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The snail gene encodes a highly conserved, zinc-finger transcription factor that has been implicated in the specification of
mesodermal and neuronal tissues in a variety of organisms. In the ascidian, Ciona intestinalis, snail (Ci-sna) is expressed
at the 32-cell stage in derivatives of the B4.1 blastomere, including B6.2, B6.4, and B7.5, which give rise to the primary-
lineage tail muscles of the tadpole. At later stages, Ci-sna is expressed in the lineages that will form the secondary tail
muscle, the lateral ependymal cells of the spinal cord, and the dorsal cells of the cerebral vesicle. A minimal, 504-bp cis-
regulatory sequence from the Ci-sna promoter region, the B4.1 enhancer, is shown to direct the expression of heterologous
promoters in primary-lineage muscles. Furthermore, evidence is presented that cis-regulatory elements necessary for expres-
sion in both the secondary muscle and neuronal lineages are separate from the B4.1 enhancer. We discuss the possibility
that the classical muscle determinant present in ascidian eggs may correspond to bHLH activators, which bind to specific
E-box sequences contained in the B4.1 enhancer. q 1998 Academic Press

INTRODUCTION snail homologues have been identified in a variety of
metazoans, including Drosophila (Boulay et al., 1987), ze-
brafish (Thisse et al., 1993), Xenopus (Sargent and Ben-A variety of studies suggest that the B4.1 blastomere of
nett, 1990), chickens (Nieto et al., 1994), and mice (Nieto8-cell ascidian embryos inherits a maternal determinant
et al., 1992; Smith et al., 1992). In all cases, snail geneswhich specifies autonomous differentiation of the primary
are expressed in the embryonic mesoderm and neurogenicmuscle lineage (Chabry, 1887; Conklin, 1905b; Jefferey and
ectoderm. In vertebrates, mesodermal expression is pri-Meier, 1983; Nishida, 1992). As a first step toward identi-
marily restricted to the paraxial lineages, which give risefying this determinant we have undertaken an analysis of
to the somites. Moreover, a chicken snail homologue,the Ciona snail gene (Ci-sna), which is expressed in deriva-
slug, is expressed in lateral regions of the neural platetives of the B4.1 blastomere at the 32-cell stage of em-
which give rise to neural crest and dorsal regions of thebryogenesis. Expression persists in differentiating muscle
neural tube (Nieto et al., 1994). Other vertebrate snailcells during gastrulation, neurulation, and tail bud forma-
homologues also have sites of expression in the neuraltion. Except for certain actin genes (Kusakabe et al., 1995;
crest (Sargent and Bennett, 1990; Nieto et al., 1992; SmithSatoh et al., 1996), other muscle-specific genes, including
et al., 1992). The Ci-sna gene exhibits similar patternsMyo-D homologues (Satoh et al., 1996; Meedel et al., 1997),
of expression during Ciona embryogenesis. Expression isan msh homologue (Ma et al., 1996), and members of the
observed in the tail muscles, including both primary andacetylcholinesterase family (Whittaker, 1973; Whittaker et
secondary muscle cells, the trunk mesenchyme, the cere-al., 1977), appear to be activated in the primary muscle
bral vesicle, and the lateral ependymal cells of the neurallineage at later stages than Ci-sna.
tube (Corbo et al., 1997a). These diverse expression pat-The Ciona embryo provides a simple system for charac-
terns can be interpreted in the context of the ascidianterizing cis-regulatory networks underlying the specifi-
lineage map. In fact, some of the muscle cells (the second-cation of basic chordate tissues (Corbo et al., 1997a,b).
ary lineage) are derived from blastomeres that also form
components of the larval CNS (Nishida and Satoh, 1983;
Nishida and Satoh, 1985; Nishida, 1987).1 To whom correspondence should be addressed. Fax: 510-642-
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214 Erives, Corbo, and Levine

FIG. 1. In situ localization of Ci-sna transcripts in early embryos. Embryos were hybridized with a digoxigenin-labeled Ci-sna antisense
RNA probe (Corbo et al., 1997a). Transcripts were initially detected within the nuclei of 32-cell embryos, but subsequently appear in the
cytoplasm at the 64-cell stage. (A) Thirty-two-cell stage embryo. Staining is first detected in the B6.4 blastomeres. (B) Slightly older 32-
cell stage embryo than the one shown in A. Staining persists in the B6.4 blastomeres and also appears in B6.2. (C) Vegetal view of a 64-
cell stage embryo. Staining persists in the descendants of the B6.4 and B6.2 blastomeres (B7.7, B7.8 and B7.3, B7.4, respectively). A new
site of expression, B7.5, can be detected in a different focal plane at the posterior-most tip of the embryo. (D) Posterior view of a 64-cell
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215Regulation of the Ciona snail Gene

Diego County, Orange County, Los Angeles County, and San Mateothe B4.1 blastomere. This cell autonomously forms differen-
County. We also used animals collected from the coast of Japan.tiated muscles even when it is isolated from other blasto-
We observed no difference in the behavior of transgenes betweenmeres at the 8-cell stage of embryogenesis (Conklin, 1905a).
animals collected from the various locations. Details on the rearingDescendants of these cells exhibit early fate restriction and
and handling of embryos, dechorionation protocol, electropor-form all of the larval primary muscle cells. One descendant
ations, and lacZ stainings are as previously reported (Corbo et al.,

of the B4.1 primary blastomere, B7.5, gives rise to both pri- 1997b).
mary muscle cells and the progenitors of the adult body wall Electroporations. Three hundred microliters of dechorionated,
muscles (Nori Satoh, personal communication; Kusakabe et fertilized eggs was added to 100 mg of plasmid DNA mixed in 500
al., 1995). The other B4.1 descendants, B6.4 and B6.2, give mL of 0.77 M mannitol and electroporated in 0.4-cm cuvettes be-
rise to primary muscle cells and trunk mesenchyme that tween 30 and 40 min postfertilization using a Bio-Rad GenePulser
forms adult mesoderm derivatives. In contrast, the lineages II with Capacitance Extender Plus. Settings were for 50 V and 1

mF with time constants ranging from 15 to 25 ms.that form secondary muscles exhibit later clonal restriction
Construction of plasmids. All constructs were made with theand also give rise to neuronal tissues. These cells are derived

pSP1.72-27 lacZ vector previously reported (Corbo et al., 1997b).from the b6.5 and A6.4 blastomeres, which do not exhibit
Construction of the 5* deletion series was done according to a stan-fate restrictions until the 110-cell stage of embryogenesis.
dard DNAseI procedure (Sambrook et al., 1989) starting with a XhoIMoreover, disaggregation assays suggest that secondary
linearized 4.5-kb Ci-sna lacZ plasmid (Corbo et al., 1997a). The 5*muscles depend on conditional, cell–cell interactions. For
end of each deletion construct was verified by sequencing with the

example, secondary lineage cells fail to form muscle even blackdog primer (5*-CAT ATT GTC GTT AGA ACG CGG C),
when isolated from relatively late (64- and 110-cell) em- specific to the pSP1.72-27 vector. All sequencing was done using
bryos (Nishida, 1990). standard dideoxy chain termination methods (Sambrook et al.,

Here, we present evidence that Ci-sna expression in the 1989). An internal 1.5-kb EcoRI fragment was initially subcloned
primary and secondary muscle lineages depends on separate into pBS0KS/ and sequenced in both directions using T3 and T7
cis-regulatory sequences. A minimal, 504-bp enhancer (the primers. The Ci-Bra basal promoter is a 145-bp PCR fragment span-

ning a NotI site at 068 bp relative to the transcriptional start siteB4.1 enhancer) is shown to direct the expression of a heterol-
to a MunI site at /77 bp, including 25 bp of 5* UTR and the firstogous promoter in primary, but not secondary, tail muscles.
15 codons. The Ci-fkh basal promoter is a 536-bp fragment span-Thus, the enhancer is activated only in descendants of the
ning an EcoNI site at 0210 bp relative to the transcriptional startB4.1 blastomere, including B6.2, B6.4, and B7.5. The B4.1
site to a NotI site at /326 bp, including 79 bp of 5* UTR and theenhancer is not active in descendants of the b6.5 or A6.4
first 82 codons. The 1-kb, 504-bp, and 314-bp fragments were clonedblastomeres. Removal of this enhancer from a ‘‘full-length’’
by PCR using Pfu polymerase and the 4.5-kb Ci-sna–lacZ vectorCi-sna/lacZ fusion gene results in a specific loss of expres-
as template. All PCR primers have at their 5* ends a spacer sequence

sion from the primary muscles. However, expression per- and a PstI site (5*-CAGATCTGCAG). The 1-kb primers are 5*-TAT
sists in the secondary lineages, as staining is detected in ATC GTA CAT TGG TTA TGA GCG C (upstream) and 5*-GCT
posterior tail muscles and ependymal cells of the CNS. GTG GGA GTC GTG AGA ATA CG (downstream). The 504-bp

The 504-bp B4.1 enhancer contains seven different E-box primers are 5*-CGA ATT ACT AAA ACA GAA GAT CGA TGT
sequences, including three that possess a nonconventional TG (upstream) and 5*-CAT TAC TTA GCA GTC CTG AAC ATC
AC-core motif. The modification of these AC-core E-boxes AAA C (downstream). The 314-bp upstream primer is 5*-GCA AGA

AGA CAC CAC AGC GCG CTT TG; the downstream primer isresults in the loss of expression in the entire B4.1 lineage.
the same as for the 504-bp fragment. The 504- and 314-bp fragmentsIn contrast, staining is not altered in the CNS or secondary
were sequenced using the blackdog primer. All DNA constructstail muscles. We discuss the possibility that the cyto-
were purified by EtBr/CsCl2 gradient band centrifugation.plasmic determinant(s) that segregates in the B4.1 blasto-

Mutagenesis of AC-core sequences. Mutagenesis of the AC-mere may correspond to bHLH activators (Murre et al.,
core sequences followed a two-step PCR approach using Pfu poly-1989a), which bind to this specific type of E-box consensus
merase. The first step consisted of amplifying two separate frag-sequence in the B4.1 enhancer.
ments each containing the mutagenized site in the primer sequence
but with both products pointing in opposite directions. The secondMATERIALS AND METHODS
step involved the amplification of the full-length mutagenized 737-
bp DNA fragments, using as template the two original, gel-purifiedRearing and handling of embryos. Animals were collected

from various marinas along the California coast including San PCR fragments and the 737-bp upstream and downstream primers.

stage embryo. In this orientiation, the activation of Ci-sna expression in the nuclei of the B7.5 blastomeres is clearly visualized. (E)
Summary of B4.1 lineages. Each B4.1 blastomere of 8-cell embryos gives rise to four descendants at the 32-cell stage. Only two of these
cells, B6.2 and B6.4, are clonally restricted to give rise to mesodermal tissues. B6.4 froms trunk mesenchyme and four of the primary
muscles. These tissues derive from the B7.7 and B7.8 daughter cells, respectively, of the B6.4 blastomere at the 64-cell stage. B6.2 forms
trunk mesenchyme and eight primary muscles. These derive from the B7.4 and B7.3 daughter cells. Note that B7.3 also gives rise to
secondary notochord cells in the tip of the tail. Neither the B6.1 nor B6.3 descendants of B4.1 exhibit Ci-sna expression at the 32-cell
stage. B6.1 gives rise to endodermal derivatives and never exhibits Ci-sna expression. Only one of the descendants of B6.3, the B7.5
blastomere, of 64-cell embryos exhibits Ci-sna expression. B7.5 gives rise to two primary muscles and the trunk ventral cells, which form
the adult body wall muscles. The other descendant of B6.3, B7.6, gives rise to endodermal tissues and never exhibits Ci-sna expression.
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FIG. 2. Summary of initial Ci-sna/lacZ transgenes. Various Ci-sna genomic DNA fragments were attached to a lacZ reporter gene and
introduced into one-cell Ciona embryos via electroporation. Embryos were grown to tailbud and early tadpole stages and then stained for
b-galactosidase activity in order to visualize the activities of Ci-sna cis-regulatory DNAs. A plus sign (/) indicates that expression is seen
in tadpoles, regardless of staining intensity. (A) These eight transgenes contain the Ci-sna promoter region, as well as Ç1.3 kb of 3*
genomic DNA sequences, including a short 5* UTR, exon 1 (58 bp), a Ç1.1-kb intron, and the first 50-bp of exon 2. The largest transgene
includes 3.2 kb of the 5* flanking sequence. It directs the complete Ci-sna expression pattern, including staining in the B4.1 primary
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217Regulation of the Ciona snail Gene

The mutagenesis primers for the downstream fragments are as fol- A new site of Ci-sna expression appears at the 64-cell
lows: for E7, 5*-TAA ACA AAT CTG TGG CGA CAT TTG TGG stage (Figs. 1C and 1D). This corresponds to the B7.5 blasto-
TCT GAT TTA CAG GCG; for E6, 5*-GCC GCC CGT CGT GCA mere, which gives rise to the remaining two primary muscle
GTA CAT TTG TGC GGT CAA GTT GAG AGC; and for E5, 5*- cells. It also forms the trunk ventral cells, which correspond
CGT CCT GGC ATC GTC CCG CAT TTG TCA ACC TTC TTC

to progenitors of the adult body wall muscles (Fig. 1E). TheGTT ACA. The mutagenesis primers for the upstream fragments are
delay in Ci-sna activation in the B7.5 blastomere can beexact complements to the downstream primers. The final mutagen-
explained on the basis of lineage restriction. At the 32-cellized constructs were sequenced with the upstream 504-bp primer.
stage, the B7.5 progenitor, B6.3, is not clonally restricted to
form mesodermal lineages. Instead, B6.3 divides into the
B7.5 and B7.6 daughter cells, and the latter blastomereRESULTS
forms a portion of the endodermal strand. Thus, there is a
tight correlation between the onset of Ci-sna expressionIn situ hybridization assays. A digoxigenin-labeled Ci-
and the clonal restriction of B4.1 descendants to give risesna antisense RNA probe was used to stain fixed, whole-
to mesodermal tissues.mount preparations of staged Ciona embryos. Specific hy-

The lineages of the four secondary muscle cells that residebridization signals were first detected at the 32-cell stage
along each side of the tail are more complicated. As shown(Figs. 1A and 1B). Staining is initially restricted to the B6.4
previously, Ci-sna is activated in progenitors of the cerebralblastomere (Fig. 1A), which gives rise to 4 of the 18 muscle
vesicle (a8.25) and lateral ependymal cells of the neural tubecells that reside along each side of the tail in the mature
(A8.15 and A8.16) at the onset of gastrulation, which com-tadpole (see summary diagram in Fig. 1E). Fourteen of the
mences at the 110-cell stage of embryogenesis (Corbo et18 cells, those located in the anterior two-thirds of the tail,
al., 1997a). A8.15 exclusively gives rise to ependymal cells,correspond to primary muscles that are derived from the
while A8.16 forms both ependymal cells and two of the fourB4.1 blastomere. Shortly thereafter, staining is detected in
secondary muscle cells (the penultimate pair). The re-the B6.2 blastomere (Fig. 1B), which specifies another 8 pri-
maining secondary muscle cells, located at the posterior tipmary muscle cells (Fig. 1E). The Ci-sna hybridization sig-
of the tail, arise from the b8.19 blastomeres. It has beennals first appear in the nuclei of stained cells (Figs. 1A and
proposed that these posterior lineages depend on extensive1B), and only begin to be detected in the cytoplasm at later
cell–cell interactions (Nishida, 1990), and Ci-sna does notstages (Figs. 1C and 1D).
appear to be activated in the posterior muscles until gastru-Both the B6.2 and B6.4 blastomeres are clonally restricted
lation (data not shown; see Corbo et al., 1997a).and form only mesodermal derivatives, including trunk

Analysis of Ci-sna/lacZ fusion genes in electroporatedmesenchyme, tail muscles, and secondary notochord cells
embryos. Previous studies have shown that a 4.5-kb Ci-(see Fig. 1E). For example, the B6.4 blastomere divides into
sna genomic DNA fragment is sufficient to direct a com-the B7.7 and B7.8 blastomeres of 44- and 64-cell embryos;
plete and authentic pattern of expression, whereby lacZ andthe former blastomere forms trunk mesenchyme, while the
GFP reporter genes are expressed in the tail muscles, trunklatter produces primary muscle cells. The mesenchyme

cells will eventually form mesodermal tissues in the adult. mesenchyme, trunk ventral cells, and the CNS (Corbo et

lineage derivatives (left column; from top to bottom: B6.4, B6.2, and B7.5 lineage fate maps); the secondary lineage corresponding to
expression in the cerebral vesicle, spinal cord, and secondary tail muscles located in posterior regions (center column; from top to bottom:
B7.8, a8.25, and b8.17 lineage fate maps); and the A-lineage notochord (right column). The diagrams above each column represent each
of these three major components of the Ci-sna pattern. Serial truncations reveal that transgenes containing 0465 bp of the 5* flanking
sequence mediate the complete Ci-sna pattern, but further truncations are essentially inactive. A transgene lacking an internal 1.5-kb
EcoRI fragment directs weak expression in secondary lineages, including the cerebral vesicle, spinal cord, and posterior tail muscles. This
transgene also directs very sporadic expression in primary lineages and the notochord. (B) These nine transgenes contain different sequences
from the Ci-sna 5* regulatory region attached to the heterologous Ci-Bra basal promoter, which includes 68 bp upstream of the Ci-Bra
transcribed region and 77 bp of the 3* sequence that extends through the first 15 codons of the coding region. The largest transgene
contains Ci-sna 5* regulatory sequences from 03.2 kb to 068 bp. When the Ci-sna 5* DNA fragment is placed in the same (syn) orientation
as the direction of Ci-Bra/lacZ transcription, it directs the full expression pattern in primary and secondary lineages. However, when the
same fragment is placed in opposite orientation (anti), it fails to direct any aspect of the normal Ci-sna expression pattern. A smaller 1.5
Ci-sna fragment extending from 01.7 kb to 0158 bp mediates expression only in the primary lineages and is inactive in the secondary
lineage muscle, CNS, and notochord. Again, this fragment is only active when placed in the syn orientation. The 1.5-kb Ci-sna 5* fragment
was split into two pieces. The distal 1-kb fragment is inactive, while the proximal 504-bp fragment mediates expression in the primary,
B4.1 lineages. Staining is observed in the primary muscles and mesenchyme, but is not observed in the trunk ventral cells, which give
rise to the adult body wall muscles. The removal of the distal 190 bp from this fragment (314 bp) results in a substantial reduction in the
levels of expression in the primary lineage without reduction in trunk mesenchyme. (C) Transgenes containing the heterologous Ciona
forkhead (Ci-fkh) promoter region, which includes 0210 bp of the 5* flanking sequence and the first 82 codons of the protein coding
region. The minimal, 504-bp B4.1 enhancer directs expression in the primary muscles and mesenchyme in both orientations relative to
Ci-fkh/lacZ transcription.
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FIG. 3. Staining patterns directed by truncated Ci-sna/lacZ transgenes. Electroporated embryos were grown to early tadpole stages and
stained for b-galactosidase activity. (A) Staining pattern obtained with a Ci-sna/lacZ transgene containing 2.2 kb of the 5* flanking
sequence. Staining is observed in the cerebral vesicle (derived from the a8.25 blastomere), the trunk ventral cells (adult body wall muscles),
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219Regulation of the Ciona snail Gene

al., 1997a). Various Ci-sna/lacZ transgenes were expressed eages involved the creation of internal deletions and the use
of heterologous promoters. A 504-bp Ci-sna DNA fragment,in electroporated embryos in order to identify the different

cis-regulatory sequences responsible for this complex pat- spanning 0671 to 0168 bp, was placed upstream of a mini-
mal promoter sequence from the Ciona Brachury gene (Ci-tern of expression (summarized in Fig. 2). Electroporated

embryos were allowed to develop to late tailbud or early Bra). This Ci-sna/Ci-Bra transgene mediates staining in all
of the primary muscles only when fused in the syn orienta-tadpole stages and then fixed and stained for b-galactosidase

activity in order to monitor the expression of the Ci-sna/ tion. However, staining is not detected in the adult muscle
precursor cells that are derived from the B7.5 blastomere.lacZ transgenes.

The initial studies focused on a progressive series of 5* This orientation-specific effect was also seen with different
size fragments of the Ci-sna 5* region in combination withtruncations, beginning with a full-length Ci-sna transgene

containing 3.2 kb of the 5* flanking sequence. This 5* region the Ci-Bra basal promoter (summarized in Fig. 2B).
Similar results were obtained when the 504-bp Ci-snaappears to contain all of the cis-regulatory sequences re-

quired for the endogenous Ci-sna expression pattern, since DNA fragment was placed upstream of the basal promoter
region from the Ciona forkhead gene (Fig. 4A; summarizeda 3-kb 5* DNA fragment is sufficient to direct the expression

of a heterologous promoter in the CNS, muscles, and mes- in Fig. 2C). However, unlike the Ci-Bra fusion genes, the
504-bp B4.1 enhancer is active in both orientations withenchyme (data not shown; see Fig. 2B summary). Approxi-

mately 15 different 5* truncations were examined (Fig. 2A). respect to the Ci-fkh basal promoter. One notable difference
between the two basal promoters is that Ci-Bra contains aThere is a precipitous loss in lacZ staining when 144 bp is

removed from the 5* region of a minimal, 0465-bp Ci-sna perfect TATAAA sequence while Ci-fkh appears to be
TATA-less (see Corbo et al., 1997a).transgene. These results suggest that there are important

regulatory sequences located between 465 and 321 bp up- A smaller, 314-bp DNA fragment from the Ci-sna pro-
moter region, spanning 0481 to 0168 bp, mediates onlystream of the transcribed region.

Examples of truncated Ci-sna/lacZ transgenes are pre- very weak expression in the primary muscles, but continues
to mediate expression at normal levels in trunk mesen-sented in Fig. 3. The 2.2 kb of upstream flanking sequence

mediates the complete Ci-sna expression pattern, including chyme (Fig. 4B). This fragment corresponds to the proximal
end of the 504-bp fragment and lacks certain E-boxes (AC-staining in the primary muscle lineages derived from the

B6.2 and B7.5 blastomeres (Fig. 3A). Staining is detected core) which are shared with other genes similarly expressed
early in the primary muscle lineage (see below).in the secondary muscle lineages derived from the A7.8

blastomere, which also gives rise to lateral ependymal cells The preceding results suggest that the B4.1 enhancer can
be separated from regulatory sequences which mediate ex-in the spinal cord (Fig. 3B). Additional sites of Ci-sna expres-

sion are also observed with the 2.2-kb transgene, including pression in the secondary muscle lineages. Additional evi-
dence was obtained by removing an internal 1.5-kb EcoRIthe notochord and cells of the cerebral vesicle, which are

derived from the a8.25 blastomere (Figs. 3A and 3B). fragment from the full-length Ci-sna/lacZ transgene con-
taining 3.2 kb of the 5* flanking sequence (see summary inSimilar results were obtained with a series of truncated

promoters, including one that contains just 0465 bp of the Fig. 2A). The deleted sequence includes the entire 504-bp
B4.1 enhancer. The resulting transgene mediates expression5* flanking sequence (see Fig. 2A summary; data not shown).

An example of the staining pattern obtained with the0465- in the CNS, including both the cerebral vesicle and spinal
cord, as well as in secondary muscles (Fig. 4C). Staining isbp transgene is shown in Fig. 3C. In this particular embryo,

staining is observed in the derivatives of the A7.8 secondary reduced compared with the full-length Ci-sna/lacZ
transgene and is occasionally detected in the primary tailmuscle lineage, which also includes the lateral ependymal

cells of the spinal cord (see inset, Fig. 3C). Staining is also muscle lineages and notochord. Nonetheless, the deleted
transgene directs a staining pattern that is essentially com-detected in the notochord and cerebral vesicle. As discussed

above, further truncations of the 0465-bp Ci-sna/lacZ plementary to the pattern obtained with the B4.1 enhancer
(Fig. 4A).transgene results in a virtual loss of lacZ expression (see

Fig. 2A summary). The B4.1 enhancer contains multiple E-box sequences.
The first 2 kb of Ci-sna 5* flanking DNA was sequenced asUncoupling expression in the primary and secondary

muscle lineages. The further delineation of cis-regulatory a first step toward identifying regulatory factors that acti-
vate Ci-sna expression. Particular efforts centered on thesequences that mediate expression in the primary, B4.1 lin-

primary muscles derived from both the B6.2 and B7.5 blastomeres, and secondary muscles derived from A7.8. Asterisks indicate the
primary muscle contribution from B6.2. (B) Same transgene as A, except that this electroporated embryo exhibits additional aspects of
the Ci-sna expression pattern. Staining is observed in the lateral ependymal cells in the neural tube and the notochord. (C) Staining
pattern obtained with a Ci-sna/lacZ transgene that contains 465 bp of the 5* flanking sequence. This is the smallest transgene that gives
the full Ci-sna expression pattern. This particular embryo was selected in order to highlight expression in the notochord and CNS. Staining
is observed in the cerebral vesicle (a8.25) and notochord (noto) and in derivatives of the A7.8 blastomere, which gives rise to secondary
muscles and lateral ependymal cells in the neural tube.
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B4.1 enhancer, which as discussed earlier, may be activated
by cytoplasmic determinants present in the unfertilized egg.
The B4.1 enhancer contains a large (seven) number of E-box
sequences (CANNTG), thereby raising the possibility that
one or more bHLH activators participate in Ci-sna regula-
tion (Fig. 5A; see Discussion). The three E-boxes (E7, E6, and
E5; see Fig. 5B) contained in the distal half of the enhancer
possess an AC-core motif; this particular E-box is some-
times seen in site-selection experiments using heterodimers
of MyoD and E12 or E47 (Blackwell and Weintraub, 1990).
In contrast, the four E-boxes (E4, E3, E2, and E1) contained
in the proximal half of the B4.1 enhancer contain different
core sequences, which suggests that they may interact with
different classes of bHLH activators (see Fig. 5B).

The 314-bp fragment, corresponding to the proximal por-
tion of the 504-bp B4.1 enhancer, lacks the two distal-most
E-boxes (E7 and E6), both with AC-core motifs. This DNA
fragment directs sporadic and weak expression in primary
muscles (see Fig. 4B). Therefore, the distal E-boxes (E7, E6,
and E5) appear to be essential for Ci-sna expression.

AC-core E-boxes are essential for expression in the B4.1
lineage. A 737-bp genomic DNA fragment from the Ci-
sna regulatory region recapitulates the entire Ci-sna expres-
sion pattern except for A-lineage notochord cells (see Fig.
7A). This 737-bp piece lacks both Ci-sna coding sequences
and the first intron, which are present in the 5* deletion
series used in the initial experiments (see Fig. 2). The 737-
bp DNA fragment contains E-boxes E1 through E7 and in-
cludes all three AC-core E-boxes.

A 531-bp DNA fragment lacking the distal two AC-core
E-boxes results in a lower number of tadpoles showing ex-

FIG. 4. Uncoupling Ci-sna regulation in the primary and second-
ary lineages. Electroporated embryos were grown to early tadpole
stages and stained for b-galactosidase activity. (A) Staining pattern
obtained with a Ci-sna/Ci-fkh transgene that contains the 504-bp
B4.1 enhancer placed in syn to the Ci-fkh promoter region. Staining
is observed in most of the primary muscles. The transgene does not
mediate expression in secondary muscles. The particular embryo
shown here lacks staining in the trunk mesenchyme; however,
other embryos exhibit staining in the mesenchyme (data not
shown). Expression is never seen in the trunk ventral cells even
though these arise from the B7.5 blastomere, which also gives rise
to anterior primary muscles that consistently exhibit expression.
(B) Staining pattern obtained with the 314-bp, truncated B4.1 en-
hancer. Strong expression is obtained in the trunk mesenchyme,
but staining is nearly abolished in the primary muscles. (C) Staining
pattern obtained with the ‘‘full-length’’ Ci-sna/lacZ transgene lack-
ing an internal 1.5-kb EcoRI fragment. This deletion completely
removes the 504-bp B4.1 enhancer shown in A. The transgene di-
rects weak expression in secondary lineages, including lateral epen-
dymal cells in the neural tube (medium arrow, different plane of
focus) and secondary muscle cells that derive from the A7.8 blasto-
mere (long arrow). Staining is also observed in the cerebral vesicle
(short arrow), which derives from the a8.25 blastomere. This stain-
ing pattern is essentially complementary to that observed in A.
The bracket within the deleted region indicates the normal location
of the B4.1 enhancer.
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FIG. 5. Clustered E-boxes in the B4.1 enhancer. (A) The nucleotide sequence of the 504-bp B4.1 enhancer. The sequence includes 7
different E-box motifs. The distal E-boxes contain the same AC-core sequence. (B) Summary of E-box sequences in the first 2 kb of the
Ci-sna 5* flanking region. There are a total of 11 E-boxes, including the 7 clustered sequences in the B4.1 enhancer (504 bp, underlined).
The central two nucleotides of each E-box motif (CANNTG) are indicated. The distal-most and proximal-most E-boxes contain A/T-rich
core motifs. We speculate that different classes of bHLH activators bind the AC-type E-box and A/T-rich E-box, in order to mediate
expression in the primary and secondary lineages, respectively. (C) The AC-core E-box is contained in the promoter regions of other
ascidian genes that are activated in the B4.1 lineage during early embryogenesis. These include the major muscle actin genes from
Halocynthia roretzi. Perhaps all of these genes are activated by a common bHLH activator that segregates in the B4.1 blastomere. Onset
of expression is indicated in the right-hand column.

pression in the B4.1 lineage (see Fig. 6). A 446-bp DNA expression, we created a series of mutations altering the
AC-cores to TT-cores within the 737-bp piece. We foundfragment that lacks all three AC-core E-boxes fails to medi-

ate expression in B4.1 descendants (Fig. 6). that expression in the B4.1 lineage is gradually abolished as
all three AC-core E-boxes were mutagenized (Fig. 6).To confirm that AC-core E-boxes are important for B4.1
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FIG. 6. Importance of the AC-core E-box sequence for B4.1 expression. Ci-sna/lacZ transgenes containing three, one, or no AC-core E-
boxes were compared to transgenes with various modifications in the AC-core motifs. Each fusion gene contains the minimal Ci-sna
promoter sequence lacking coding sequence and the first intron. Fertilized eggs were electroporated with the transgenes shown and grown
to mid-tailbud stages prior to fixation and staining. A separate qualitative score was also made for whether expression was strong or weak
within tadpoles which exhibited expression.

Despite the loss of B4.1 staining, expression in the neural to the ascidian muscle determinant present in unfertilized
tube is either unaffected or perhaps slightly stronger when eggs. Interestingly, the promoter regions of actin genes
all three AC cores were changed to TT. These results are (HrMA4a, 4b, 2, 5, 6, 1a, and 1b) that are activated early in
consistent with the uncoupling of cis-regulatory elements the B4.1 lineage in Halocynthia roretzi also contain crucial
required for expression in the B4.1 lineage (Fig. 7A) and in E-boxes with the AC-core motif (Fig. 5C) (Kusakabe et al.,
the CNS (Fig. 7B). 1995). We suggest that all of these genes may be autono-

mously activated by a common bHLH dimer complex that
segregates in the B4.1 blastomere. It is unlikely that the
determinant is an ascidian homologue of MyoD, since theDISCUSSION
single known copy of this gene in Halocynthia is activated
in 64-cell embryos, which is after the induction of myogen-This study identified a minimal, 504-bp B4.1 enhancer
esis at the 32-cell stage (Satoh et al., 1996). A recent reportthat mediates Ci-sna expression in primary tail muscles.
indicates that the MyoD gene from Ciona intestinalis isThis enhancer can be uncoupled from cis-regulatory se-
also expressed at relatively late stages (Meedel et al., 1997).quences required for expression in secondary muscle lin-

The Drosophila snail gene is initially expressed in theeages. The B4.1 enhancer contains a cluster of E-box se-
presumptive mesoderm of precellular embryos (Leptin,quences. Given the early activation of Ci-sna expression in
1991; Ip et al., 1992). At later stages, expression is observed32-cell embryos and the known importance of snail homo-
in the delaminating neurons of the ventral cord and sensorylogues in mesodermal lineages, it is conceivable that the
cells in the PNS (Alberga et al., 1991; Kosman et al., 1991;classical ascidian muscle determinant corresponds to a
Leptin, 1991). Previous studies have shown that these dis-bHLH activator protein which specifically interacts with
tinct patterns of expression are regulated by separate cisAC-core E-boxes.
sequences in the snail promoter region (Ip et al., 1994). Here,bHLH determinants. The Drosophila snail gene is acti-
we have presented evidence that a similar situation appliesvated in early embryos, in part, by the bHLH activator, twist
to the regulation of Ci-sna in the Ciona embryo. The Ci-(Ip et al., 1992). As seen in Drosophila, the onset of Ci-sna
sna gene contains at least two regulatory sequences. Theexpression within the primary mesodermal lineages is quite
B4.1 enhancer mediates expression in the primary muscleearly. By analogy with Drosophila, it is conceivable that a
lineages. Separate sequences, possibly including noncontig-homologue of twist may encode a key activator of Ci-sna.
uous regions of the Ci-sna 5* regulatory region, direct ex-Given the early onset of Ci-sna expression, it is possible

that the putative twist homologue might also correspond pression in the secondary muscle lineages and CNS (dis-
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FIG. 7. AC-core E-boxes mediate expression in the B4.1 lineage. (A) Staining pattern obtained with the Ci-sna 737-bp transgene.
Electroporated embryos were grown to early tadpole stages and stained for b-galactosidase activity. Intense staining is observed in
primary muscles and trunk mesenchyme. (B) Staining pattern obtained when all three AC-core E-boxes have been changed to TT-cores
in the Ci-sna 737-bp transgene. Intense expression is seen in the neural tube (arrows). Some embryos also exhibit expression in the
secondary muscle and the cerebral vesicle. While expression in primary muscles is abolished, some embryos continue to show staining
in trunk mesenchyme.

cussed below). Neuronal expression of Drosophila snail is Downregulation of Ci-sna expression in the notochord.
There are striking parallels between the Ciona and verte-mediated by separate CNS and PNS elements (Ip et al.,

1994). It is possible that the Ci-sna regulatory region con- brate snail expression patterns. Vertebrate snail genes are
initially expressed throughout the presumptive mesoderm,tains separate elements for expression in the cerebral vesicle

(the a8.25 lineage) and spinal cord. The latter staining pat- but are subsequently repressed in the axial lineages (the
progenitors of the notochord) (Sargent and Bennett, 1990;tern may correspond to the expression of vertebrate snail

homologues in the lateral regions of the invaginating neural Smith et al., 1992; Nieto et al., 1992; Thisse et al., 1993;
Nieto et al., 1994). For example, the zebrafish snail1 genetube (Smith et al., 1992; Nieto et al., 1992; Corbo et al.,

1997a). This region gives rise to the neural crest, which is expressed in a ring along the entire blastoderm margin at
the onset of epiboly (Thisse et al., 1993). However, duringforms the PNS, as well as the dorsal roof of the spinal cord

(Le Douarin, 1982). gastrulation snail1 expression is lost in the axial mesoderm,
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ascidians used in this study. We thank Nori Satoh for providingbut persists in regions that will form the paraxial meso-
animals from Japan. This work was funded by a grant from the NSFderm. Similarly, at the 110-cell stage, Ci-sna is expressed
(IBN-9514138).throughout the presumptive mesoderm including faint ex-

pression in notochord progenitors, but expression is lost Note added in proof. Satou et al. report that only two cis-ele-
from the notochord during gastrulation so that expression ments are necessary for expression of the HrMA4a gene in the
is restricted to ‘‘lateral’’ (paraxial?) mesodermal lineages in- primary muscles, including a 13-bp region containing the AC-core
cluding the tail muscles and trunk mesenchyme. As dis- E-box motif. Devel. Growth Differ. (1996) 565–573.
cussed above, there are also parallels in the expression of
vertebrate and Ciona snail homologues in neuronal tissues.
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