myofibrillar filamentous actin (F-actin; cf. Nagrant RT-PCR product was blunt-ended, gel purified and cloned into
anuma et al. 1994, for our related studies in tissue QuBSK+ (Stratagene), and six randomly selected recombinant colo-
ture). The tropomyosin gene, encoding an actin-bindihgs were sequenced. Methods for preparation of total RNA and

; ) in i NA, PCR amplification, cloning and sequencing were as de-
protein largely confined to the thin filaments of musclgériloed in Degnan and Morse (1993)

is regulated in a developmental stage-specific and tissU€tonomyosin gene-specific primers were used for the amplifi-
specific manner (e.g. Karlik and Fyrberg 1986; Reinaghtion of 3 and 3 cDNA ends (RACE; Frohman et al. 1988);

and MacLeod 1986; MacLeod and Gooding 1988; BantisS1 (3 CTTCTGCTCTTCGGTATCCCTT 3 annealed to co-
man 1992). Characterization ¢faliotis tropomyosin dons 36-30, and TGS2'(EAGTGAACAAGAGGCATCTCAG

- . - ') to codons 209-216. For RACE, cDNA was tailed in the
mRNA accumulation in concert with analyses of the fngesence of terminal transferase and dCTP using RABE kit

mation Of myOflbrlllar F-actin thus aI.IOWS examinatio BRL) The 5 RACE product was generated by amphfymg this
of two distinct regulatory processes in the developmeaited cDNA using an anchor primer' (§GCCACGCGTCGA-

of muscle: structural gene expression and myofibrillGTAGTACGGGIIGGGIIGGGIIG 3) and TGS1 following the in-
ctions of the manufacturer. For BACE, oligo(dT) adaptor-

. "
genesis. Our data reveal that patterns of tropomyogﬁlﬁ]ed (5 GGCCACGCGTCGACTAGTAC(T), 3) cDNA was
mRNA accumulation in relation to myofibril assembl¥mpiified using an adaptor primer’ (6GCCACGCGTCGACT-
and disassembly differ significantly among the four maeTAC 3) and TGS2 following the instructions of the manufac-
jor muscle systems examined. These results indicate thegr. The major Sand 3 RACE products were purified, cloned

i i ; three randomly selected recombinant colonies sequenced. The
different regulatory mechanisms, probably operating ?‘gACE clones were cycle sequenced using TGS1, and either SK

both trans_cription_al and post—transcriptional levels, cofy-ks primers. The '3RACE clones were sequenced with TGS2,
trol the biogenesis and atrophy of different larval argk or KS, and two tropomyosin-specific sense primers that an-
postlarval muscles. nealed to the'3untranslated region.

Northern and in situ hybridization analyses

Materials and methods

For northern hybridization analyses, 1§ of total RNA/lane was
Animals and larvae resolved on a 1% agarose/formaldehyde denaturing gel and capil-

lary blotted onto Hybond-N membrane (Amersham). Probes were
H. rufescensdults were maintained in flowing, ambient tempergynthesized from a linearized recombinant plasmid containing the
ture (14—16°C) sea water and induced to spawn by hydrogen-fg¢R product corresponding to codons 1-240 of the open reading
oxide treatment (Morse et al. 1977). Larvae were maintainedfi@me (ORF) (pTR1A), using T3 and T7 RNA polymerases in a
the laboratory at 15°C. Nine-day-old larvae were induced to se{ﬁ@cuon mixture containing digoxigenin-11 uridine triphosphate
and metamorphose by the addition ofélBl GABA in the pres- (UTP). The membrane was hybridized with the antisense digoxi-
ence of rifampicin (2 mg/ml) as described previously (Trapido-R enin-labeled tropomyosin riboprobe, under stringent conditions,
senthal and Morse 1986). A single cohort of eggs, embryos, lar lowing the protocol recommended by the manufacturer of the

and settled juveniles was used for RNA isolation, F-actin stainifgoxigenin-11-UTP (Boehringer-Mannheim); after hybridization
and in situ hybridization analyses. Ages are indicated as hofilg membrane was washed three times in 0.5 x sodium sodium ci-

ilizati i i ). trate (SSC), 0.1% sodium dodecyl sulfate (SDS) at 65°C. An auto-
post fertilization (hpf) and hours post induction (hpi) 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-
ibed in Degnan et al. (1995). Specificalaliotis larvae and
Stlarvae were hybridized to digoxigenin-labeled anti-sense and
ense tropomyosin cDNA riboprobes at 0.1 ng prabeybridiza-
fon solution. Prior to use, riboprobes were hydrolyzed in 30 mM
a,CO;, 20 mM NaHCQ (pH 10.2) at 60°C for 10 min, and neu-
lized by the addition of an equal volume of 200 mM NaOAc,
§0 (v/v) acetic acid (pH 6.0; Cox et al. 1984). The sense ribo-
obe was used as a negative control in the hybridization analyses.
ridization patterns were visualized by light microscopy using
Zeiss microscope equipped with Normarski optics.

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 d
wise addition of 1 M MgC}-sea water to the 100 ml cultures, an
then fixed in 4% (w/v) paraformaldehyde in 100 mM Hep
(pH 6.9), 2 mM MgSQ, 1 mM ethyleneglycol tetraacetic acid
(EGTA) for 3 h. Fixed samples were washed twice for 5 min
phosphate-buffered saline (PBS), extracted for 1 min in cold a
tone, rinsed for 30 s in PBS, incubated in a 1:10 dilution
BODIPY-phallacidin in PBS for 1 h, washed three times in P
for 2 min each, and mounted in 1:1 PBS:glycerol. Stained sampl
were examined on a BioRad 600 laser confocal scanning mi
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.
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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 anteriorright. A Veliger larva
Myofibrillogenesis and muscle atrophy at metamorphos#s 168 hours post fertilization (hpf) with fully developed larval
o . musculature; the larval retractor muscle (LRNMm), originating
Myofibrillar F-actin was detected by laser confocal mposteriorly, has extensive connections to head, foot, velum and

croscopy after BODIPY-phallacidin staining. In this sefantle; the foot musculaturér is well developed and individual

; ; S ofibers are present in the head and cephalic tenBadtestlar-
tion, we describe myOfIb””ar structure and amount myof 24 hours post induction (hpi); LRM myofibril staining is re-

v
each of four muscle systems (the larval retractor musﬁ%‘oed in cephalopedal region; myofibrils associated with mantle
the right shell muscle, the foot muscle and the columel@ain intact; the right shell muscle (RSKm) is stained in-

muscle), first at a representative stage prior to inductiortesfsely.C Postlarva of 42 hpi; myofibrils of LRM increase in
metamorphosis and then in a time series post-inductionprominence in posterior portion of ventral fibesdrify) and re-

: in intact throughout dorsal LRMII¢m); myofibril content of
At 168 hpf, the veliger larvae became competent t and RSM have increaseD. Postlarva of 70 hpi; numerous

settle and_ metamorphose (Morse ]_-992)- At this stage, filigrescent cell bodiesafrowhead$ and shortened myofibrils are
LRM projected from the posterior shell attachmentl that remain in posterior region of ventral LRM; dorsal LRM in
plague (0 the mantle and cephalopedal regions (Fig. I8, nane are edent oot mscar copinies o norese.
The RSM and'extenswe foot r_nuscula_ture was pres‘%:u rescent cell boaiesa(rowheadss and shortened ventral LRM
and an extensive network of single, discrete myofibril§ofibrils are still presente Postlarva of 204 hpi; dramatic in-
was located under the epidermis throughout the velgnaases in myofibrillar content of posterior portion of foot and me-
and cephalopedal region, including the cephalic tentacléa mesoderm cellsr(m); new myofibrils connect these two re-

; ; ; ; ions @rrowhead$; myofibrils also project from mesoderm to
(Fig. 1A). No further increase in muscle size or Corﬂead and mantlesfnhall arrow3. Increased myofibril content and

plexity in any of the muscles was observed after thigaiacidin staining reduce relative contribution of background au-
stage until metamorphosis was induced. tofluorescence; LRM-derived mantle myofibrildim) are faint
Within 24 h post-GABA induction (hpi), plantigradeelative to foot and new myofibrils. Larva and postlarvae are
attachment, abscission of the larval velum and initiati@f® Pm maximum diameter in all panels (magnifications differ).
of adult shell synthesis occurred. At this time, increas ﬁiﬂrﬁm f,%?ltj?ﬁ\'edg digestive glande eye spotm mantle,o
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 connexganized F-actin-containing cell bodies (Fig. 1D). There
tions to the velum, and the consequent posterior contraas no significant change in myofibril staining in these
tion of the fibers of this larval muscle. Some LRM atrentral cells from 70 to 134 hpi (Fig. 1D, E and data not
tachments to the foot remained intact until after 42 hghiown). In marked contrast, there was a conspicuous in-
(Fig. 1C). By 70 hpi, the LRM had lost all connectiogrease of myofibrillar content of the dorsal LRM cells
with the cephalopedal region and the ventral LRM cetisiring this period. After 134 hpi, only the dorsal LRM
had degenerated to short myofibrillar assemblies or digas detectable by phallacidin staining (not shown).

Results
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In the foot, myofibrillar content was observed to in- 10 20 30 40 50 60

. . . . HrTM1 MDAIKKKMLAMKMEKENAVDRAEQNEQKLRDTEEQKAKIEEDLNNLQKKCANLENDFDSV

crease slightly following the induction of metamorph@s-2  ------------------ I--=--M---V--V--T-N-L--EF------ F$--0----Ta
. . -1  —m—m—mm—mmm——mo———I---——M---- - V--T-N-L--EF----N-F§--Q---- T
sis. Between 42 and 204 hpi, the musculature of the J88- o o 1 1 - e —v-v-s1 KKK -ERE_R-SBIAE-NN-MKQAGT-C-2A
terior region of the_ foot mcreased_ significantly s T T e Ao ooy aron
(Fig. 1C—F), with two primary bands of this new muscfe-? =~-—--=---0---L--D--I-K-DIC-NOAK ANSRAD-LN-EVRD-E--FVQU-1-LVTA
encircling the dorsal and ventral edges of the foot, cegfiskp -------- QML-LD---~T---- A-ADKKQA-DRCKQL--EQQA----LKGT-DEVEKY
nected by a row of evenly spaced secondary fib&Jg3® gD e e e D
(Fig. 1D-F). The RSM showed no detectable change in "0 5 0 100 110 120
size fo||owing induction of metamorphosis_ HrTMl NEQVQVAMAKLETSEKRVTEMEQEVSGTTRKITLLEEDLERNEERLQTATERLEEASKLA
. Bg-2 ==~GLTE~QT~==A==~H=A=L=SDTA~LN~R~Q~=====-~ S——==-= S==-K-==---- A-

In the median mesoderm of the post-larva, there wags-a --crre-or---a---#-A-L-SDTA-LN-R-0-------- §=--=-5==-K----=- a-
first appearance of myofibrillar F-actin at 204 hl s Sl et oot a o rer R RO DB Sy oot Ae
. _ ; . 3 K 2 @ -77BTD--A-~A-A--ASLOKR-RQ--DE--§T-T--
(Fig. 1F); F-actin was not detected in this region At g e e re-—-sn--ogr-1--7as-
188 hpi (not shown). The new myofibrils projecteg-sko s-auxp-ge---1a--KA-DA-AD-ASLN-R-Q-V--E-D-AQ---A--LOK--—-E-A-

Hs-skf S-S-KE-QE---QA--KA-DA-AD-ASLN-R-Q-V--E-D-AQ---A--LQK----E-A-

dorsoventrally from the posterior of the foot to the C&~36 s-s-xr-0s---0a--kA-DA-AD-ASLN-R-Q-V~-E~D-AQ---A-~LOK~---E-A-

phalic region between the eyes (Fig. 1F). These larggF:> SAH @ a8 tAT KA DATRDTASINTR-QV =B -DoAQ A= TLQK- == -E A
aCtIn_COntalnlng meSOdermaI Ce”S Were Iocated In the qu‘b-dl DESERGA;\BIEESRSLAD;égIDQLEAQiigAKYIAED;SI&KYDEAAR;ZQITEVDLE;?\Z
gion of the CM, the major muscle system of the adult. ss-z - ------re----------i-6- oo
Sxi—l E-----RKD--I--I----- LN---D-Q----———=-- D——--
Sm-2  ==-D--RK-—-N-TF--E---N-—-E—-~~-§TFM-~~~D-———
. . Dm-2  ——-—- ARKI--N-A-—--E--M-A--N--—--RFL--E-DK--- MV-A --
TFODOmYOSIn Sequence ana|ySIS Dm-1  —-NN-MCK---N--QQ----M-—-TN--—=-— RML----DT-§--V§----FV-DE--V--
Hs-skO ——---- MK-I---AQK-E-KMEIQ-I=~~==~H-===-D==-E-V-==-V-I-§-—=---
Sequence analysis of clones derived from the degenefafeh T2 i i N A s rero oo syt ce- o
oligonucleotide RT-PCR, and @and 3 RACE products #*™%* - e
(720, 366 and 1406 bp, respectlvely) confirmed that a”H(r)’IMl ARLEAAE}\?(?LELEEELig\OIGNNMKSLEigEQEASQRgggYEE}TIRDi’?‘gRLKDAEN;g’?‘
the PCR products analyzed represented the same trepo---------- To-msoemesesoooooooooeoo- §-mmmmmmmomoooooooooe
. . Bg-1  —-—-—----o W--D---HI----I-T-S-QNDQ---~-- S=Q-————————
myosin sequence. A composite 2217Hbprufescensro-  sm1 - §m—y=mmm- N P TN 7 E-—-A--Q---
T

pomyosin HrTM1) cDNA sequence was obtained (Gers 2 ;oo s Iy T h e

E
Bank/EBI accession No. X75218). The dedueg@M1 bm-1  D-VRSG-5-—tt-----o--——- SL---=-V--EK-N--VEEFKREMKT-SIK--E--0--E
. Hs-skOt E-A-LS-G-CA-----—-- T-T--L----AQAEKY--K--R---E-KV-SDK--E--T--E
protein sequence conformed closely to the structures@fcp e-a-v--s-coo------ I-T==L===-BOADKY~TK~--K--~E-KL~EFK-~E-~T--F
other metazoan tropomyosins, exhibiting a periodic di&=53° & s 1s covna - o RIMDOTL A MAR DKY- K- R 5Ky ook 51 &

tribution of hydrophobic and charged residues in a con- 250 260 70 250
tiguously repetitive peptide of 7 residues (McLaChIan HefMl EAERTVSKLOKEVDRLEDELLAEKEKYKATSDELDQTFAELAGY

al. 1975). Of the 82 residues, 73 at the 1st and 4th pébi —--------- "I TIIRI I S0tee s
tions of this canonical repeating heptapeptidéliM1 i) 229 o SRS
are hydrophobic, and 56 of the 80 residues at the 5th gl F-=-s-0-77--777--b-vi--R-b-gp--ra-v-TiKe 56.9/69.0
7th positions are charged; the properties of the residues-ate r---s-1--g-51-p-----y-Q-1------F---HALNDMTST 53.9/65.8
these positions form the basis of the coiled-coil structyEe s Fo o e D e T s eers

0

of tropomyosin (McLachlan et al. 1975; Karlik and Fyfe-£3 Fr--S-T--E-SI-D--EKVARA--ENLSMHQU----LL-"NNM  48.9/62.

berg 1986; Mische et al. 1987). The deduced sequencgigfz Alignment of derived tropomyosin protein sequence from

HITM1 exhibits varying degrees of similarity to theyzliotis rufescens(HrTM1) with muscle tropomyosin isoforms
tropomyosins of other metazoans (Fig. 2), being md&im the gastropodiomphalaria glabrata(Bg), the trematode
similar to tropomyosins expressed in the gastropod mdghistosoma mansog8m Xu et al. 1989; Dissous et al. 1990;
lusc Biomphalaria glabrata80-84.2% identity), and the ¥e3ton angK%mp 1199983£)r°5°ghr']'a('3r|2’ Basi and Stortl 1986;
de flatwormSchistosoma mansoii62.6—-67.7% O e Y ey, ). and humahd skeletal musclesk
Fremqto - . : Mische et al. 1987; MacLeod and Gooding 1988; Widada et al.
identity; Xu et al. 1989; Dissous et al. 1990; Weston amgBs) and fibroblastsf;( MacLeod et al. 1985; Lin and Leavitt
Kemp 1993);HrTML1 is less similar to theDrosophila 1988).Dashesindicate identity;paired valuesat the end of each
tropomyosins (51.8-56.6%; Basi and Storti 1986; Karlﬁ?quer?tc%”;]?i'tcaitﬁ percent of identity mhtl,lottiistiser? uei}{:/?L?mT(is-
and Fyrberg 1986). Being expressed in larval and posti. 5. ,S],Q;VF,YCNL\',) g conservative substitutions (I/V/L; T/S;
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%; MaclLeod . . . -
et al. 1985: Mische et al. 1987: Lin and Leavitt 198Eyosm transcript of approximately 2.3 knt hybridized to

MacLeod and Gooding 1988; Widada et al. 19g§'€ cloned 720-bp PCR product, and accumulated
Fig. 2). ’ rough larval and early post-metamorphic development

(Fig. 3). TheHrTM1 probe used in this investigation cor-
responds to conserved codons 1-240, and should cross-
Developmental appearance of the 2.3HAEM1 mRNA  hybridize with transcripts encoding other tropomyosin
isoforms expressed from the same locus (cf. Karlik and
Northern blot analysis of total RNA from egg, embryo&yrberg 1986), but not necessarily those from other loci
larvae and postlarvae demonstrated that a single trof@g. Bautch et al. 1982). ThisrTM1 mRNA was first
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N PR & larvae that were not induced to metamorphose, transcript
RS abundance decreased earlier, by 240 hpf (Fig. 3, last
QR PP V4™ Jane).

7.5 -
4.4 - Wt ; Spatial expression ¢irTM1 during metamorphosis
2377 o @ 7% ‘m~ HrTM1 expression was detected by light microscopy af-
135 - o BF % ter whole-mount in situ hybridization using digoxigenin-
i b : f labeled cDNA riboprobes. In this section, we describe

patterns ofHrTM1 expression in each of four major
Fig. 3 Northern blot analysis ofrTM1 transcript accumulation muscle systems (the LRM, RSM, foot muscle and CM),
through embryogenesis, larval development and metamorphofiist at a representative stage prior to induction of meta-
Competent larvae were induced to settle and begin metamorphagrphosis and then in a time series post induction.

at 210 hpf. Each lane contained 71§ total RNA. The rRNA .
bands in each lane were of equal intensity in the ethidium bro-In the 168-hpf competent veliger larvajrTM1

mide-stained gel and on the membrane after transfer (not shodRNA was detected in the LRM, RSM, mantle, foot,
indicating equal loading of RNANumbers in horizontal rovare head and cephalic tentacles (Fig. 4A), in a spatial pattern
hours post fertilization (hpf), followed where appropriate by hgyhich resembled that of myofibrillar F-actin staining
(for samples from induced postlarva@yumbers at leftare knt

from standard. O 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 Iarvaggg. 4A—F Spatial accumulation dfirTM1 mRNA during meta

_ ! orphosis. All micrographs are lateral views with antetior

%Eﬁgoh PEf c;stl\;\l/lggrurlgglrazincomggri%tr troqsgletamorpho ht, except D which is a dorsal view with anteriorlower right
pr=p going pre corner. Abbreviations as in Fig. 1A Veliger larva of 168 hpf;
HrTM1 transcripts present in LRM, RSM, fod),(mantle and ce-
phalic tentacle muscle® Postlarva of 24 hpiHITM1 mRNA

detected in the 24-hpf larvae (upon longer exposureﬁﬁﬁ“dam in most dorsal LRM cells; transcripts rare in ventral

e - . - M cells.C, D Postlarvae of 45 hpi; transcripts limited to mantle
the northern blot hybridization filter in Fig. 3) and conFry celis @irm), foot and a population of dorsal median meso-

tinued to accumulate to about 171 hpf; this is close to d@m cells mpCM progenitors); dorsal viewD) shows that the
time at which the veliger larva becomes competent distribution of cmp cells expressing tropomyosin is bilaterally
settle and metamorphose (Morse 1992). There W§¥g1metrical; no transcripts detectable in ventral LEMRostlarva

; .~ 0f 94 hpi; transcripts abundant in foot, RSM and CM progenitors.
small changes in the level 6frTM1 abundance during F Postlarva of 188 hpi; transcripts remain abundant in foot, RSM

early metamorphosis, with overall transcript abundanggj cm progenitors. Larva and postlarvae are g@0maximum
decreasing by 119 hpi (equivalent to 329 hpf). In siblintpmete-
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(Fig. 1A). In both the foot and RSM, the amount and diglentity, in the gastropod. glabrata (Dissous et al.
tribution of HrTM1 mMRNA remained stable from this1990; Weston and Kemp 1993). Using degenerate prim-
stage right through to 188 hpi (Fig. 4). ers T1 and T2, and the RT-PCR and cloning procedures

At 24 hpi, HrTM1 mRNA was detected primarily indescribed above, we recently identified a single tropo-
the posterior ends of the most dorsal cells of the LRMlyosin gene that is expressed in the adult columellar and
(Fig. 4B), the most dorsal cells being those which remairantle muscles of the tropical abalokk,asinina(Co-
associated with the mantle of the postlarva. By 45 hpnihan and Degnan, unpublished data) and is nearly
transcripts were detected along the entire length of theentical toHrTM1 (the first 917 nt, comprising the 5
dorsal LRM cells (Fig. 4C), but this expression subsgTR and a portion of the ORF, are 94.9% identical and
quently decreased from about 94 hpi onwards (Fig. 4Be first 230 amino acids are 96.5% identical). The iden-
F) despite the presence of myofibrillar F-actin in thetification of a very similar tropomyosin gene in a differ-
cells at this stage (Fig. 1E, F). A contrasting pattern west species dflaliotis supports the contention that a sin-
observed in the ventral cells of the LRM, which attagie tropomyosin is expressed in the major muscles of the
anteriorly to the velum and the cephalopedal domaabalone larva, postlarva and adult.
Here, HITM1 expression decreased substantially be- As evidence against the ‘multiple-transcript’ interpre-
tween the veliger stage at 168 hpf and the postlarvaaion in our case, we point out that (i) northern blot
24 hpi (Fig. 4A, B), and transcripts were no longer danalysis indicated that only one size of tropomyosin
tectable by 45 hpi (Fig. 4C). transcript hybridized to the probe (corresponding to resi-

In a discrete population of cells in the median mesdues 1-240 of the ORF) used in this study, (i) PCR am-
derm located behind the eyes, there was a sudden glifetation with degenerate oligonucleotide primers gen-
dramatic accumulation dfirTM1 transcripts at 45 hpi erated only a single tropomyosin product, and (iii) iden-
(Fig. 4C, D), followed by progressively more ventral meical in situ hybridization results were obtained using a 3
sodermal expression from 94 to 188 hpi (Fig. 4E, F)boprobe corresponding to nts 869-2217 (results not
This expression corresponds to a region of F-actin acehewn). We acknowledge that these experimental results
mulation in the 204-hpi postlarva (Fig. 1F). In this corcannot preclude completely the possibility that multiple
text, it is of interest that Crofts (1937) reported fronypes of tropomyosin mRNA are simultaneously ex-
light microscopy studies oH. tuberculatathat the CM, pressed in the developirdaliotis larvae or postlarvae.
the major muscle of the adult, appeared to arise from thewever, comparison of the in situ hybridization data
RSM. Our observations ¢irTM1 mRNA accumulation with those on the accumulation of myofibrillar F-actin
(Fig. 4) and myofibrillar staining (Fig. 1) iH. rufescens strongly suggests that the 2.3 kitTM1 mRNA is ex-
suggest instead that the CM develops from these mpoessed in most, if not all, larval and postlarval muscles.
genic cells in the dorsomedial mesoderm, which subse-
quently extend both ventrally and dorsally to connect the
foot to the dorsal shell. Changes itHrTM1 mRNA in LRM cells

at metamorphosis

Discussion The induction of separate fates of the dorsal and ventral
cells of the LRM at metamorphosis is documented both
The in situ hybridization analyses described here hdwe the changes in LRM myofibrillar structure (Fig. 1)
revealed complex spatial and temporal changes aind by the differential accumulation BffTM1 mRNA
HrTM1 mRNA accumulation inH. rufescensmuscles (Fig. 4). Crofts (1937) long ago observed via light mi-
during metamorphosis. One interpretation of this comroscopy that, at metamorphosisHntuberculata some
plexity could be that divergent tropomyosin transcripts the LRM cells atrophy, while others become incorpo-
are being expressed simultaneously in larval and postlated into the developing musculature of the adult man-
val muscles. Indeed, there are cases in other (non-ntlel- We did not determine if the ventral LRM cells exhib-
luscan) animals where different isoforms of muscle tri-all of the characteristics of apoptosis (cf. Coles et al.
pomyosin mRNA, derived from a single locus, each at893), but we would argue that the (i) disassembly of the
expressed in a developmentally-restricted manner (Karyofibrillar apparatus, (ii) shrinkage and apparent frag-
ik and Fryberg 1986; MacLeod and Gooding 1988nhentation of these muscle cells (resulting in the ob-
However, these cases were easily detectable via nortlemrved increase in the number of ventral F-actin-staining
blot analyses conducted with a single tropomyodiwdies during metamorphosis), and (iii) subsequent dis-
probe, because the different isoforms typically are eappearance of these F-actin-staining bodies together sug-
coded by transcripts of different lengths. In molluscgest that these ventral LRM cells undergo a form of pro-
electrophoretic analyses of adult muscle tropomyogirammed atrophy, as predicted by Crofts (1937).
have lead to the general conclusion that only a singleWithin 24 h of the induction of metamorphosis, we
peptide exists, in contrast to the two chains found in vebserved a differential response in the ventral and dorsal
tebrates (reviewed in Chantler 1983), although more sells of the LRM;HrTM1 mRNA decreased to undetect-
phisticated analyses recently have revealed two troporapile in the ventral cells, while increasing markedly in the
osin cDNAs, with open reading frames (ORFs) of 94.786rsal cells (Fig. 4B, C). The depletion of transcripts in
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the ventral LRM occurred approximately 48 h beforfébrillogenesis in CM progenitors (Fig. 1F) suggests that
gross myofibrillar degeneration (Figs. 1, 4), suggestitige prior accumulation of large quantities of structural
that a programmed pathway specifying the destructionggine mRNA may be part of a developmental mechanism
certain myofibrils is regulated by morphogenetic signais facilitate rapid myogenesis and muscle growth in this
that originate from the larval chemosensory receptdissue. Complete elucidation of the regulatory mecha-
(cf. Degnan and Morse 1995). Programmed cell deatmisms governing myofibril assembly will require charac-
a common fate of redundant larval tissues at metamiarization of transcript accumulation for the other struc-
phosis in a wide range of taxa (Ellis et al. 1991). In theral genes involved, and analyses of translation and deg-
moth, Manduca sextathe intersegmental muscle cellsadation of the messenger transcripts.

die during metamorphosis; prior to death, the number of
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