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High-throughput sequence analysis of Ciona intestinalis
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Pre-mRNA 59 spliced-leader (SL) trans-splicing occurs in some metazoan groups but not in others. Genome-wide charac-
terization of the trans-spliced mRNA subpopulation has not yet been reported for any metazoan. We carried out a high-
throughput analysis of the SL trans-spliced mRNA population of the ascidian tunicate Ciona intestinalis by 454 Life Sciences
(Roche) pyrosequencing of SL-PCR-amplified random-primed reverse transcripts of tailbud embryo RNA. We obtained
;250,000 high-quality reads corresponding to 8790 genes, ;58% of the Ciona total gene number. The great depth of this
data revealed new aspects of trans-splicing, including the existence of a significant class of ‘‘infrequently trans-spliced’’ genes,
accounting for ;28% of represented genes, that generate largely non-trans-spliced mRNAs, but also produce trans-spliced
mRNAs, in part through alternative promoter use. Thus, the conventional qualitative dichotomy of trans-spliced versus
non-trans-spliced genes should be supplanted by a more accurate quantitative view recognizing frequently and in-
frequently trans-spliced gene categories. Our data include reads representing ;80% of Ciona frequently trans-spliced genes.
Our analysis also revealed significant use of closely spaced alternative trans-splice acceptor sites which further underscores
the mechanistic similarity of cis- and trans-splicing and indicates that the prevalence of 63-nt alternative splicing events at
tandem acceptor sites, NAGNAG, is driven by spliceosomal mechanisms, and not nonsense-mediated decay, or selection
at the protein level. The breadth of gene representation data enabled us to find new correlations between trans-splicing
status and gene function, namely the overrepresentation in the frequently trans-spliced gene class of genes associated with
plasma/endomembrane system, Ca2+ homeostasis, and actin cytoskeleton.

[Supplemental material is available online at http://www.genome.org. The sequence data from this study have been
submitted to the NCBI Short Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession no.
SRX006190.]

A striking evolutionary variation in eukaryotic gene expression

mechanisms is the presence or absence in diverse organismal

groups of a form of RNA splicing—pre-mRNA spliced leader (SL)

trans-splicing (Davis 1996; Nilsen 2001; Hastings 2005). SL trans-

splicing is closely related to conventional RNA splicing, or cis-

splicing. The same nucleotide sequence features define donor and

acceptor sites, and both processes occur in spliceosomes and in-

volve formation of a 59,39,29 branchpoint upstream of the acceptor

site (Agabian 1990; Nilsen 1993). Whereas cis-splicing joins paired

donor and acceptor sites within a single RNA molecule, in SL trans-

splicing the donor exon is the 59-segment of a specialized small

59-capped RNA molecule—the SL RNA—and the target is an un-

paired acceptor site near the 59-end of a pre-mRNA molecule.

Transfer of the SL RNA 59-segment, the SL sequence, to the

pre-mRNA molecule occurs with loss of the pre-mRNA’s initial

59-segment upstream of the acceptor site—a segment termed the

‘‘outron’’ (Conrad et al. 1991). In organisms that carry out SL trans-

splicing, many different pre-mRNAs are trans-spliced with the

same SL RNA species, with the result that many mature mRNA

species share a common 59-end sequence. Apart from being short,

from 16 to ;50 nucleotides (nt), the SL sequences of diverse or-

ganisms are not similar (Nilsen 2001).

The best understood function of SL trans-splicing is to resolve

polycistronic operon transcripts into individual 59-capped mRNAs

by trans-splicing to unpaired acceptor sites adjacent to downstream

cistron open reading frames (Clayton 2002; Blumenthal and Gleason

2003). However, it is likely that SL trans-splicing has additional un-

known functions because in trans-splicing metazoa the majority of

trans-spliced genes are not present in operons. A variety of possible

functions for SL trans-splicing in monocistronic genes have been

hypothesized but not firmly established, including direct effects of

the leader itself on mRNA stability or translation, and an indirect

effect, i.e., the removal of potentially deleterious elements within

the outron (59 untranslated region [UTR] ‘‘sanitization’’) (Hastings

2005).

Due to its sporadic phylogenetic distribution, it is not clear

whether SL trans-splicing is an ancestral eukaryotic feature that has
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been lost in several lineages or whether it was absent from the

ancestor and arose independently in several lineages (Nilsen 2001;

Stover and Steele 2001). In the deuterostome division of the meta-

zoa, we discovered SL trans-splicing in the chordate tunicate as-

cidian Ciona intestinalis (Vandenberghe et al. 2001) and it has since

been found in several other tunicate species (Yuasa et al. 2002;

Ganot et al. 2004). Tunicates are of particular evolutionary interest

because, as chordates, they are related to vertebrate ancestors

(Dehal et al. 2002). Moreover, because vertebrates are among the

groups that almost certainly do not carry out SL trans-splicing

(Nilsen 2001; Hastings 2005), it follows that either SL trans-splicing

has been lost in the vertebrate lineage or was invented in the tu-

nicate lineage after the tunicate/vertebrate divergence. Thus, in-

depth knowledge of trans-splicing in the tunicates may provide

valuable insight into genome evolution in the chordates and the

evolutionary dynamics of RNA splicing.

Among the metazoan organisms that carry out SL trans-

splicing, a significant fraction of genes are conventionally expressed,

i.e., are not trans-spliced (e.g., in Ciona, ;50% of genes are appar-

ently not trans-spliced; Satou et al. 2006). It is not known why

some monocistronic genes are trans-spliced and others are not.

Genome-wide knowledge of the trans-splicing status of individual

genes would provide a basis for elucidating those aspects of gene

structure or function that may affect the ‘‘choice’’ of SL trans-

splicing versus conventional gene expression. Although there

have been several studies of individual

genes or of small samples of the trans-

splicedornon-trans-spliced gene sets (Satou

et al. 2006; Sierro et al. 2009), there has

not yet been a genome-wide identifica-

tion of trans-spliced and non-trans-spliced

gene populations in any organism. Because

the trans-spliced and non-trans-spliced

gene subpopulations represent a significant

fraction of the genome, generating a com-

prehensive overview has been beyond the

reach of conventional sequencing meth-

odologies. However, recently developed

high-throughput methods have made it

feasible to study genome-wide processes

through DNA sequencing. We have de-

veloped and employed an approach to

high-throughput characterization of the

trans-spliced mRNA population of the

ascidan Ciona intestinalis based on 454

Life Sciences (Roche) pyrosequencing.

In order to sample a wide range of

expressed genes we used the whole or-

ganism at a stage of active development

and differentiation, the tailbud embryo.

Our results identify the majority of trans-

spliced genes in Ciona and precisely lo-

calize their trans-splice acceptor sites.

Analysis of this extensive data set provides

new insight into the splicing mechanism

and into the nature of the trans-spliced

and non-trans-spliced gene sets. In addi-

tion to improved understanding of trans-

splicing, our results also provide a wealth

of specific genetic information on Ciona,

a key model organism for genomic and

developmental genetics studies relevant to

vertebrate early development and evolution (Satou et al. 2005; Imai

et al. 2006; Munro et al. 2006).

Results

Spliced-leader-PCR (SL-PCR) and massively parallel DNA
sequencing approach

In order to globally identify the set of trans-spliced genes, we de-

veloped a method to selectively PCR-amplify 59-segments of all

trans-spliced mRNAs. This method, random-primed SL-PCR, con-

sists of reverse transcription primed by random-hexamer se-

quences linked 39 to an arbitrary 25-nt anchor sequence (AN),

followed by PCR using the AN sequence for leftward priming and

a 23-mer primer terminating in the 16-nt SL sequence, which is

present at the 59-end of trans-spliced mRNAs, as the rightward

primer (SL primer) (see Fig. 1). We applied random-primed SL-PCR

to total RNA isolated from tailbud stage embryos of Ciona intesti-

nalis and analyzed the products (average length ;400 bp) using

454 Life Sciences (Roche) high-throughput DNA sequencing

technology (Margulies et al. 2005). We obtained 249,239 high-

quality sequence reads from two runs on the GS20 system. The

average read length was 190 nt (see Supplemental Fig. S1) and 24%

of reads covered the full lengths of their SL-PCR products, the re-

mainder terminating within the SL-PCR product before reaching

Figure 1. SL-PCR amplification of 59 segments of trans-spliced mRNAs. Starting from a capped
(m*Gppp) and polyadenylated (AAAAAAAAAAn) trans-spliced mRNA (top line) with the 16-nt SL se-
quence at its 59 terminus, the diagram illustrates the basis of AN-linked random-hexamer-primed reverse
transcription, SL-primed second strand cDNA synthesis, and PCR amplification with SL and AN primers.
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the far end (see Supplemental Figs. S1, S2, and Supplemental ma-

terial, section 5).

Several lines of evidence, summarized in Supplemental ma-

terial, section 7, substantiated the expected specificity of SL-PCR

amplification for mRNA 59-segments (including very long mRNAs

such as the 15-kb nebulin mRNA; Supplemental Fig. S3), and fur-

ther established a very high overall sequence quality, with 97% of

reads giving high-quality alignments with the version 1 genome

(Dehal et al. 2002), and 93% with the KH gene model set (Satou

et al. 2008) (Supplemental material, section 4). Moreover, as

expected for a natural mRNA population, a diverse range of genes

were represented over a wide abundance range, from a single read

(1585 KH gene loci) up to >1000 reads (17 KH gene loci listed in

Table 1). The most abundantly represented KH gene locus was

KH.L154.4 encoding cytoplasmic actin, with 6604 reads, or 2.6%

of the total. The total number of KH gene loci matching SL-PCR

reads was 8790, which represents ;58% of the total number of

15,254 KH gene loci in the genome. Given that the proportion of

Ciona genes that undergo trans-splicing has been estimated at 50%

(Satou et al. 2006), this suggests that our data set effectively sam-

ples the trans-spliced gene population.

Although all SL-PCR reads can in principle identify trans-

spliced genes, we selected for in-depth analysis a restricted subset

of reads of particularly high apparent quality and informative struc-

ture. This subset, termed Category 1, consisted of reads that started

precisely with a perfect SL primer sequence, and AN-start reads that

ended precisely with a perfect SL primer reverse-complement se-

quence (see Methods). Because Category 1 reads include the junc-

tion between the spliced leader (SL) sequence and the remainder of

the original template mRNA, these reads not only identify trans-

spliced mRNAs, but also precisely localize trans-splice acceptor sites.

Category 1 reads represented almost one-half of the total number of

reads (120,937 or 48.5%) and included 86% (7534/8790) of the

total number of KH models present in the global read set. Most of

the remaining reads fell into Category 2 (having imperfect SL

primer sequences at the start/end) or Category 3 (AN-start reads

terminating prior to the SL site at the far end; see Supplemental Fig.

S2). The analyses described in this study were limited to Category 1,

except where indicated.

The association of Category 1 reads with mRNA extreme

59-ends was evident by inspection of alignments in the UCSC

Genome Browser setting (http://genome.ucsc.edu/index.html).

Figure 2 shows a genomic region containing two divergently

transcribed genes, one encoding ribosomal protein L12 (rpL12),

the other a protein similar to mammalian TMED5. A total of 231

SL-PCR reads, including 93 Category 1 reads, mapped to this re-

gion, all associated with the TMED5 gene. All the Category 1 reads

mapped to exon 1, in a few cases extending to exon 2. Moreover,

86/93 Category 1 reads identified precisely the same TMED5 ge-

nomic nucleotide at the upstream end of the exon 1 alignment

block. Such high precision at the alignment start is expected be-

cause this should correspond to a specific genomic trans-splice

acceptor site. Of interest, six of the remaining seven Category 1

reads identified a second nearby nucleotide as an alternative minor

acceptor site (see also below concerning alternative trans-splicing).

Extensive genome browser–based examination of aligned Cate-

gory 1 reads showed that association of SL-PCR reads with mRNA

59-ends and precise agreement among multiply sampled align-

ment starts were general rules.

Figure 2 also illustrates the preferential derivation of SL-PCR

products from some genes as opposed to others. The association of

SL-PCR reads with the TMED5 gene and not the rpL12 gene is not

a reflection of mRNA abundance. On the contrary, the rpL12 gene

appears to be expressed at ;10-fold higher levels than the TMED5

gene, based on the occurrence of 29 rpL12 59-ESTs and only three

TMED5 59-ESTs in the Ciona tailbud embryo conventional cDNA

EST library of Satou et al. (2003) (http://hoya.zool.kyoto-u.ac.jp/

download.html). This suggests a >1000-fold preferential derivation

of SL-PCR products from TMED5 mRNA. This enrichment pre-

sumably reflects a different trans-splicing status of these two genes,

with TMED5 being a trans-spliced gene and rpL12, like many ri-

bosomal protein genes (see below), being undetectably trans-

spliced. Additional evidence for the high specificity of SL-PCR for

trans-spliced mRNAs is the virtually complete absence from the

global set of 249,239 reads of SL-PCR products corresponding to

mitochondrial transcripts or to ribosomal RNAs. These are very

abundant RNA species that are not expected to undergo trans-

splicing (see Supplemental material, section 7).

Mapping genomic trans-splice acceptor sites

Consistent with the expectation that sequences immediately ad-

jacent to the SL primer in SL-PCR products would correspond to

genomic splice acceptor sites, we found that (1) >99% of SL-primer-

trimmed Category 1 reads mapped to the version 1 genome, (2) in

92% of cases the top-scoring BLAT alignment started from the first

base of the SL-trimmed read, and (3) 98% of such first-base-aligned

reads matched genomic sites immediately downstream from AG

dinucleotides.

We compiled a list of 8929 stringently defined candidate

trans-splice acceptor sites, by recovering top-scoring, first-base-

aligned, AG-adjacent alignments of primer-trimmed Category 1

reads (see Methods). For precise mapping purposes the ‘‘site’’ is

considered to be the genomic nucleotide corresponding to the first

base of the SL-primer-trimmed read, and immediately 39 of the

genomic AG dinucleotide. The genomic DNA sequences upstream

of and downstream from these 8929 sites are expected to corre-

spond to outrons and to trans-splicing target exons, respectively. As

shown in Table 2, 50-nt upstream segments were more A+T-rich

than 50-nt downstream segments, 72.1% A+T versus 67.0% A+T,

consistent with reports that in the nematode Caenorhabditis, out-

rons (and introns) are A+T-rich compared with exons (Csank et al.

1990; Conrad et al. 1991). Upstream segments of 50 nt or 20 nt

were also more pyrimidine-rich (;57% C+T) than corresponding

Table 1. Ciona KH gene loci represented by >1000 SL-PCR reads

Rank Locus name Protein name Total reads

1 KH.L154.4 Actin (cytoplasmic) 6604
2 KH.C6.198 Hemicentin 3858
3 KH.C7.164 CSDM3 (carbohydrate hydrolase) 3065
4 KH.S389.1 Nucleolin 2931
5 KH.L132.16 Matrilin 2357
6 KH.S546.3 Unknown short open reading frame 2220
7 KH.C1.188 Ci Epi-1 2131
8 KH.C8.121 SCO-spondin precursor 1833
9 KH.S545.7 Voltage-gated anion channel 1729
10 KH.C8.325 RNA-binding protein 8A 1577
11 KH.C3.79 Calmodulin 1575
12 KH.C13.19 Multi-EGF domain protein 11 1497
13 KH.C9.3 Alpha-tectorin/uromodulin 1427
14 KH.C7.187 RhoA 1391
15 KH.C2.593 Histone H1.0 1140
16 KH.C11.673 Troponin I 1135
17 KH.L116.38 SERCA1A S/ER Ca2+ ATPase 1109
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