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We report the discovery of mRNA 5�-leader trans-splicing (SL trans-splicing) in the chordates. In the ascidian
protochordate Ciona intestinalis, the mRNAs of at least seven genes undergo trans-splicing of a 16-nucleotide
5�-leader apparently derived from a 46-nucleotide RNA that shares features with previously characterized
splice donor SL RNAs. SL trans-splicing was known previously to occur in several protist and metazoan phyla,
however, this is the first report of SL trans-splicing within the deuterostome division of the metazoa. SL
trans-splicing is not known to occur in the vertebrates. However, because ascidians are primitive chordates
related to vertebrate ancestors, our findings raise the possibility of ancestral SL trans-splicing in the vertebrate
lineage.
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mRNA 5�-leader trans-splicing is a mode of gene expres-
sion reported in several organisms in which the original
5� ends of pre-mRNAs are discarded and are replaced by
the 5� segment of a spliced leader (SL) RNA (Bonen 1993;
Blumenthal 1995; Davis 1996). The function of SL trans-
splicing is not clear in every case and may vary. Multiple
roles have been proposed, including mediation of mRNA
stability or translatability (Maroney et al. 1995), resolu-
tion of polycistronic pre-mRNAs (Agabian 1990; Blu-
menthal 1995), and production of functional mRNAs
from RNA polymerase I transcripts (Lee and Van der
Ploeg 1997). In some organisms, only a subset of mRNAs
undergo SL trans-splicing but in others, most or all do
(Agabian 1990; Bonen 1993; Davis 1996). SL trans-splic-
ing occurs alongside of the conventional cis-splicing pro-
cess that removes introns from pre-mRNAs (Bonen 1993;
Blumenthal 1995; Mair et al. 2000). There are mechanis-
tic parallels between SL trans-splicing and conventional
cis-splicing, including the use of the same set of nucleo-
tide sequence features to mark splice donor and acceptor
sites, and a strong resemblance of SL RNAs to spliceo-
somal U snRNAs (Agabian 1990; Bonen 1993; Nilsen
1993). These similarities imply a close evolutionary re-
lationship between cis-splicing and SL trans-splicing,
but the nature of this relationship and the overall evo-
lutionary history of SL trans-splicing are not clear, in
part because the phylogenetic distribution of SL trans-
splicing has not been clearly delineated.

The known phylogenetic distribution of SL trans-

splicing is uneven and includes several protist and meta-
zoan groups (Bonen 1993; Blumenthal 1995; Davis 1996).
It was first discovered in a protist group, the trypano-
somes (Campbell et al. 1984; Kooter et al. 1984; Milhau-
sen et al. 1984), then subsequently in two protosotome
metazoan phyla, Nematoda (Krause and Hirsh 1987) and
Platyhelminthes (flatworms) (Rajkovic et al. 1990) and in
Euglena, a protist distantly related to trypanosomes
(Tessier et al. 1991). SL trans-splicing has not been re-
ported in advanced protostome phyla, that is, the arthro-
pods, annelids, or molluscs, nor among the deuteros-
tomes, the great division of the metazoa that includes
chordates/vertebrates. However, because each discovery
of SL trans-splicing was a fortuitous result of a detailed
study of particular genes/mRNAs, and because extensive
studies along these lines have been carried out in only a
small number of organisms, the true phylogenetic range
of SL trans-splicing is unknown.

Here we report the discovery of SL trans-splicing
among the deuterostomes, in the ascidian Ciona intes-
tinalis, a chordate. This finding considerably extends the
known phylogenetic range of SL trans-splicing. More-
over, because ascidians are primitive chordates related to
vertebrate ancestors (Berrill 1955; Katz 1983), SL trans-
splicing in ascidians raises the possibility of ancestral SL
trans-splicing in vertebrate evolution.

Results

A common 5� sequence on multiple Ciona mRNAs

Evidence for trans-splicing in Ciona emerged during
studies of a muscle gene encoding the contractile regu-
latory protein troponin I (TnI). We determined the com-
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plete sequence of body-wall muscle TnI mRNA by
cDNA cloning (MacLean et al. 1997) and 5�–RACE analy-
sis (see Materials and Methods). Surprisingly, database
searching revealed that the first 16 nucleotides of the TnI
mRNA sequence were similar or identical to the first 16
nucleotides of 3 other Ciona mRNAs (Fig. 1), including
the CiMDFa mRNA encoding a MyoD-like muscle tran-
scription factor (Meedel et al. 1997). The existence of a
common sequence at the 5�-ends of diverse mRNA spe-
cies is characteristic of SL trans-splicing (Bonen 1993;
Blumenthal 1995; Davis 1996).

Because the various mRNA 5�-end sequences in Figure
1 had been obtained by use of the same 5�–RACE tech-
nique, we confirmed the presence of the common 5� se-
quence (henceforth called the SL sequence) by an inde-
pendent method on the basis of RT–PCR amplification
with a leftward gene-specific primer for TnI, coupled
with a rightward primer containing the SL sequence (SL
primer). Products of the expected distinct sizes were pro-
duced from alternatively spliced body-wall muscle and
heart TnI mRNAs (Fig. 1B). Sequence analysis of the
body-wall muscle product showed that the SL primer
had primed rightward synthesis on TnI cDNA molecules
immediately upstream of mRNA nucleotide 17, exactly
as expected on the basis of 5�-RACE sequence data of
Figure 1A (data not shown). Similar experiments with
CiMDF(MyoD) also generated a body-wall muscle RT–
PCR product of the predicted size that hybridized with a
CiMDF probe (data not shown). These results confirmed
independently the presence of the SL sequence estab-
lished originally by 5�-RACE analysis.

To explore the possibility that additional Ciona
mRNAs might contain the 5� SL sequence, we designed
an RT–PCR protocol to amplify any poly(A)-containing
mRNA that also contained the 5� SL sequence. Reverse
transcription of the entire mRNA population was
primed by oligo(dT) linked 3� to an arbitrary anchor se-
quence, and subsequent amplification was based on left-
ward priming with the anchor sequence and rightward

priming with the SL primer. Heterogeneous products
ranging from ∼0.7 to 2.5 kb were produced from body-
wall muscle and heart RNA, with prominent bands at
1.6, 1.0, and 0.8 kb among the body-wall muscle prod-
ucts (Fig. 2A) DNA from gel regions including the 1.0-
and 0.8-kb bands was recovered and cloned. Sequence
analysis of three randomly chosen insert-containing
clones revealed three different and apparently complete
mRNAs (GenBank AF237689–AF237691). In each case,
the presence of poly(A) at one end, with an AATAAA
poly(A) addition signal 20 bp upstream, served to identify
the coding strand. In each case, the first ATG triplet on
the coding strand was in a Kozak translation initiation
consensus (Kozak 1991) context, CANNATG, and initi-
ated an ORF of 190–250 codons encoding a protein re-
lated to previously characterized proteins (see legend to
Fig. 2). As shown in Figure 2B, in each RT–PCR product,
the SL primer sequence was found upstream of the ORF
and separated from it by one or more in-frame stop
codons. This finding establishes that the SL primer had
primed rightward synthesis within the 5�-untranslated
mRNA sequence — as expected for priming from the
5�-end.

Figures 1 and 2, together, show that at least seven
Ciona mRNAs contain the 5� SL sequence, and, given
the heterodisperse nature of the RT–PCR products in
Figure 2A, there may be more.

Gene structure consistent with SL trans-splicing

Analysis of TnI gene structure provided additional evi-
dence consistent with SL trans-splicing. Upon isolation
and sequence analysis of the Ciona TnI gene, we found
exons accounting for the entire length of the TnI mRNA
except for the first 16 nucleotides. Proceeding upstream
from the TnI ATG start codon, the genomic DNA se-
quence aligned with the mRNA sequence until an AG
dinucleotide immediately upstream of mRNA nucleo-
tide 17, beyond which the sequences diverged sharply

Figure 1. A common 5�-sequence in several Ciona mRNAs. (A) A common 16-nucleotide sequence (bold) at the 5�-end of TnI mRNA,
determined by 5�-RACE, and three additional Ciona mRNAs found by BLAST (Altschul et al. 1997) search of the GenBank database
with the TnI 5�-sequence. The first 35 nucleotides of each mRNA are shown; dots indicate identity with the TnI mRNA sequence.
Ci-zeta mRNA (GenBank AJ002142) obtained from ovary, encodes a proteasome subunit (Marino et al. 1999). CiMDFa mRNA
(Genbank U80079) is expressed in larval tail muscle and adult body-wall muscle (Meedel et al. 1997). Cs-Endo-1 mRNA (GenBank
AB024925) is a maternal mRNA from oocytes of Ciona savignyi (Imai et al. 1999). (B) RT–PCR amplification of TnI mRNAs with
TnI-specific leftward priming using the SL primer for rightward priming. (Lane 1) Size markers (pBR322 HaeIII digest; top bands
587–434 bp, middle bands 267–184 bp, bottom bands �124 bp). (Lanes 2,4) Heart RNA template; (lanes 3,5) body-wall muscle RNA
template; (lane 6) no RNA. Reverse transcriptase was omitted in lanes 4 and 5. Products of 381 bp (heart) and 240 bp (body-wall muscle)
are expected; the size difference reflects tissue-specific alternative RNA splicing (MacLean et al. 1997).
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(Fig. 3). AG is the near-universal splice acceptor intron/
exon boundary sequence for both cis- and trans-splicing
(Bonen 1993; Blumenthal 1995; Davis 1996). Moreover,
two additional features of vertebrate splice acceptor sites
(Kramer 1996) were also present, that is, an A residue
within the branchpoint consensus sequence YNCTRAY
located 16 bp upstream of the AG dinucleotide, and an
intervening pyrimidine-rich sequence. Thus, the gene
structure is consistent with the possibility of trans-splic-
ing of the SL sequence onto mRNA nucleotide 17. Al-
ternatively, the SL sequence could represent a conven-
tional cis-spliced exon located farther upstream. How-
ever, sequence analysis of 5429 bp of DNA upstream of
the ATG start codon in one TnI allele (GenBank
AF237979) and 2067 bp in another (GenBank AF237978)
did not reveal the hypothetical 16-bp exon, nor any
smaller microexon that might encode any 3� part of the
missing 16-nucleotide sequence.

The overall genomic DNA organization near the 5�-
end of the CiMDF(MyoD) gene resembles that of the TnI

gene (T.H. Meedel and J. Lee, unpubl.). Relevant simi-
larities include (1) matching of genomic DNA and
mRNA sequences upstream of the ATG translation start
codon until an AG dinucleotide immediately upstream
of mRNA nucleotide 18, and divergence of the sequences
5� of this point [CiMDF nucleotide 17, numbered as in
the cDNA sequence (Meedel et al. 1997), was absent
from the genomic DNA sequence, presumably reflecting
an allelic polymorphism], (2) presence of a near-consen-
sus branchpoint sequence 16 bp upstream of the AG di-
nucleotide, and (3) absence of any upstream exon encod-
ing all or part of the SL sequence within at least 1.4 kb of
the ATG initiation codon. Thus, two genes known to
produce mRNAs containing the 5� SL sequence have
structural features consistent with trans-splicing.

Promoter activity of DNA lacking the SL sequence

Although all of the foregoing data were consistent with
trans-splicing, it remained possible that the SL sequence

Figure 2. Additional mRNAs containing the SL sequence. (A) Amplification of multiple mRNAs by RT–PCR with SL and oligo(dT)-
based primers. (Lane 1) Size markers [� DNA, HindIII and EcoRI digest; in kilobases, from top to bottom, 21, 5.1/5.0, 4.2, 3.5, 2.0/1.9,
1.6, and (not visible) 1.4, 0.95, 0.83, and 0.5]. (Lanes 2,3) Body-wall muscle RNA template; (lanes 4,5) heart RNA template; (lane 6) no
RNA. Reverse transcriptase was omitted in lanes 3 and 5. (B) 5�-untranslated sequences of three apparently complete mRNAs
(GenBank AF237689–-AF237691) recovered by cloning DNA from the 1.0 and 0.8-kb bands in A, lane 2. The SL sequence is bolded;
not shown is the BamHI site engineered at the 5�-end of the SL primer. The overlined ATG codons initiate ORFs of the lengths
indicated, each terminated by a TAA stop codon and followed by an apparently complete 3�-untranslated sequence. In-frame stop
codons within the 5�-untranslated sequences are underlined. The mRNA 1 ORF encodes a protein resembling HR-29 (Takagi et al.
1993), a myofibrillar protein from body wall muscle of the ascidian Halocynthia roretzi (46% identity over 207 aligned residues). The
mRNA 2 ORF encodes a novel protein containing 17 PTDAVTL repeats resembling the mucin heptad [PTE(E/V)(P/T)TV] repeats of
mammalian zonadhesins (Gao and Garbers 1998). The mRNA 3 ORF encodes a protein resembling vertebrate 27-kd heat-shock
protein, hsp27 (Cooper and Uoshima 1994) (42% identity over 177 aligned residues).

Figure 3. Comparison of TnI mRNA 5�-
sequence and corresponding genomic
DNA. The first 35 nucleotides of the
mRNA are shown; the SL sequence is
bolded and a vertical line marks its junc-
tion with the rest of the 5�-untranslated
sequence. The sequences of two genomic
DNA alleles, originating from Atlantic (A allele) or Pacific (P allele) coast animals, are shown. (The mRNA sequence derives from
Atlantic coast animals.) Dots in the genomic DNA sequence show identity with the mRNA sequence (except at the left ends, where
they signify additional upstream DNA). Differences between the A and P alleles are shown in lower case; a 4-base deletion in the P
allele is shown by dashes. The AG dinucleotide present in the genomic DNA at the point of mRNA/genomic DNA sequence
divergence is indicated by asterisks adjacent to the vertical line. A third asterisk marks the A residue in the branch point consensus
sequence YRCTRAY.
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could be derived from cis-splicing of identical or near-
identical far-upstream exons in the TnI and CiMDF
genes and in the other genes that give rise to SL-ended
mRNAs. However, we were able to eliminate this
hypothesis by showing that far-upstream DNA is not
required for muscle-specific expression of a TnI gene
construct, nor for the generation of mRNA transcripts
containing the SL sequence. We prepared a Ciona
TnI �-galactosidase (�-gal) reporter gene construct,
CiTnILacZ(−1.5), driven by 1454 bp of DNA upstream of
the ATG initiation codon, in which promoterless �-gal-
coding sequences were ligated to the 5�-untranslated se-
quence 23 nucleotides upstream of the ATG start codon
(corresponds to nucleotide 58 of the TnI mRNA) (see
Materials and Methods). It is important to note that this
construct does not include any DNA encoding the SL
sequence. Following electroporation (Corbo et al. 1997)
into Ciona intestinalis zygotes, development was per-
mitted for 12 h, at which time the embryos are at the
tailbud stage and have elaborated specialized structures
and cell types including the tail with its notochord and

flanking rows of muscle cells. Embryos were fixed and
stained to reveal �-gal expression. We found that the
CiTnILacZ(−1.5) construct directed �-gal expression spe-
cifically in tail muscle cells (Fig. 4A) in a high percent-
age, >50%, of normally developing electroporated em-
bryos. A control reporter construct, otherwise identical
but lacking the Ciona genomic DNA segment, showed
no detectable expression. Other studies have established
that DNA constructs carrying diverse tissue-specific
transcriptional control elements show appropriate cell-
type-specific expression following electroporation into
Ciona embryos (Corbo et al. 1997). These results indi-
cate the presence of a functional muscle-specific pro-
moter within the ∼1.5-kb cloned segment of the TnI
gene, despite the absence of any sequence corresponding
to the first 16 bases (the SL sequence) of the mature TnI
mRNA. Effective muscle-specific expression was also
obtained with a �-gal construct containing 1.4 kb of up-
stream DNA from the CiMDF gene, likewise lacking the
SL sequence (T.H. Meedel and J. Lee, unpubl.). These
results are consistent with trans-splicing of the SL se-

Figure 4. In vivo expression and SL trans-splicing of a chimeric TnI/�-gal mRNA from a TnI/�-gal gene construct lacking the
SL sequence. (A) Expression of �-gal, revealed by X-Gal staining (blue), in tail muscle of embryos 12 h following introduction of
CiTnILacZ(−1.5) DNA into zygotes by electroporation. (B) RT–PCR amplification of �-gal mRNA with �-gal-specific leftward priming,
and rightward priming with the SL primer. (Lane 1) Size markers (MBI Fermentas ladder mix, 10–0.1 kb; top visible band, 3 kb, bottom
visible band 500 bp). (Lanes 2,3) RT–PCR products from two different batches of transfected embryos. The template in lane 4 was
tRNA, used as a carrier in embryo RNA isolations. A 550-bp product, the size predicted for SL-ended �-gal mRNA, was produced from
both embryo batches. [Production of this product required the presence of both primers and did not occur when CiTnILacZ(−1.5)
plasmid DNA was used as the amplification template. An additional product of ∼400 bp seen in lanes 2 and 3 required only the
�-gal-specific primer and was produced in control amplifications of CiTnILacZ(−1.5) plasmid DNA; it apparently results from right-
ward mis-priming by the �-gal-specific primer upstream of its normal leftward priming site.] (C) DNA sequence of 550-bp RT–PCR
product. The 550-bp product (as in B) was recovered and sequenced using the SL primer (right) and �-gal-specific primer (left). The
leftward sequence confirmed the presence of the SL primer (bold) immediately upstream of TnI mRNA nucleotide 17. Not shown is
the BamHI site engineered at the 5�-end of the SL primer. Sequences deriving from the �-gal reporter gene are shown in lower case.
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quence, but are not compatible with the hypothesis of
cis-splicing of a far-upstream exon. Under a cis-splicing
regime, DNA constructs that completely lack the first
exon and upstream DNA of a gene would also lack the
promoter (which is at the 5�-end of the first exon), yet
both TnI and CiMDF genes contain functional muscle-
specific promoters within DNA segments that lack the
first exon (the SL sequence).

Trans-splicing of TnI/�-gal chimeric transcripts

Expression of the CiTnILacZ(−1.5) construct in vivo al-
lowed us to show trans-splicing of an artificial mRNA
substrate. Because it contains the TnI mRNA trans-
splice acceptor site at nucleotide 17, the TnI/�-gal chi-
meric mRNA transcribed from the CiTnILacZ(−1.5)
DNA construct could be subject to the same trans-splic-
ing reaction as is the natural TnI mRNA. Therefore , we
used an RT–PCR approach to ask whether �-gal mRNA
molecules expressed in transfected embryos contained
the SL sequence. RNA extracted from transfected em-
bryos was reverse transcribed with a �-gal-specific
primer and PCR amplification was carried out with the
�-gal primer for leftward synthesis and the SL primer for
rightward synthesis. A product of the expected size (550
bp) was obtained (Fig. 4B), and sequence analysis re-
vealed exactly the structure predicted (Fig. 4C). �-gal se-
quences were found linked to the TnI 5�-untranslated
sequence at nucleotide 58, and the SL primer was present
in the sequence and located immediately upstream of
TnI mRNA nucleotide 17. [In control PCR experiments,
amplification of CiTnILacZ(−1.5) plasmid DNA with the
same primers did not produce the 550-bp product, show-
ing that the SL primer does not coincidentally misprime
on the unrelated sequence present in the cloned TnI ge-
nomic DNA immediately upstream of nucleotide 17.]
The presence of the SL sequence in mRNA transcribed
from a gene construct that does not itself encode that
sequence is a convincing demonstration of trans-splicing

A Ciona SL-likeRNA

The occurrence of SL trans-splicing implies a splice do-
nor SL RNA. To characterize Ciona SL RNA, we pre-
pared body-wall muscle RNA by a procedure that did not
involve salt precipitation, as this step in our standard
RNA isolation procedure removes most small RNAs,
and all known SL RNAs are small (<150 nucleotides).
Northern blot analysis revealed a 50 ± 15 nucleotide
RNA species, migrating ahead of the tRNA band, that
hybridized with an oligonucleotide complementary to
the SL sequence (Fig. 5, lane 3) No similar hybridization
was seen in vertebrate (quail) muscle RNA prepared in a
similar fashion (Fig. 5, lane 4), or in salt-precipitated
Ciona body-wall muscle RNA (lane 5). In comparison
with the hybridization signal generated by known
amounts of SL-containing RNAs produced by in vitro
transcription of cloned mRNA 3 (see Fig. 2), the abun-
dance of the ∼50-nucleotide RNA was estimated to be on
the order of 0.1% of the total RNA mass, representing a
severalfold molar excess over the total mRNA population.

The candidate SL RNA was cloned in an approach
based on in vitro polyadenylation with poly(A) polymer-
ase (Tessier et al. 1991), followed by RT–PCR amplifica-
tion using the same primers we used to amplify SL-con-
taining mRNAs in Figure 2. A single abundant RT–PCR
product of ∼100 bp was generated, and cloning and se-
quence analysis showed that the majority of the mol-
ecules (4/5) represented a single 46-nucleotide RNA spe-
cies, consistent with the ∼50-nucleotide size of the can-
didate SL RNA (the polyadenylation/amplification
process makes the PCR product 44 nucleotides longer
than the original template RNA). The sequence (Fig. 6A)
shows the principal feature expected of an SL RNA, that
is, the presence of the intron 5� boundary dinucleotide
GU immediately following the SL sequence. The 46-
nucleotide RNA does not show extensive similarity to
known SL RNA sequences, however, previous studies
have shown that SL RNAs from different phyla have
little direct sequence similarity (Bruzik et al. 1988; Davis

Figure 5. Northern blot detection of Ciona
SL RNA. (A) Fluorescence of ethidium bro-
mide stained gel. (B) Autoradiography follow-
ing transfer to nylon membrane and hybrid-
ization with a 5�-32P-labeled oligonucleotide
complementary to the SL sequence. (Lanes
1,6) An RNA marker set (100–1000 nucleotide
sizes indicated), to which has been added ei-
ther 50 ng (lane 1) or 5 ng (lane 6) each of
126-nucleotide, and 666-nucleotide SL-con-
taining in vitro transcripts of a plasmid en-
coding mRNA 3 (see Fig 2). (Lane 2) Blank;
(lane 3) Ciona body-wall muscle RNA (not
salt precipitated); (lane 4) quail muscle RNA
(not salt precipitated); (lane 5) Ciona body-
wall muscle RNA (salt precipitated). Large
and small subunit rRNA and tRNA bands are
indicated in A. Because the samples had not
been salt precipitated, lanes 3 and 4 also con-
tain genomic DNA (near sample wells).
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1996). Nonetheless, SL RNAs from different phyla do
share several features. In all known SL RNAs, the intron
5� boundary GU dinucleotide is preceded by G and, ex-
cept for the minor SL RNAs of Caenorhabditis (Ross et
al. 1995), followed by A. Moreover, the exon/intron
boundary is universally associated with a predicted sec-
ondary structure in which both G residues are involved
in the downstream leg of a stem-loop structure near the
5�-end of the RNA (Bruzik et al. 1988; Rajkovic et al.
1990; Davis 1996). As shown in Figure 6, the Ciona 46-
nucleotide RNA contains the conserved G/GUA bound-
ary sequence (in a longer sequence G/GUAAGAA shared
with the SL RNA of the flatworm Schistosoma), and is
present in a predicted stem-loop structure similar to that
predicted for other SL RNAs. An additional feature
shared by the Ciona 46-nucleotide RNA and all known
SL RNAs (Bruzik et al. 1988; Rajkovic et al. 1990; Davis
1996) is the presence within the intron moiety of a se-
quence resembling the consensus-binding site for Sm
proteins (bold and underlined in Fig. 6).

Previously characterized SL RNAs are longer (90–140
nucleotides) than the Ciona 46-nucleotide RNA in both
exon (22–51 vs. 16 nucleotides) and intron (54–109 vs. 30
nucleotides) moieties, and contain a predicted stem-loop

structure downstream of the Sm sequence (Bruzik et al.
1988; Rajkovic et al. 1990; Davis 1996). In many, but not
all cases, another stem-loop is present within the intron
upstream of the Sm sequence (e.g., Caenorhabditis SL1
in Fig. 6B). The functional importance of the predicted
intron stem-loops is not clear. Chemical modification
studies of nematode SL RNA indicate a functional role in
trans-splicing for purines in the upstream but not the
downstream stem-loop (Hannon et al. 1992), however,
the SL RNA of Schistosoma does not contain a similar
upstream stem-loop (Rajkovic et al. 1990). Stem-loops
may quantitatively facilitate Sm protein binding to U
snRNAs (Jarmalowski and Mattaj 1993; Hinz et al. 1996)
but they are not essential (Raker et al. 1999). As Figure 6
shows, the 46-nucleotide Ciona SL RNA is more like the
relatively simple SL RNA of Schistosoma than the more
complex classical SL RNA secondary structure repre-
sented by Caenorhabditis SL1.

Discussion

Our results establish the occurrence of mRNA 5�-leader
(SL) trans-splicing in the ascidian chordate Ciona intes-
tinalis and identify a probable SL RNA splice donor.

Figure 6. Sequence of Ciona SL RNA and pre-
dicted secondary structure comparison with SL
RNAs of the flatworm Schistosoma and nema-
tode Caenorhabditis. (A) Sequence of the 46-
nucleotide Ciona SL RNA. 3�-poly(A), added
before amplification and cloning, has been re-
moved from the sequence; the original RNA
may have contained one or more A residues at
the 3�-end. The SL sequence is bolded and the
Sm-like sequence is underlined and bolded [the
canonical Sm consensus is RA(U)nGR]. Arrows
mark the intron 5�-boundary GU dinucleotide.
(B) Predicted secondary structures. The Ciona
SL RNA structure was generated by mfold 3.0
(Mathews et al. 1999) and the Schistosoma and
Caenorhabditis structures are from Davis
(1996); in all structures the Sm-like sequence
(bold, underlined) was constrained to be single
stranded. In terms of �G, the Ciona structure
shown was among the top two or three gener-
ated by calculations based on 22°C or 37°C and
was within 1 kcal/mole of the optimal solu-
tion. Three-H-bond base pairs (i.e., G–C) are in-
dicated by lines, and 2-H-bond base pairs (i.e.,
A–U and G–U) are indicated by paired dots. A
single large dot marks the first G of the intron
moiety.
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The discovery of SL trans-splicing in the deuteros-
tomes, a major division of the metazoa, shows that SL
trans-splicing has a considerably broader phylogenetic
range than was known from previous studies (Bonen
1993; Davis 1996). This, and a recent report concerning
the class Cestoda within the Platyhelminthes (Brehm et
al. 2000), are the first reports to extend the known range
of SL trans-splicing in almost a decade (Tessier et al.
1991).

Evidence for SL trans-splicing in Ciona

We found that at least seven different Ciona mRNAs,
including TnI and CiMDF(MyoD) mRNAs, contain a
short common sequence at the 5�-ends — a hallmark of
SL trans-splicing. Moreover, the TnI and CiMDF(myoD)
genes were found to have the two structural features
expected of SL trans-spliced genes; (1) the SL sequence
itself was not present in the gene, and (2) the mRNA
sequence immediately adjacent to the SL sequence was
found to correspond to the beginning of an exon, with
the characteristic genomic features of a splice acceptor
site. In addition, TnI and CiMDF(MyoD) �-gal reporter
constructs showed effective muscle-specific expression
in embryo transfection experiments, indicating the pres-
ence of functional tissue-specific promoters, despite the
absence of the SL sequence. Moreover, we demonstrated
the presence, in transfected embryos, of TnI/�-gal chi-
meric mRNAs that contain the SL sequence spliced onto
the expected splice acceptor site in the TnI 5�-untrans-
lated sequence. Finally, we identified a 46-nucleotide
RNA in Ciona body-wall muscle having the expected
properties of the predicted splice donor SL RNA.

Extent and role of ascidian SL trans-splicing

We do not know whether all, or only a subset, of Ciona
genes/mRNAs are subject to SL trans-splicing; the seven
trans-spliced mRNAs we have identified are a minimum
number. These mRNAs are collectively expressed in a
wide range of tissues and developmental stages. The bio-
logical role of SL trans-splicing in ascidians is currently
unknown; proposals for other organisms include media-
tion of mRNA stability or translatability (Maroney et al.
1995), resolution of polycistronic pre-mRNAs (Agabian
1990; Blumenthal 1995), and production of functional
mRNAs from RNA polymerase I transcripts (Lee and
Van der Ploeg 1997).

Evolutionary implications

The occurrence of SL trans-splicing in both protists and
metazoa suggests either that it is an ancestral eukaryotic
character or that it has arisen independently in multiple
organismal lineages (Bonen 1993). Our discovery of SL
trans-splicing in a new division of the metazoa favors the
ancestral-character hypothesis, because as the number of
phyla known to carry out SL trans-splicing increases, the
independent-origins hypothesis becomes increasingly

less parsimonious. The shared features of known SL
RNAs, including the Ciona 46-nucleotide RNA, are con-
sistent with the possibility of descent from a common
ancestral RNA, presumably an Sm-binding U snRNA
(Bruzik et al. 1988), however, this would not preclude the
possibility that the same or similar snRNAs might have
independently acquired a trans-splicing role in different
organismal lineages. Detailed studies of the trans-splic-
ing mechanism in each group may be required to estab-
lish whether SL trans-splicing is an orthologous process
throughout its phylogenetic range.

Because ascidians are thought to be related to verte-
brate ancestors (Berrill 1955; Katz 1983), our findings
raise the possibility that vertebrates could be descended
from organisms that carried out SL trans-splicing. In ex-
tant vertebrates, SL trans-splicing is unknown, although
other forms of trans-splicing have been reported, includ-
ing the specific joining of particular pre-mRNAs (Li et al.
1999), and exon duplication by trans-splicing between
two RNA molecules transcribed from the same gene
(Caudevilla et al. 1998; Akopian et al. 1999). However,
mammalian cells are able to trans-splice Caenorhabditis
SL RNA (Bruzik and Maniatis 1992), which is consistent
with the idea of vertebrate descent from SL trans-splic-
ing ancestors, and also suggests the possibility of ongo-
ing vertebrate SL trans-splicing that has not yet been
discovered. Nonetheless, given the intense genetic re-
search effort in vertebrates in comparison with ascid-
ians, to have escaped detection implies that vertebrate
SL trans-splicing likely occurs to a lesser extent, if at all.

Ascidian TnI and CiMDF(MyoD) genes, among others,
are trans-spliced, but extensive studies of the vertebrate
TnI and MyoD gene families, including detailed charac-
terization of transcriptional start sites (Baldwin et al.
1985; Edmondson et al. 1992; Hinterberger et al. 1992;
Tapscott et al. 1992; Ausoni et al. 1994; Corin et al. 1994)
have revealed no SL trans-splicing, but only the conven-
tional default mechanism of mRNA 5�-end formation.
Thus, TnI and MyoD genes have either lost SL trans-
splicing during vertebrate evolution, or acquired it dur-
ing ascidian evolution. Functional studies indicate that,
given the presence of SL RNA, it is a necessary and suf-
ficient condition for SL trans-splicing that the target pre-
mRNA contain a splice acceptor site upstream of the
5�-most splice donor site (Conrad et al. 1991, 1993). It
follows that, during evolution, SL trans-splicing of a pre-
mRNA could be lost either by mutational loss of the
trans-splice acceptor site or by acquisition of a new
splice donor site upstream of it in the transcript. The
latter event would create a conventional cis-spliced in-
tron within the gene’s 5�-untranslated sequence. In view
of their possible derivation from SL trans-spliced ances-
tral genes, it is of interest that vertebrate TnIfast and
TnIslow genes contain such introns (Baldwin et al. 1985;
Corin et al. 1994). Although other scenarios could also
account for the evolution of 5�-untranslated introns, the
active possibility of ancestral SL trans-splicing increases
the range of evolutionary hypotheses that can be consid-
ered in this, and perhaps other aspects of vertebrate gene
structure/organization.
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Materials and methods

Animals and DNA/RNA preparation

All nucleic acid materials were derived from animals collected
at the Sandwich Marina (Cape Cod, MA) except for a � phage
genomic DNA library kindly provided by R. Zeller (University
of California, San Diego; see below), which was produced from
animals collected in coastal southern California. Collection,
maintenance of animals, and fertilization and embryonic devel-
opment were as described (Meedel et al. 1997). Standard prepa-
ration of high molecular weight (salt precipitated) RNA, and of
genomic (sperm) DNA were as described (Meedel and Hastings
1993). To prepare non-salt-precipitated RNA the salt-precipita-
tion step was omitted.

5�-RACE analysis of TnI mRNA

The 5�-end of TnI mRNA was amplified from heart and body-
wall muscle RNA by use of the Clontech AmpliFinder 5�RACE
kit, with TCGGCAGAGATCCATGA and AGTGGATCCGC
TGAGTGGCTCAAGTCGTTGGCT as the gene-specific left-
ward reverse transcription and amplification primers, respec-
tively. This amplified 427-bp (from heart RNA) or 286-bp (from
body-wall muscle RNA) products that were gel recovered and
subjected to cycle sequencing. Both products had identical 5�-
untranslated sequences, including the first 16 nucleotidess at
the 5�-end.

RT–PCR analysis

Gene-specific leftward priming on TnI, CiMDF, and �-gal
mRNAs was with GCTCAAGTCGTTGGCTTAG, ACTCAT
TCCCGATCCGAAACTC, and AGTAACAACCCGTCGGAT
TCTCC, respectively, and the SL primer GGATCCGATTC
TATTTGAATAAG was used for rightward priming. For generic
amplification of poly(A)+ mRNAs containing the SL sequence,
reverse transcription was primed with an arbitrary T-tailed oli-
gonucleotide GAATTCTACCTCAGAGGAGTCATATTTTTT
TTTTTTT. Leftward PCR priming was done with the same
sequence, but lacking 12 of the 13 T-residues at the 3�-end, and
rightward priming was done with the SL primer. Gel bands were
recovered, cloned in the pCR2.1 T/A vector (Invitrogen), and
three randomly chosen clones were sequenced on both strands.

Cloning and analysis of TnI genomic DNA

Two approaches were used to isolate TnI genomic DNA up-
stream of that isolated previously (MacLean et al. 1997). Inverse
PCR [IPCR, (Ochman et al. 1988)] using TnI gene-specific prim-
ers produced a 2.8-kb product containing 2067 bp of TnI DNA
upstream of the ATG initiation codon (P. Pannunzio and K.E.M.
Hastings, unpubl.). The IPCR product was subcloned and se-
quenced and its validity confirmed by genomic DNA amplifi-
cation between the farthest upstream sequence and previously
known TnI sequence downstream of the ATG start codon. Ad-
ditional upstream DNA was obtained by hybridization screen-
ing of a � ZAP Express (Stratagene) phage library (from Robert
Zeller) of partial Sau3A-cut Ciona intestinalis DNA using the
IPCR product as probe. Several TnI genomic clones were ob-
tained, and one that included 5429 bp of DNA upstream of the
ATG codon was completely sequenced on both strands. The
genomic phage clone and IPCR product sequences clearly cor-
responded throughout their ∼2-kb overlap, although allelic dif-
ferences, which are common in Ciona genes (Meedel and Hast-
ings 1993; MacLean et al. 1997; Meedel et al. 1997) were evident

[the IPCR and phage-cloned sequences derive from Atlantic
(Cape Cod) and Pacific (southern California) coast animals, re-
spectively].

Introduction of �-gal reporter constructs into embryos

CiTnILacZ(−1.5) contains TnI DNA from the subcloned IPCR
product (see above) extending from a KpnI site to a Bpu1102I
site, 1454 and 23 bp upstream of the ATG start codon, respec-
tively. The blunted Bpu1102I site was ligated to the SmaI end of
a 5-kb SmaI/EcoRI fragment from pRSVZ (MacGregor et al.
1987), which contains 7 bp of linker sequence, 38 bp of 5�-
untranslated sequence, and the first 31 codons from Drosophila
alcohol dehydrogenase mRNA, linked to Escherichia coli LacZ
�-gal sequences and SV40 splicing and polyadenylation sites.
Introduction of DNA constructs into Ciona intestinalis zygotes
was by electroporation (Corbo et al. 1997) and following devel-
opment at 18°C for 12 h embryos were fixed and stained with
X-Gal. For RNA isolation, batches of electroporated embryos
were examined and sorted at 12 h and pools of ∼25 normally
developing embryos were frozen in 0.77 M mannitol with 20 ug
of yeast tRNA. After thawing, RNA was recovered by phenol/
chloroform extraction and ethanol precipitation and samples
representing one-eighth of the total yield from a batch of em-
bryos were reverse-transcribed with the �-gal-specific primer
(see above) prior to PCR amplification with the �-gal primer and
the SL primer.

Northern blot analysis

RNA samples separated by electrophoresis on 2% agarose gels
(Thomas 1980) were vacuum-blotted to Zeta-Probe membrane
(BioRad) and hybridized and washed at 37°C [as in Rajkovic et
al. (1990)] with ACCTTATTCAAATAGAAT (complementary
to SL sequence and adjacent intron 5� boundary dinucleotide)
labeled previously with T4 polynucleotide kinase and
[�-32P]ATP. Autoradiography was by PhosphorImaging. RNA
markers were the MBI Fermentas low-molecular weight RNA
marker set. SL-containing RNAs of 126 and 666 nucleotides
were produced by T7 RNA polymerase transcription of plasmid
containing the mRNA 3 insert (see Fig. 2) in pCR2.1, previously
digested with Hin6I or HincII, respectively.

Sequence analysis of SL RNA

Non-salt-precipitated body-wall muscle RNA (3 µg) was 3� poly-
adenylated with 3.5 units of poly(A) polymerase (Life Technolo-
gies) in 40-µl reactions containing 225 mM NaCl, 50 mM
TrisHCl (pH 8), 10 mM MgCl2, 2.5 mM MnCl2, 0.25 mM ATP,
and 0.5 mg/ml BSA for 30 min at 37°C. The polyadenylated
RNA was subjected to RT–PCR as described above (see, RT–
PCR analysis) and the single abundant product, ∼100 bp, was
recovered following agarose gel electrophoresis and cloned into
pCR2.1. Five clones were picked randomly and sequenced, and
four corresponded to the 46-nucleotide SL RNA sequence
shown in Figure 6; there were no base substitutions, although
3�-truncations of 2 (2 clones) and 4 nucleotides (1 clone) were
observed. The fifth clone contained an unrelated sequence. Par-
allel analysis of five clones derived from trace amounts of simi-
lar-sized RT–PCR products made from RNA that had not been
polyadenylated gave a heterogeneous collection of five different
sequences.
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