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Summary

Specific probes were used to examine the accumulation
of muscle actin mRNA during embryonic development
of the ascidian Styela. Clones of a muscle actin gene
were obtained from an adult mantle cDNA library.
Four lines of evidence indicate that these clones
correspond to a muscle actin gene. First, their coding
regions share 11 of 14 diagnostic amino acid positions
with mammalian smooth and skeletal muscle actins.
Second, subclones that contain only the 3' noncoding
region of the gene select mRNA coding for muscle
actin, while subclones that include the coding region of
the gene select mRNA coding for muscle and non-
muscle actins. Third, a probe that contains only the 3'
noncoding region detects a single band, corresponding
to a 2 kb transcript, while a probe that includes the
coding region detects the 2 kb transcript and at least
one other band, presumably a cytoplasmic actin
transcript. Fourth, the 3' noncoding region probe
detects transcripts only in muscle cells and their
precursors, while the coding region probe detects
transcripts in muscle and nonmuscle cells. The muscle

actin transcript is present at very low levels in eggs and
early embryos, begins to accumulate between the early
gastrula and tailbud stages, and by the tadpole stage
attains a level about 25-fold higher than in the egg. In
situ hybridization showed that embryonic muscle actin
transcripts are restricted to the muscle cell lineages.
These transcripts were initially observed in primary
muscle lineage cells (descendants of the B4.1 blasto-
meres) at the early gastrula stage and continued to be
present in these cells throughout embryonic develop-
ment. In contrast, muscle actin transcripts did not
appear in secondary muscle lineage cells (descendants
of b4.2 and A4.1 blastomeres) until the mid-tailbud
stage, and were not detected in mesenchyme cells, the
presumptive adult muscle cell precursors, at any time
during embryonic development. The results suggest
that muscle actin gene expression is subject to spatial
and temporal regulation in the muscle cell lineages.

Key words: differential gene expression, muscle actin
mRNA accumulation, muscle cell lineages, ascidian
development.

Introduction

Muscle cell development in ascidian embryos is a
classic example of the specification of cell fate by
factors localized in the egg cytoplasm (reviewed by
Whittaker, 1979; Jeffery, 1985; Uzman & Jeffery,
1986). About 40 muscle cells are present in the larval
tail of oviparous ascidian species (Katz, 1983). Most
of these cells originate from two vegetal-posterior
(B4.1) blastomeres of the 8-cell embryo. As first
recognized in the ascidian Styela (Conklin, 1905), the

B4.1 blastomeres obtain most of the yellow cyto-
plasm, a localized cytoskeletal domain in the egg
(Jeffery & Meier, 1983). The yellow cytoplasm in-
itially resides in the periphery of the unfertilized egg,
but it undergoes a series of dramatic rearrangements
soon after fertilization, resulting in the formation of a
yellow crescent in the vegetal-posterior region of the
uncleaved zygote (reviewed by Jeffery, 1984). Using
the pigmented cytoplasm as a marker, Conklin (1905)
constructed a fate map of the Styela embryo in which
the yellow crescent was shown to be distributed



752 C. R. Tomlinson, R. L. Beach and W. R. Jeffery

primarily to two cells of the 2-, 4-, and 8-cell embryo,
four cells of the 16-cell embryo, six cells of the 32-cell
embryo, and eight cells of the 64-cell embryo. After a
few more divisions, the descendants of these eight
cells differentiate into larval tail muscle.

Conklin's original observations relied on the
presence of yellow pigmentation for distinguishing
muscle cells and their progenitors in the embryo
(Conklin, 1905). More recently, other tissue-specific
components, including acetylcholinesterase (AchE)
(Durante, 1956; Whittaker, 1973), AchE mRNA
(Perry & Melton, 1983; Meedel & Whittaker, 1984),
muscle actin (Tomlinson, Bates & Jeffery, 1987),
myosin (Meedel, 1983; Nishikata, Mita-Miyazawa,
Deno & Satoh, 1987) and myofibrils (Crowther &
Whittaker, 1983), have been used as markers for
ascidian muscle cells. Using some of these markers, it
has been established that isolated B4.1 lineage blasto-
meres can differentiate into muscle cells auton-
omously (Whittaker, Ortolani & Garinella-Ferruzza,
1977; Crowther & Whittaker, 1984, 1985; Deno,
Nishida & Satoh, 1984; Nishikata et al. 1987). Fur-
thermore, when cytoplasm from B4.1 blastomeres is
redistributed to other blastomeres during third cleav-
age, some of the recipient cells subsequently develop
AchE (Whittaker, 1980, 1982). These results suggest
that muscle cell development is controlled by cyto-
plasmic factors segregated into the B4.1 blastomeres
with the yellow cytoplasm. Morgan (1934) first
suggested that localized egg cytoplasmic factors may
function by regulating differential gene expression in
cell lineages.

Recently, the idea that ascidian muscle cells are
derived entirely from the B4.1 blastomeres has been
revised according to the results of new fate maps
made by microinjecting horseradish peroxidase into
blastomeres of 8-, 16- and 32-cell embryos (Nishida &
Satoh, 1983,1985). The recent fate maps indicate that
muscle cells have multiple sources in ascidian em-
bryos. Although the muscle cells in the anterior and
middle portions of the larval tail are descended from
B4.1 blastomeres, those located in the posterior
portion of the tail arise from descendants of the
vegetal-anterior (A4.1) and animal-posterior (b4.2)
blastomeres of the 8rcell embryo. In isolation, de-
scendants of A4.1 and b4.2 cells express muscle cell
markers at relatively low levels (b4.2 cells) or not at
all (A4.1 cells) (Denoef al. 1984,1985; Nishikata etal.
1987; Meedel, Crowther & Whittaker, 1987). Since
muscle cell development in descendants of A4.1 and
b4.2 blastomeres does not appear to be as auton-
omous as in B4.1 lineage cells, it has been suggested
that they are specified by different mechanisms (Mee-
del et al. 1987). When considering the embryonic
origin of muscle cells in ascidians, it is also relevant
that the larval tail is resorbed during metamorphosis

(reviewed by Berrill, 1947); adult muscle is thought to
be derived from mesenchyme cells located in the head
of the tadpole (Katz, 1983). The mesenchyme cells
are also descendants of B4.1 blastomeres.

The multiple origins of ascidian muscle cells re-
quire a reassessment of the role of egg cytoplasmic
factors in specifying muscle cell development. Since
these factors may act by controlling gene expression,
our approach has been to isolate muscle-specific actin
probes to examine the temporal and spatial accumu-
lation of muscle actin transcripts. In this investi-
gation, we show that muscle actin mRNA accumu-
lates differentially in muscle cell lineages of the Styela
embryo.

Materials and methods

Biological materials
Styela plicata was obtained from Pacific Biomarine Inc.
(Venice, CA) or Marinus Inc. (Long Beach, CA). Some
experiments were also conducted with Styela clava (col-
lected at Woods Hole, MA), a species from which large
numbers of synchronously developing embryos can be
obtained. Animals were maintained in tanks containing
Instant Ocean artificial sea water or running sea water at
13-15°C. Gametes and embryos were handled and cultured
in Millipore-filtered sea water (MFSW) as described pre-
viously (Jeffery, Tomlinson & Brodeur, 1983). Gastrulation
was initiated at 3-5 h and neurulae were present by 5 h after
fertilization in embryos cultured at 17°C. The early, mid-,
and late tailbud stages were defined as periods from 5-7 h,
7-10 h, and 10-14 h postfertilization, respectively. Larval
hatching occurred at approximately 14h after fertilization.

The plasmid pBR322 was used for cloning the cDNA
library. Escherichia coli strain RR1 was used as the host for
transformation of the cDNA library. A chimaeric plasmid,
consisting of 1-6 and 1-8 kb Hindlll fragments of a Dros-
ophila melanogaster actin gene (DmA2) inserted into the
Hind\\\ site of pBR322 (Fyrberg, Kindle, Davidson &
Sodja, 1980), was used for the initial screening of the
mantle cDNA library. E. coli HB101 transformants
(Cohen, Chang & Hsu, 1972) were selected for ampicillin
resistance and tetracycline sensitivity. Plasmid amplifi-
cation was achieved with 170ftgml~' chloramphenicol.
Subcloning was performed in the DNA vector M13 mp8. E.
coli strain JM103 was transfected by DNA subcloned into
M13. The plasmid Bluescribe (Stratagene, San Diego, CA)
was used for DNA sequencing and synthesizing RNA
probes for various actin cDNA subclones. Other plasmids
grown in E. coli were selected by tetracycline or ampicillin
resistance and amplified as described above.

Isolation of DNA
Plasmid DNA was isolated by the cleared lysate procedure
(Clewell & Helsinki, 1970) and purified by banding to
equilibrium in CsCI. The ethidium bromide and CsCl were
removed (Davis et al. 1980), and DNA was precipitated
with ethanol and stored as described above.
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Isolation of mantle poly (A)+ RNA
The mantle (body wall) of adult animals, an organ com-
posed primarily of muscle, was surgically removed, dis-
sected clean of other tissues and minced into fine pieces.
The mantle pieces were homogenized in 10vol. of hom-
ogenization buffer (6M-guanidine chloride, 002M-sodium
acetate, and 0001 M-dithiothreitol) by 20 strokes of a
motor-driven Teflon pestle in a Dounce homogenizer and
total RNA was extracted by the guanidine-HCl method
(Deeley et al. 1977). The ethanol-precipitated RNA was
centrifuged at 12000g for 20min (-10°C), washed twice
with 70 % ethanol, dried under vacuum and resuspended in
H2O. Poly(A)+ RNA was isolated by oligo (dT)-cellulose
chromatography as described previously (Tomlinson et al.
1987). RNA samples dissolved in a small volume of H2O
were stored in liquid N2.

Preparation and screening of the mantle cDNA library
Mantle poly(A)+ RNA was used to synthesize cDNA in a
reaction mixture containing AMV-reverse transcriptase
(J. Beard, Life Sciences Inc., St Petersburg, FL) and an
oligo (dT) primer (Collaborative Research Inc., Lexington,
MA). The cDNA was treated with alkali to hydrolyse the
RNA template, neutralized and the 3' termini of the
cDNAs were tailed with dCTP using terminal transferase
(Land et al. 1981). The second strand was synthesized with
AMV-reverse transcriptase and the large fragment of E.
coli DNA polymerase I using an oligo (dG) primer. The
double-stranded cDNA was tailed at its 3' termini with
dCTP using terminal transferase and inserted into the Pstl
site of oligo (dG)-tailed pBR322 (Roychoudhury & Wu,
1980). E. coli RR1 transformants were selected for tetracyc-
line resistance and ampicillin sensitivity. The resultant
mantle cDNA library was screened as described by Man-
iatis et al. (1978) with the 1-8 kb Hindlll fragment of
DmA2, nick translated with 32P-dCTP (3000Cimmole"1
ICN Radiochemicals, Irvine, CA) (Rigby, Dieckmann,
Rhodes & Berg, 1977).

Sequencing of DNA
DNA fragments from selected cDNA clones restricted with
Pstl and Haelll were subcloned into the Pstl and Hindi
sites of M13mp8, respectively, and transfected into E. coli
JM103. Actin DNA was also subcloned into the plasmid
Bluescribe and used to transform E. coli strains JM101 and
JM109. The double-stranded Bluescribe actin clones were
denatured (Chen & Seeburg, 1985) and hybridized to a 17-
mer DNA primer (Stratagene) specific for Bluescribe.
Sequences of the M13 and Bluescribe subclones were
determined by the dideoxy chain termination procedure
(Sanger, Nicklen & Coulson, 1977) as modified by Biggen,
Gibson & Hong (1983). The sequencing reactions were
loaded on 8 % polyacrylamide gels.

Preparation of RNA probes
Complementary and reverse orientation RNA probes were
synthesized from the Bluescribe subclones using T3 or T7
RNA polymerase. Probes made with [32P]CTP (400-800 Ci
mmole~'; Amersham, Arlington Heights, IL) were syn-
thesized according to the accompanying protocol (Strata-
gene), except that the reaction contained 2mM of each

unlabelled nucleotide. Tritium-labelled RNA probes were
made using 100//Ci of each nucleotide.

Northern blot hybridization
For Northern analysis, RNA was resolved on 1 % agarose-
formaldehyde gels (Maniatis, Fritsch & Sambrook, 1982)
and blotted overnight onto Hybond-N (Amersham) using
0025M-sodium phosphate (pH7-0) as the transfer buffer.
Filters were prehybridized in 50% formamide, 4xSET
(lxSET is 0-15M-NaCl, 003M-Tris-HCl, pH80, 0-002 M-
EDTA), lxDenhardt's solution (Denhardt, 1966) and
0-2% sodium pyrophosphate, 1% SDS, 100figml"1

sheared, heat-denatured salmon sperm DNA at 42°C for
2-4 h. Radioactive probe was added to filters in prehybrid-
ization mix and incubated at 42°C overnight. The blots
were washed twice in 2xSSC, 0-1 % SDS, 0-2% sodium
pyrophosphate for 15 min at room temperature and twice in
lxSSC, 0-1% SDS, 0-2% sodium pyrophosphate for
30 min at 45°C for low stringency. For high stringency, blots
were subjected to an additional wash in 0-lxSSC, 0-1%
SDS, 0-2% sodium pyrophosphate for 30 min at 45°C.

Hybridization selection, in vitro translation, and two-
dimensional gel electrophoresis
Positive hybridization selection was carried out according
to the method of Durica, Schloss & Crain (1980). 10 /ig of
cloned DNA was spotted onto nitrocellulose filters and
incubated at 58 °C for 1-2 h in 50 [A prehybridization buffer
(50% formamide, 0-6M-NaCl, 0-lM-Pipes, pH6-4, 100ug
ml"' poly(A)). The filters were hybridized to approxi-
mately 90^g of total mantle RNA in 50/̂ 1 of hybridization
buffer (50% formamide, 0-6M-NaCl, OlM-Pipes, pH6-4)
at 65°, 60°, 55°, 50° and 45°C for 30min each. The filters
were washed six times in lml 0-2M-NaCl, 0-lM-Pipes,
pH6-4, 0-5 % SDS at 60°C, three times in 1 ml 0-2M-NaCl,
0-1M-Pipes, pH6-4at60°C, and two times in 1 ml of 0 0 1 M -
Tns-HCl, pH80, 0-002 M-EDTA at 20°C to remove unhy-
bridized RNA. The hybridized RNA was eluted by boiling
in 100ug of H2O for 1-5 min, ethanol precipitated and
translated in an mRNA-dependent wheat germ lysate
supplemented with 50^Ciml"' [35S]methionine (1290 Ci
mmole"'; Amersham) (Morrison et al. 1979). The labelled
protein products were resolved by two-dimensional poly-
acrylamide gel electrophoresis (Tomlinson et al. 1987). The
gels were impregnated with fluor (Bonner & Laskey, 1974)
and exposed to X-ray film (XRP, Kodak, Rochester, NY)
for 2-8 days at -70°C.

In situ hybridization
The in situ hybridization procedure was modified from
those developed by Hafen, Levine, Garber & Gehring
(1983) and Cox, De Leon, Angerer & Angerer (1983).
Eggs, embryos and adults (stripped of their tunics) were
fixed for 20 min in ice-cold 95% ethanol: acetic acid (3:1).
In addition, some embryos were fixed in ice-cold 2%
paraformaldehyde in 0-lM-phosphate buffer (pH7-0) for
20 min or ice-cold 5% formalin-MFSW for 5 min. No
qualitative differences were seen in the distribution of
signal in embryos fixed by these three methods. The fixed
specimens were dehydrated by successive treatments with
ice-cold 70 %, 80 %, 90 %, 95 %, and 100 % ethanol (twice)
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for lOmin each, treated with ice-cold 100% ethanol: 100%
toluene (3:1, 1:1, 1:3; lOmin each), cleared in 100%
toluene for lOmin at 20°C, treated successively with
100 % toluene: 100% paraplast (3:1, 1:1. 1:3; 20min each)
at 58°C, and embedded in 100% paraplast for at least 48 h
at 58°C. The specimens were sectioned at 8fim and at-
tached to subbed glass slides. Deparaffinized slides were
treated with l^gml"1 proteinase K in 001 M-Tris-HCI,
005 M-EDTA (pH 80) for 30 min at 37°C, washed in 0-1 M-

phosphate buffer (pH7-2) for 2 min at 20°C, postfixed in
4% paraformaldehyde in 01 M-phosphate for 30 min at
20°C, washed in 0-1 M-phosphate buffer (pH7-2) for 2 min
at 20cC, treated with freshly prepared 0-25 % acetic anhy-
dride, 0-1 M-triethanolamine for 10 min at 20°C, dehydrated
in an ethanol series and air dried. About lxl06ctsmin~' of
tritiated RNA probe was applied to each slide in 60/JI of
hybridization buffer (2xSSC, 50% formaldehyde; lx
Denhardt's solution, and 10% dextran sulphate), and
hybridization was carried out for approximately 12 h at
45CC. The slides were washed in 250 ml of 4xSSCfor 30 min
at 20°C, treated with 20^gmr ' pancreatic RNase A in
0-01 M-Tris-HCl, 0-5M-NaCl (pH7-0) for 30min at 37°C,
and washed successively in 250 ml of 2xSSC for 30 min at
20°Cand41 of 1 xSSC for 30 min at 45°C for low stringency
conditions. For high stringency conditions, slides were
subjected to an additional wash in 4 1 of 01 xSSCfor 45 min
at 45°C. The washed slides were dehydrated with 95 %
ethanol, air dried and autoradiographed as described pre-
viously (Jeffery el al. 1983). The autoradiographs were
stained through the emulsion with Harris haemotoxylin-
eosin. The in situ hybridizations were conducted using
complementary and homologous RNA probes. In each
experiment, the homologous probes showed no grains
above background.

Identification of embryonic cells
Different embryonic cells were identified in whole and
sectioned embryos by several means. First, cells were
identified according to their position in the embryo relative
to that of regional markers, such as the blastopore and
archenteron in gastrulae and neumlae and the tail in tailbud
stage embryos. The location of various cell types in Styela
embryos is described by Conklin (1905). Second, various
muscle cell lineages were identified by their yellow pigment
granules; primary muscle cells have the most pigment
granules, secondary muscle lineage cells have intermediate
amounts of pigment granules and mesenchyme cells have
low levels of pigment granules (Fig. 8). Pigment granules in
various embryonic cells were visualized by extraction of
embryos with the nonionic detergent Triton X-100 as
described by Jeffery & Meier (1983). The extracted em-
bryos were collected by low-speed centrifugation and fixed
in 5 % formalin-MFSW prior to photography. The distri-
bution of yellow pigment granules was also examined in
serially sectioned embryos. Alternate sections were sub-
jected to in situ hybridization or stained with Milligan's
trichrome modified for use with ascidian embryos according
to Jeffery (in preparation). This procedure stains the
pigment granule-mitochondrial complexes red, permitting
identification of muscle cell lineages by pigment granule
concentration.

Results

Isolation and characterization of muscle actin cDNAs
A portion of the coding region of a Drosophila actin
gene (Fyrberg et al. 1980) was used to screen a
cDNA library prepared from S. plicata adult mantle
poly(A)+ RNA. The sequences of three cDNA
clones, SpMA2, SpMA3 and SpMA7, overlapped
significantly, suggesting that they are part of the same
actin gene (Fig. 1). To identify the actin subtype to
which these cDNA clones corresponded, the derived
amino acid sequence of part of their coding regions
was compared to the amino acid sequences of mam-
malian cytoplasmic and muscle actins (Vanderker-
chove & Weber, 1978,1979). The results are shown in
Table 1. The sequenced portion of the coding region
shares 11 of 14 diagnostic amino acid positions with
mammalian smooth and skeletal muscle actins, but
only two positions with mammalian cytoplasmic
actins, suggesting that the clones correspond to a
muscle actin gene.

The identity of the actin cDNAs was verified by
examining the specificity of subclones containing
portions of the coding and 3' noncoding regions of the
gene. Although the coding sequences of different
members of the actin gene family are conserved
(reviewed by Firtel, 1981), the 5' and 3' noncoding
sequences usually diverge, and can be used as gene-
specific probes (Shani et al. 1981). Fig. 1 shows the
deduced structure of part of the S. plicata muscle actin
gene and the subclones used in the experiments
described below. The subclone SpMA3C, a 666-base
pair HaeUl restriction fragment of SpMA3, spans a
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Fig. 1. A diagram illustrating the structure of the
partially sequenced S. plicata muscle actin gene (top),
compiled from the sequences of overlapping cDNAs
(SpMA2, SpMA3 and SpMA7), and the positions of
various subclones (SpMA3C, SpMA3N and SpMA7N)
used as gene-specific probes. The striped box represents
approximately 90% of the coding region, the open box
represents the entire 3' noncoding region, and the solid
lines represent cDNA clones and subclones used as
probes. H, HaelU restriction sites, bp, base pairs.
A, poly(A) tail.
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Table 1. Comparison of diagnostic amino acid
positions in the coding region of SpMA with

mammalian muscle actins

Amino acid
number*

103 (Val)
129 (Val)
153 (Leu)
162 (Asn)
176 (Met)
201 (Val)
225 (Gin)
259 (Thr)
266 (He)
271 (Ser)
278 (Tyr)
286 (He)
296 (Asn)
357 (Thr)

Typet

Cy
Mus
Mus
Mus
Mus
Mus
Cy
Mus
Mus
N
Mus
Mus
Mus
Mus

* Amino acid positions that differentiate mammalian muscle
from cytoplasmic actin (Vanderkerchove & Weber, 1978, 1979).

tThe correspondence of SpMA amino acids to mammalian
cytoplasmic actin (Cy). muscle actin (Mus), or neither (N)

large portion of the coding region and a small
segment of the 3' noncoding region of the gene.
Subclones SpMA3N, a 55-base pair Haelll-Mnll,
Bal-31 nuclease-truncated fragment from SpMA3,
and SpMA7N, a 567-base pair Haelll fragment from
SpMA7, contain different portions of the long 3'
noncoding region of the gene. The following exper-
iments using these subclones strongly support the
sequence data and indicate that the cDNAs corre-
spond to a muscle actin gene.

-HEF

Initial experiments were conducted in which the
subclones were used to select mRNA from total
mantle RNA, and this mRNA was subsequently
translated in a cell-free translation system. Previous
studies indicate that there are three major actin
isoforms in Styela embryos and adults, two basic
cytoplasmic actins and an acidic muscle-specific actin
(Tomlinson et al. 1987). When the translation prod-
ucts from the hybridization selection experiments
were analysed by two-dimensional gel electrophor-
esis, SpMA3N and SpMA7N selected mRNA coding
for a polypeptide which migrated to the same position
in gels as muscle-specific actin (see arrows in Fig. 2).
In contrast, SpMA3C selected mRNA that coded for
polypeptides with electrophoretic positions charac-
teristic of muscle-specific actin and one of the cyto-
plasmic actins (see inset in Fig. 2A). These results
indicate that subclones consisting of the 3' noncoding
region of the gene select only muscle actin mRNA,
while the subclone containing the coding region
selects both cytoplasmic and muscle actin mRNA.

A second series of experiments was conducted in
which RNA transcribed from either SpMA7N or
SpMA3C was used to probe Northern blots contain-
ing total S. plicata mantle RNA. A single band
representing a transcript of approximately 2 kb was
detected when the blots were probed with SpMA7N
RNA (Fig. 3A). The 2 kb band also was observed
when the same blot was probed with SpMA3C RNA
and washed at high stringency (see Materials and
methods for Northern blot washing conditions)
(Fig. 3B). In contrast, when the blot was probed with
SpMA3C RNA and washed at low stringency, at least

IEF

SDS SDS
B

Fig. 2. Positive hybridization selection of mantle poly(A)+ RNA by DNA from subclones SpMA3N (A), SpMA3C
(inset of A), and SpMA7N (B). RNA was selected and translated in vitro. The translation products were separated by
two-dimensional gel electrophoresis and fluorographed. A and B represent entire gels containing translation products
from mRNA selected by SpMA3N and SpMA7N, respectively. The inset in A represents the actin region of a gel
containing translation products from mRNA selected by SpMA3C. The arrow represents the position of the muscle-
specific actin isoform, as determined by co-electrophoresis of cold mantle proteins. IEF: isoelectric focusing dimension.
SDS: sodium dodecyl sulphate dimension.
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Fig. 3. Identification of muscle actin transcripts in
Northern blots containing adult mantle and embryo
RNA. (A) S. plicata mantle RNA probed with SpMA7N
and washed at high stringency. The single band
represents a transcript of about 2 kb. (B-C) S. plicata
mantle RNA probed with SpMA3C and washed at high
(B) or low (C) stringency. The blot shown in C was
overexposed to illustrate the position of higher molecular
weight bands. (D) S. clava mantle RNA probed with
SpMA3C and washed at high stringency showing a
predominant 2 kb band. (E-H) S. clava egg (E), early
gastrula (F), tailbud (G), and tadpole RNA (H) probed
with SpMA3C and washed at high stringency showing
accumulation of the 2 kb transcript during development.
Each lane contains 10/tg of RNA.

one other band, presumably representing a cytoplas-
mic actin transcript, was apparent (Fig. 3C).

In a third series of experiments, the SpMA3N and
SpMA3C RNA probes were used to examine the
distribution of actin transcripts in adults by in situ
hybridization. Previous studies indicate that, while
actin is present in every adult tissue, muscle-specific
actin occurs only in the mantle, branchial sac and
alimentary tract (Tomlinson el al. 1987). A section
through part of the mantle and branchial sac of an
adult is shown in Fig. 4A. In this section, which was
probed with SpMA3N RNA and washed at low
stringency (see Materials and methods for in situ
hybridization washing conditions), grains are concen-
trated over specific regions of the mantle and bran-
chial sac. The mantle contains a thin epidermis,
consisting of a single layer of columnar epithelial
cells, and a thick muscular dermis, consisting of
longitudinal and circular bands of striated muscle
fibres with numerous associated myocytes. At higher
magnification, the grains present in the mantle can be
seen
to be located in the dermis; only background levels
of grains are present in the epidermis (Fig. 4B).

The most heavily labelled cells of the dermis are
myocytes, presumably because these cells are in
the process of differentiating into muscle cells.
SpMA3N RNA also detected transcripts in muscle
cells located within the stigmata of the branchial sac
(Fig. 4E) and in the lining of the stomach (Fig. 4F),
but there were no labelled cells present in the
epithelial layers of these organs. Consistent with the
results of the Northern blots (Fig. 3C), when sections
of mantle were probed with SpMA3C RNA and
washed at low stringency, grains were detected in
both the epidermal and dermal cells (Fig. 4C). Tran-
scripts were detected exclusively in muscle cells in
similar sections washed at high stringency (Fig. 4D).

In summary, DNA sequencing, hybridization
selection, Northern blot and in situ hybridization
experiments indicate that the cDNAs correspond to a
muscle actin gene. It should also be noted that the
specificity of SpMA3C RNA for muscle actin tran-
scripts in Northern blot and in situ hybridization
experiments depends on the stringency of the post-
hybridization washes; muscle actin transcripts can be
detected specifically with SpMA3N, SpMA7N or
SpMA3C probes if washing is conducted at high
stringency. In subsequent experiments, sections of
embryos were hybridized in situ with the SpMA3C
RNA probe and washed at high stringency to deter-
mine the temporal and spatial distribution of muscle
actin transcripts.

Temporal and spatial accumulation of muscle actin
mRNA in embryos

As described above, SpMA3C detects a 2 kb tran-
script when hybridized to Northern blots of S. plicata
mantle RNA. As shown in Fig. 3D, SpMA3C also
detected a transcript of approximately 2 kb in mantle
RNA obtained from the related ascidian S. clava.
Since large numbers of synchronously developing
embryos can be obtained from S. clava, we used the 5.
plicata probe to examine muscle actin mRNA ac-
cumulation during S. clava development by Northern
blot analysis. The results showed that muscle actin
transcripts are present at very low levels in unferti-
lized eggs and early gastrulae, but accumulate to
higher levels in tailbud stage embryos and hatched
tadpoles (Fig. 3E-H). Densitometry of these North-
ern blots indicated that the 2 kb transcript exists in
tadpoles at a level about 25-fold higher than in eggs.
The detection of the muscle actin transcripts in
unfertilized eggs confirms previous reports that both
maternal and zygotic muscle actin mRNA exist in
Styela embryos (Jeffery, Bates, Beach & Tomlinson,
1986; Tomlinson et al. 1987).

To determine whether muscle actin transcripts are
restricted to particular embryonic cells, sections of
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mid-tailbud-stage embryos were subjected to in situ
hybridization with SpMA3C RNA and washed at
high stringency (Fig. 5A). Many of these sections
include the head and tail of a single embryo because
the tail curls around the head as it is extended during
embryogenesis. Three large muscle cells are located
on each side of the central notochord in the tail of

the bilaterally symmetric embryo (see Fig. 5B for
orientation). Dorsal spinal cord cells and ventral
endoderm cells and mesenchyme, endoderm, and
epidermal cells are also evident in the head and tail,
respectively. It can be seen that only the six tail
muscle cells are labelled after in situ hybridization
with SpMA3C (Fig. 5A). These results indicate that

Fig. 4. In situ hybridization of sectioned adults with SpMA3N (A-B,E-F) or SpMA3C (C-D) RNA probes. (A) A low
magnification photograph of a section through part of the mantle (mt) and branchial sac (bs) hybridized with SpMA3N
RNA and washed at high stringency. The boxed area represents the region of the section shown at higher magnification
in B. The magnification bar represents 100^m. (B) A higher magnification photograph of the portion of the section
outlined by the box in A. Grains are present in dense clusters over myocytes (m) in the dermis but columnar epidermal
cells (e) with apical nuclei are unlabelled. The magnification bar represents 20 fxm. (C) A section through the mantle
hybridized with SpMA3C and washed at low stringency. Grains are clustered over myocytes (m) in the dermis and the
epidermal (e) cells are unlabelled. Magnification is the same as in B. (D) A section through the mantle hybridized with
SpMA3C and washed at high stringency. Grains are clustered over myocytes (m) in the dermis but the epidermal (e)
cells are unlabelled. Magnification is the same as in B. In B-D, the border between the epidermis (upper region) and
dermis (lower region) is indicated by dashed lines. (E) A section through the branchial sac hybridized with SpMA3N
and washed at high stringency showing labelled muscle cells within the stigmata (s). The magnification bar represents
40nm. (F) A section through the stomach hybridized with SpMA3N and washed at high stringency showing labelled
muscle cells (m). The intestinal mucosa (arrowheads) is unlabelled. The magnification bar represents
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B4-1

5A
Fig. 5. (A) In situ hybridization of a cross-sectioned mid-tailbud-stage embryo with SpMA3C RNA. Grains above
background are present only in primary muscle lineage cells (m) on either side of the central notochord. The
magnification bar represents 20/.im. (B) A diagram of a mid-tailbud embryo in cross-section showing the position of the
primary muscle lineage cells (striped) with respect to other cell types. Post-hybridization washes were conducted at high
stringency, n, notochord cells; ep, epidermal cells; en, endodermal cells; s, spinal cord cells; a, archenteron. The dark
spheres represent nuclei.

metamorphosis, the larval tail is withdrawn into the
head and adult muscle is thought to arise from the
mesenchyme cells (Katz, 1983). Mesenchyme cells
are also progeny of B4.1 blastomeres (Fig. 6).

In the experiments shown in Fig. 7, the SpMA3C
RNA probe was used to examine the distribution
of muscle actin transcripts at various stages of devel-
opment. At the 32-cell stage, no significant ac-
cumulations of grains were observed in any of the
blastomeres (Fig. 7A). Gastrulation begins between
the 64- and 128-cell stage, when vegetal cells invagi-
nate to form the blastopore (Conklin, 1905; Satoh,
1978). The first concentrated grains were detected
exclusively in primary muscle lineage cells at the
beginning of gastrulation, about 4 h after fertilization
(Fig. 7B). At this stage, the primary muscle cells can
be distinguished by relatively large nuclei and their
position at the posterior lip of the blastopore. In
addition, these cells contain large numbers of myo-
plasmic pigment granules, as determined by extrac-
tion of embryos with Triton X-100 (Fig. 8). Signal
continued to be apparent in primary muscle lineage
cells as gastrulation proceeded (Fig. 7C-D). The
mesenchyme cells, identified as yellow pigment-de-
pleted cells located at the lateral lips of the blastopore
(Fig. 8B), remained unlabelled throughout gastru-
lation. At the late gastrula stage, primary muscle
lineage and mesenchyme cells enter the interior of
the embryo and become aligned in two rows along the

Fig. 6. A diagram of an 8-cell ascidian embryo showing
the location of the a4.2, b4.2, A4.1, and B4.1 blastomere
pairs. The striped zone represents the yellow crescent
cytoplasm.

muscle actin transcripts are restricted to the muscle
cell lineage in tailbud embryos.

Expression of the muscle actin gene in muscle cell
lineages
There are three different sources of muscle cells in
ascidians. Most larval tail muscle cells are descended
from B4.1 blastomeres of the 8-cell embryo (Conklin,
1905) (Fig. 6). Tail muscle cells that originate from
the B4.1 blastomeres are designated the primary
muscle lineage. It has recently been shown that a
variable number of muscle cells located at the pos-
terior extremity of the tadpole tail are derived from
A4.1 and b4.2 blastomeres of the 8-cell embryo
(Nishida & Satoh, 1983, 1985) (Fig. 6). These cells
belong to the secondary tail muscle lineage. During
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midline of the neurula, ventral and posterior to the
neural plate and notochord cells. In frontal (Fig. 7E)
or parasagittal (Fig. 7F) sections, it can be seen that

primary muscle lineage cells, but not mesenchyme
cells, accumulate muscle actin transcripts in neurulae.
To determine whether muscle actin transcripts are
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Fig. 7. In SITU hybridization of sectioned 32-cell, gastrula, and neurula-stage embryos with SpMA3C RNA. (A) A
section through the animal-vegetal axis of a 32-cell-stage embryo. (B) A section through the animal-vegetal
(dorsal-ventral) axis of an early gastrula showing label in the primary muscle lineage cells {pm) located at the posterior
lip of the forming blastopore. (C-D) Sections through the animal-vegetal axes of later-stage gastrulae showing
accumulation of actin mRNA in the primary muscle lineage cells {pm). (E) A frontal section through the
anterior-posterior axis of a late gastrula showing two rows of labelled primary muscle lineage cells {pm) and unlabelled
mesenchyme cells {me) anterior to the primary muscle lineage cells. (F) A sagittal section through the
anterior-posterior axis of a neurula showing a row of labelled primary muscle lineage cells {pm) posterior to unlabelled
mesenchyme cells. In sections through the animal-vegetal (dorsal-ventral) axis, the vegetal pole (dorsal side) is facing
up. Post-hybridization washes were conducted at high stringency, b, blastopore. The magnification bar in A represents
20/^m; magnification is the same in each frame.
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Fig. 8. Embryos extracted with Triton X-100 to show the location of yellow pigment granules. (A) A 32-cell embryo
viewed from the vegetal pole showing the relative concentrations of Triton X-100-resistant pigment granules (bright
areas) in primary muscle lineage cells {pm) in the posterior-vegetal region of the embryo and non-B4.1-derived cells in
the anterior-vegetal region of the embryo. (B) A gastrula viewed from the vegetal pole showing concentrated pigment
granules in primary muscle lineage cells {pm) at the posterior lip of the blastopore {b) and less concentrated pigment
granules in mesenchyme cells {me) at the lateral lips of the blastopore. (C) An early-tailbud embryo viewed from the
dorsal side showing concentrated pigment granules in primary muscle lineage cells {pm) of the anterior and middle
portions of the tail and less concentrated pigment granules in secondary muscle cells {sm) at the posterior tip of the tail.
In each frame, the posterior pole of the embryo faces down. The magnification bar represents 50 /im; magnification is
the same in each frame.

restricted to primary muscle lineage cells, gastrulae
and neurulae were serially sectioned and each section
was subjected to in situ hybridization. The results
indicate that only primary muscle lineage cells con-
tain muscle actin transcripts. Thus, the accumulation
of muscle actin mRNA is restricted to primary muscle
lineage cells in gastrulae and neurulae.

After neurulation, primary muscle lineage cells
cease dividing (Nishida & Satoh, 1985) and become
part of the tail, which gradually extends from the
posterior region of the embryo. In contrast, the
mesenchyme cells continue to divide (Berrill, 1935)
and become located in the head, immediately an-
terior to the rows of tail muscle cells. The early
history of the secondary muscle lineage cells is not
well known. Scanning electron microscopy suggests
that these cells are located on the dorsal side of the
embryo near the posterior margin of the neural plate
and may enter the blastopore in the wake of primary
muscle lineage cells (see fig. 5 in Nishida, 1986). The
early tailbud is the first stage at which cells of the
secondary muscle lineage can be distinguished with
certainty. They are located interior to epidermal cells
at the posterior tip of the tail; and contain fewer
yellow pigment granules than primary muscle lineage
cells (Fig. 8C). Although Conklin did not include
secondary muscle lineage cells in his fate map of the
Styela embryo, he did note a difference in mor-
phology of cells at the tip of the tail. The cells at the
tip of the tail were labelled as mesenchyme (see figs 8,
13-15, 18, 20 in Conklin, 1906), presumably because
of their light yellow colour, but are spatially distinct
from the population of mesenchyme cells that enter
the larval head region. Although primary muscle
lineage cells are labelled at the early tailbud stage,

there is still no accumulation of muscle actin mRNA
in mesenchyme or secondary muscle lineage cells,
which can be identified at the tip of the tail (Fig. 9A).
As the tail continues to extend in mid-tailbud em-
bryos, however, secondary muscle lineage cells begin
to accumulate muscle actin transcripts (Fig. 9B). To
be certain that our sections of mid-tailbud embryos
included the posterior tip of the tail, serial sections
were made of mid-tailbud embryos, each section was
subjected to in situ hybridization with SpMA3C RNA
and the number of notochord cells was counted. The
total number of notochord cells is 40 in Styela
(Grave, 1944). Therefore, sections that exhibited
about 40 notochord cells were assumed to include the
tip of the tail. Examples of such sections are shown in
Fig. 9C-E; in all cases, these embryos exhibited
labelling in muscle cells extending to the tip of the
tail. We estimate that muscle actin mRNA begins to
accumulate to detectable levels in secondary muscle
lineage cells by about 7-8h after fertilization, or
3-5-4 h following the first detection of these tran-
scripts in primary muscle lineage cells.

In contrast to primary and secondary muscle cells,
mesenchyme cells still lacked muscle actin transcripts
in mid-tailbud embryos (Fig. 9A,B). At the hatched
tadpole stage, the mesenchyme cells also lacked
detectable muscle actin mRNA (Fig. 9E), although
labelling was still apparent in the tail muscle cells.
The results of the in situ hybridization studies are
summarized in Table 2. They indicate that zygotic
muscle actin mRNA first appears in the primary
muscle lineage cells at the beginning of gastrulation
and continues to be present in these cells through the
tadpole stage; muscle actin mRNA accumulation is
delayed in the secondary muscle lineage cells until the
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Fig. 9. /n «7M hybridization of sectioned tailbud embryos and hatched
tadpole larvae with SpMA3C RNA. (A) A frontal section through an
early-tailbud embryo. The posterior pole of the embryo is facing down.
Primary tail muscle lineage cells (pm), but not secondary muscle lineage
(sm) or mesenchyme (me) cells are labelled. The magnification bar
represents 20 fim. (B) A parasagittal section through a mid-tailbud embryo.
Two rows of muscle cells (m) are. labelled on one side of the embryo; the
third row is out of section. The magnification bar represents 25 ĵm.
(C-E) Sagittal sections of the posterior region of mid-tailbud embryos
showing labelling in secondary muscle lineage cells at the tip of the tail.
The position and number of the ultimate notochord cell in each section is
identified by the arrows. The magnification in C-E is the same as in B.
(F) A sagittal section through the head and part of the tail of a hatched
tadpole larva. The larval tail muscle cells (m) but not the mesenchyme
cells (me) are labelled. Post-hybridization washes were conducted at high
stringency. The magnification bar represents 15fim. (A-E) Fixation in
ethanol: acetic acid. (F) Fixation in formalin-sea water, n, notochord.
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Table 2. Comparison of the timing of muscle actin
gene expression in Styela muscle cell lineages

Cell lineage

Origin
(blastomeres)
at 8-cell stage

Functional
stage

First
expression

Primary
Secondary
Mesenchyme

B4 1
A4.1 and b4.1
B4.1

Larva Early gastrula
Larva Mid-tailbud
Adult Postmetamorphosis

mid-tailbud stage and muscle actin mRNA does not
accumulate to detectable levels in the mesenchyme
cells throughout embryonic development.

Discussion

cDNA clones corresponding to an ascidian muscle
actin gene have been characterized and used as
specific probes to examine the spatial distribution
of muscle actin transcripts in embryos, larvae and
adults. Four lines of evidence indicate that these
cDNA clones correspond to a muscle actin gene.
First, their coding region shares 11 of 14 diagnostic
amino acid positions with mammalian muscle actins
(Vanderkerchove & Weber, 1978, 1979). Second,
subclones consisting of the 3' noncoding region select
mRNA coding for muscle actin, while subclones
including the coding region select mRNA coding for
both cytoplasmic and muscle actin. Third, an RNA
probe transcribed from a 3' noncoding region sub-
clone detects a 2 kb transcript, while a probe made
from a coding region subclone detects at least two
different actin transcripts at low stringency, but only
the 2 kb transcript at high stringency. Finally, probes
made from the 3' noncoding region subclone detect
transcripts exclusively in muscle cells, while a probe
made from the coding region subclone detects tran-
scripts in both muscle and nonmuscle cells. The
isolation of an ascidian muscle actin gene with se-
quence homology to mammalian muscle actins is
consistent with jV-terminal partial sequencing studies
indicating that Styela actins are more closely related
to vertebrate than invertebrate muscle actins (Van-
derkerchove & Weber, 1984).

The purpose of isolating muscle actin cDNAs was
to use them as highly specific markers for gene
expression in the muscle cell lineages. Markers pre-
viously developed for this purpose in ascidians have
been AchE (Durante, 1956; Whittaker, 1973), myosin
(Meedel, 1983; Nishikata et al. 1987), and myofibrils
(Crowther & Whittaker, 1984). The use of cloned
probes corresponding to a specific transcript is a more
direct measure of specific gene expression and is not
complicated by the possibility of regulation at the
level of translation. Muscle actin also appears to be a
more specific marker of differentiated muscle cells

than AchE, for instance, whose histochemical detec-
tion appears to be dependent on fixation conditions
(Meedel & Whittaker, 1979). Under certain con-
ditions AchE can be detected both in tail muscle and
mesenchyme cells, whereas muscle actin transcripts
accumulate exclusively in tail muscle cells and their
precursors during early development.

Although there appears to be a low background of
maternal muscle actin transcripts in the egg (Jeffery
et al. 1986; Tomlinson et al. 1987), zygotic muscle
actin mRNA first becomes detectable in the primary
muscle lineage cells of Styela embryos at early gas-
trula stage, only about 3-5 h after fertilization, and
eventually accumulates to levels 25-fold higher than
those characteristic of the egg. As determined by
translation of RNA injected into Xenopus eggs (Mee-
del & Whittaker, 1984), zygotic AchE transcripts also
first appear at the gastrula stage in the ascidian Ciona.
It is likely that the early gastrula stage is a transition
during ascidian development when specific genes are
first expressed in particular cell lineages.

Primary muscle lineage cells originate from B4.1
cells of the 8-cell embryo (Conklin, 1905; Ortolani,
1955), while secondary muscle lineage cells are de-
rived from the descendants of b4.2 and A4.1 blasto-
meres (Nishida & Satoh, 1983, 1985). Consistent with
their heterogeneous origin, we have demonstrated
that muscle actin transcripts accumulate at different
stages of development in different muscle cell lin-
eages. Muscle actin mRNA did not accumulate in
secondary muscle cells until the mid-tailbud stage and
were never present in mesenchyme cells, which also
originate from the B4.1 cells of the 8-cell embryo
(Conklin, 1905). The mesenchyme cells are thought
to differentiate into adult muscle and other mesoder-
mal derivatives after metamorphosis (Katz, 1983).
Since the actin cDNAs were obtained from an adult
mantle cDNA library, it is certain that the muscle
actin gene corresponding to these clones is expressed
in adults. A third episode of muscle actin gene
expression may occur in mesenchyme cells or their
descendants during or after metamorphosis, but this
remains to be investigated.

The results indicate that different muscle cell
lineages express the muscle actin gene at different
times in development. This brings up the possibility
that mechanisms controlling muscle cell specification
are different in the various muscle cell lineages. One
possibility is that factors localized in the egg cyto-
plasm are responsible for muscle cell development in
the primary muscle lineage cells, whereas inductive
interactions are involved in specifying muscle cells in
the secondary muscle cell lineage. Induction of sec-
ondary muscle cells is consistent with the relative
inability of isolated A4.1 and b4.2 blastomeres to
develop autonomously (Deno et al. 1985; Nishikata et
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al. 1987; Meedel & Whittaker, 1987). Experiments
are now in progress with the muscle actin cDNA
probes to determine whether isolated blastomeres of
early cleavage-stage embryos express the muscle
actin gene autonomously. Another possibility is that
factors localized in the egg cytoplasm are responsible
for muscle cell development in both primary and
secondary muscle cell lineages, but their efficiency in
promoting muscle actin gene expression depends on
their concentration in each lineage (Whittaker, 1982;
Nishida & Satoh, 1983).

Although it is well known that factors responsible
for muscle cell determination are present in the
cytoplasm of ascidian eggs (Whittaker, 1980, 1982),
their precise cytoplasmic localization remains to be
determined. An intriguing possibility is that these
factors are present in the yellow-pigmented cyto-
plasm, which enters the muscle cell lineages during
embryogenesis. Although most of the yellow cyto-
plasm forms a crescent in the posterior-vegetal region
of the zygote and enters the B4.1 blastomeres during
cleavage, the illustrations accompanying Conklin
(1905), vital dye mapping studies with Phallusia
mammillata embryos (Zalokar & Sardet, 1984) and
our detergent extraction studies indicate that appreci-
able numbers of yellow pigment granules also enter
non-B4.1 blastomeres. If factors associated with the
yellow cytoplasm are responsible for specifying cells
in both primary and secondary muscle lineages, the
delayed expression of the muscle actin gene in the
latter may be due to an initial segregation of fewer of
these factors to the progenitors of the secondary
muscle cells. This interpretation of the results is also
consistent with the absence of muscle actin gene
expression in the mesenchyme cells, descendants of
B4.1 blastomeres that obtain even less of the yellow
cytoplasm than the secondary muscle lineage cells.
Since mesenchyme cells continue to divide during
embryogenesis, while primary and secondary muscle
cells cease dividing shortly after gastrulation (Berrill,
1935; Nishida & Satoh, 1985), it is also possible that a
combination of threshold levels of factors present in
the yellow cytoplasm and the cessation of cell division
is required for muscle actin gene expression.

In summary, the results of this investigation indi-
cate that muscle actin gene expression is temporally
regulated in various muscle cell lineages of ascidian
embryos. The muscle actin cDNAs we have isolated
and characterized should be useful tools in further
studies of the role of egg cytoplasmic factors and
induction in ascidian muscle cell development.
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