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ABSTRACT

In Caenorhabditis elegans, the transcripts of many genes are trans-spliced to an SL1 spliced leader, a process that removes the
RNA extending from the transcription start site to the trans-splice site, thereby making it difficult to determine the position of
the promoter. Here we use RT-PCR to identify promoters of trans-spliced genes. Many genes in C. elegans are organized in
operons where genes are closely clustered, typically separated by only ~100 nucleotides, and transcribed by an upstream
promoter. The transcripts of downstream genes are trans-spliced to an SL2 spliced leader. The polycistronic precursor RNA is
processed into individual transcripts by 39 end formation and trans-splicing. Although the SL2 spliced leader does not appear to
be used for other gene arrangements, there is a relatively small number of genes whose transcripts are processed by SL2 but are
not close to another gene in the same orientation. Although these genes do not appear to be members of classical C. elegans
operons, we investigated whether these might represent unusual operons with long spacing or a different, nonoperon
mechanism for specifying SL2 trans-splicing. We show transcription of the entire region between the SL2 trans-spliced gene and
the next upstream gene, sometimes several kilobases distant, suggesting that these represent exceptional operons. We also
report a second type of atypical ‘‘alternative’’ operon, in which 39 end formation and trans-splicing by SL2 occur within an
intron. In this case, the processing sometimes results in a single transcript, and sometimes in two separate mRNAs.
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INTRODUCTION

The transcripts of around 70% of the genes in Caenorhab-
ditis elegans are trans-spliced (Blumenthal 2005). Trans-
splicing is a process closely related to cis-splicing of introns
(Hannon et al. 1991). A 59 fragment of a newly transcribed
pre-mRNA is removed and replaced with a capped spliced
leader sequence, donated by a specialized snRNP, the spliced
leader (SL) snRNP (Krause and Hirsh 1987; Bektesh and
Hirsh 1988; Liou and Blumenthal 1990). Trans-splicing
occurs at an unpaired 39 splice site upstream of the coding
sequence of a pre-mRNA (Conrad et al. 1991, 1993a,b).
During trans-splicing, the RNA upstream of the trans-splice
site, known as an outron, becomes attached to the SL snRNP
to form a branched molecule, analogous to the intron lariat
formed during cis-splicing (Bektesh and Hirsh 1988). The
branched RNA is presumably quickly debranched and de-
graded (Conrad et al. 1991). Since trans-splicing is a very

efficient process, it has proven to be difficult to identify
transcriptional start sites upstream of genes whose RNA is
trans-spliced, which, in C. elegans, is most genes. However,
recent whole-genome ChIP-Chip and ChIP-seq experiments
have identified sites of RNA polymerase II poised for
transcription, and sites of accumulation of specialized or
modified histones specific for promoter regions (Whittle
et al. 2008; Baugh et al. 2009). Because chromatin IP exper-
iments are a relatively blunt tool, these experiments provide
only a rough idea of where the promoter is. In this man-
uscript, we show that we can use high density RT-PCR to
locate the 59 ends of outrons, which mark transcription start
sites. Using this tool, we can calculate a relatively precise
location of promoters in a trans-splicing organism.

Trans-splicing has allowed the evolution of operons: assem-
blages of two to eight identically oriented genes, clustered
tightly along the chromosome (Spieth et al. 1993). Typically,
genes within an operon are separated by only about 100 base
pairs (bp) (Blumenthal et al. 2002). All genes in an operon
are transcribed as a single polycistronic RNA from an up-
stream promoter. The polycistronic RNA is then processed
into individual mRNAs by 39 end formation of the upstream
gene accompanied by trans-splicing of the downstream gene.
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Transcripts from nonoperon genes or from genes located
in the most upstream position in an operon are generally
trans-spliced with a spliced leader donated from the SL1
snRNP (Bruzik et al. 1988; Van Doren and Hirsh 1988).
Transcripts from genes located in downstream positions in
an operon are trans-spliced to a spliced leader donated by
the SL2 snRNP (Huang and Hirsh 1989; Spieth et al. 1993).
This process is necessary for polycistronic pre-mRNA pro-
cessing and for the addition of caps to transcripts from
downstream genes. It is also mechanistically coupled to
39 end formation of the upstream RNA (Kuersten et al. 1997).
An upstream polyadenylation signal (AAUAAA) appears to
play a role in SL2-specific trans-splicing (Liu et al. 2001).
The RNA between the cleavage site of the upstream gene and
the trans-splice site of the downstream gene is known as the
intercistronic region (ICR). It also contains several features
that facilitate specific downstream RNA SL2 trans-splicing.
In a typical 110-nt ICR, z50 nucleotides (nt) downstream
from the 39 cleavage site is a sequence known as the Ur
element (Huang et al. 2001; Liu et al. 2003). Originally char-
acterized as a z20-nt U-rich sequence, this element has
been recently shown to be composed of two distinct
components: a stem–loop of variable sequence followed
closely by one or more copies of the consensus sequence
UAYYUU (Lasda et al. 2010). Both of these features
are necessary for SL2 trans-splicing in vitro. It has been
shown that the SL2 snRNP directly or indirectly associates
with the Ur element, which activates it and places it in
proximity for trans-splicing at the downstream 39 splice
site.

Genes in operons have been identified by the fact that they
are very close together, with ICRs of z100 nt, and are SL2
trans-spliced. However, there are occasional examples of
genes that do not appear to be in canonical operons but
whose transcripts are processed nonetheless by SL2 trans-
splicing. For example, the gene nduf-5, which encodes a
subunit of the mitochondrial NADH dehydrogenase com-
plex, is overwhelmingly (86%) SL2 trans-spliced (Hillier
et al. 2009; Allen et al. 2011), but this gene lies 2.6 kilobases
(kb) downstream from the nearest upstream gene in the
same orientation. Likewise, the gene K01C8.6 encodes a
mitochondrial ribosomal protein. Deep sequencing indi-
cates that it is also mainly (89%) SL2 trans-spliced, but it
is located 2.3 kb downstream from the nearest identically
oriented gene. Thus, the RNAs from these genes are
processed as if they are downstream in operons, but the
genes do not appear to be in operons. It has been previously
proposed that RNA from such genes may be processed
through an alternative operon-independent SL2 trans-
splicing mechanism (Blumenthal et al. 2002).

We have used RT-PCR to search for transcriptional start
sites upstream of these genes. We show that they are, in fact,
in unusual operons. For nduf-5 and K01C8.6, even though
the distance to the nearest upstream genes is much greater
than the 110 bp typically observed, our analysis shows that

RNA is transcribed along the entire region between these
genes and the genes upstream. This phenomenon is not seen
in similarly oriented nonoperon genes. Importantly, in con-
structs in which z600 nt of K01C8.6 or nduf-5 upstream
sequence dictate the trans-splicing of a GFP or GFP-fusion
transcript, the resulting RNA is overwhelmingly SL1 trans-
spliced, indicating that the SL2 trans-splicing seen in these
genes’ natural context is due to their position downstream in
operons.

The gene F58G1.2 encodes a zinc-finger protein of un-
known function. It is 6.2 kb downstream from the nearest
similarly oriented gene. Although the 59 end of the RNA
transcribed from this gene is SL1 trans-spliced, as would be
expected, the RNA is also sometimes SL2 trans-spliced at
the 39 end of the first intron, as if this point marked the
beginning of an RNA sequence corresponding to a down-
stream gene in an operon. This gene arrangement turns out
to be what we are calling an ‘‘alternative operon.’’ We show
that 39 end formation and polyadenylation do sometimes
occur after the first exon in this RNA. When this happens,
downstream RNA is processed by SL2 trans-splicing and this
presumably results in production of a separate protein. We
identify several additional examples of alternative operons.
Thus, using RT-PCR to map transcriptional start sites, as
well as modEncode data, including histone variant Htz peaks
and RNA polymerase II (pol II)-ChIP data, 39 end formation
sites, and RNA deep sequencing reads, our results expand
our understanding of how genes are organized throughout
the C. elegans genome.

MATERIALS AND METHODS

Worm strains and maintenance

Worms were maintained and grown as described (Brenner
1974; Sulston and Brenner 1974). Transgenic worms carry-
ing extra chromosomal arrays were produced as described
(Mello et al. 1991; Spieth et al. 1993), except DNA was
injected at a concentration of 50 ng/mL. Stable transformant
lines were obtained and verified by PCR, using the gene-
specific forward primers 59 CTTTACTTTTTGAAATTCGTT
TGTCTGAAATTC 39 (K01C8.6) or 59 CCGAAAAATCGAT
ATTTTGCTTCTCAACTC 39 (nduf-5) and the GFP sequence-
specific reverse primers 59 CATGGAACAGGTAGTTTTCC
AGTAGTGC 39 (for RT) and 59 ATTTGTGCCCATTAACA
TCACC 39 (for PCR). The strain BL8102 carries the K01C8.
6TGFP array, and the strains BL8103 and BL8104 carry the
nduf-5TGFP array.

Plasmid construction

The K01C8.6- and nduf-5TGFP fusion constructs were built
from the sur-5TGFP reporter plasmid, pTG96 (Gu et al.
1998). pTG96 was digested with SphI and SacI to remove the
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sur-5 promoter fragment. To construct
the nduf-5TGFP vector, N2 DNA was am-
plified using the forward primer 59 GCG
CGCGCATGCGGGTAATTCTGAAATT
ATTACGGGAACAC 39 and the reverse
primer 59 GCGCGCGAGCTCCTGGAA
TTTTGGAATTTTATTATGAGTTGAGA
AGC 39 (in which the underlined nucle-
otides are SphI and SacI restrictions sites
included in the primer sequence). The
resulting 602-bp product was digested
with SphI and SacI and ligated into the
plasmid backbone upstream of the GFP
coding sequence. To construct K01C8.
6TGFP, N2 DNA was amplified with
the forward primer 59 GCGCGCGCAT
GCGACCATTCGGCGTAACTGCGC 39

and the reverse primer 59 GCGCGCGAG
CTCTTGAAATGTCGTGGAGTTGGAC
GTG 39. The 675-bp product was digested
with SphI and SacI and ligated into the
plasmid backbone to produce an in-
frame fusion. All constructs were verified
by sequencing.

RNA preparation and RT-PCR
analysis

N2 and mutant RNA was isolated and
RT-PCR performed as previously de-
scribed (Lasda et al. 2010), using gene-
specific primers (Supplemental Table
S1). PCR products were analyzed by
agarose gel electrophoresis.

RESULTS

Localization of transcription start sites
of trans-spliced genes

Because trans-splicing is an efficient process, the unspliced
precursor is difficult to capture. Therefore, the transcriptional
start site at the 59 end of the outron of trans-spliced genes
is usually unknown. To determine whether RT-PCR could
amplify the small amount of unprocessed RNA from trans-
spliced transcripts, we examined RNA from three highly
expressed genes: rps-3 (a small ribosomal subunit protein),
vha-6 (a subunit of a vacuolar ATPase), and idh-2 (isocitrate
dehydrogenase) (Fig. 1). In the idh-2 transcript a 59 splice site
upstream of the 39 trans-splice site results in occasional
excision of an intron in the 59 UTR and production of a non-
trans-spliced transcript whose transcriptional start site can be
identified in ESTs. Thus, idh-2 serves as a positive control,
since the location of the promoter is known.

We used sets of gene-specific primers: two nested reverse
primers in the second exon of each of the three genes and

several forward primers at increasing distances upstream of
the trans-splice site (Fig. 1, thick black arrows in the gene
diagrams) Following reverse transcription with the most
39 primer, we performed PCRs on the cDNA using each of
these upstream forward primers and the nested 39 primer.
Importantly, for each gene, primers closer to the trans-splice
site always gave products of the expected size, but at some
point as more upstream primers were used, no products
were found (even though these same primers always gave
products with the genomic DNA controls shown in the
lower panels). This indicates that this procedure is using the
unprocessed precursor for trans-splicing as the template.
RT- reactions were run in parallel with all RT-PCRs to en-
sure that all products were RNA dependent (data not shown.)
We calculate the approximate outron length as falling within
the interval between the most 59 primer producing a PCR
product and the next upstream primer that did not give
a product (because it lies upstream of the transcriptional
start site.) This procedure should be able to identify the most

FIGURE 1. Localization of transcriptional start sites of trans-spliced genes by RT-PCR.
Schematic representation of the rps-3, vha-6, and idh-2 pre-mRNAs, including their proposed
outrons. In all figures, exons are indicated by boxes, and introns by lines. Trans-splice sites are
indicated by vertical arrows. The forward and reverse primer sites are indicated by horizontal
arrows. Scale bars are shown for each diagram. Primers for reverse transcription (RT) and
reverse primers for PCR (Rev) are indicated under the second exons. Forward primers are
named according to their location (in bp) upstream of the trans-splice sites. Since the exact
transcriptional start site is known only to fall somewhere between the most 59 primer that gives
a product and the next upstream one that does not, the 59 ends of the outrons are depicted as
dashes. Gels (below) show RT-PCR products using the primers shown above. Some of the RNA
has been cis-spliced as well as trans-spliced, so there are two bands in each lane: one including
an intron and one without. The bands resulting from intron-containing RNA are visible but
faint with primers 363, 258, and 161 on the vha-6 gel. RNA from the idh-2 gene produces extra
bands in each lane, since the trans-splice site sometimes serves as the 39 splice site for the
removal of a small intron upstream of the first coding exon. The lowest band is at the position
expected for removal of both introns; the largest band is at the position expected for removal of
neither intron; and the middle band is at the position expected for removal of either intron.
The forward primers used in the reactions are shown along the tops of the gels. Gels of the
products of PCRs from C. elegans (N2) genomic DNA (lower gels) verify the specificity of the
primer pairs used in the analysis.
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distal transcription start site, but if there are multiple start
sites, the proximal ones would not be distinguishable. By
this method, we were able to calculate that the outron of
rps-3 extends into the interval between 243 and 355 nt
upstream of the trans-splice site (Fig. 1, cf. gene diagrams
and gels). The outron of vha-6 extends into the interval
from 363 to 506 nt upstream, and the outron of idh-2
extends into the interval between 302 and 347 nt up-
stream of the trans-splice site. This result corresponds
nicely with idh-2’s known transcriptional start site of 304
nt upstream of the trans-splice site (from published ESTs,
WormBase, WS215). The very faint band with the 347
oligonucleotide may indicate that there is a small amount
of transcription coming from somewhere further up-
stream as well. The pairs of bands in some lanes result
from RNA that has undergone cis-splicing of the first
introns (lower band) and RNA that has not yet been
spliced (upper band).

Analysis of a known operon

To determine whether RNA from genes in operons could
be differentiated from that produced from genes with
outrons by this technique, we examined RNA from the
well-characterized rla-1 operon (Fig. 2). In this case, un-

processed RNA transcribed from the promoter upstream of
this operon should extend through both Y37E3.8 and rla-1.
RT-PCR using nested reverse primers in the second exon of
rla-1 and forward primers located upstream in the ICR
between the genes and in the final exon of Y37E3.8 shows
that RNA does indeed extend from the upstream gene into
the downstream gene. Moreover, the mature mRNA from
rla-1 is almost exclusively SL2 trans-spliced, as would be
expected from a downstream gene in an operon. In contrast,
RT-PCR analysis of the RNA upstream of Y37E3.8, the first
gene in the operon, indicates the presence of a typical outron,
extending from somewhere in the region of 263–321 nt
upstream of the trans-splice site. The mature RNA from this
gene is SL1 trans-spliced, as expected.

Analysis of SL2 trans-spliced genes not downstream
in typical operons

SL2 trans-splicing at outron trans-splice sites is extremely
rare (<1%) (Allen et al. 2011). Since K01C8.6, nduf-5, and
F58G1.2 RNA are all frequently SL2 trans-spliced, but none
of them appear to be downstream in operons, we hypoth-
esized that either they are downstream in unusual operons;
or they are not in operons but are trans-spliced by SL2
through an operon-independent mechanism. To distin-

guish between these two possibilities, we
analyzed their unprocessed RNAs to de-
termine whether transcriptional start
sites could be identified upstream of
the genes. First, we examined the RNA
from K01C8.6 by RT-PCR (Fig. 3A).
Analysis of this gene shows that its
mRNA is mostly SL2 trans-spliced, as
expected based on the deep sequencing
(Fig. 3A, cf. lanes SL1 and SL2; Allen
et al. 2011). Using reverse primers in
the second exon, we detected continu-
ous RNA from 1485 nt upstream of
the trans-splice site (first step gel). The
products generated by forward primers
932, 1200, and 1485 are shorter than
expected, based on the known sequence
and the sizes observed with genomic
DNA as a template (lower panel). These
PCR products encompass the site of a
NPALTA1_CE transposon. It has previ-
ously been shown that some C. elegans
transposons can be imprecisely excised
from the RNA by an unknown process
that is clearly not spliceosomal splic-
ing since the ends of the excised RNA
do not match canonical splice sites
(Rushforth et al. 1993; Rushforth and
Anderson 1996). We have sequenced
the PCR products from this region and

FIGURE 2. RT-PCR analysis of transcripts from an operon. Diagram of the Y37E3.8 operon.
Y37E3.8 is the upstream gene and rla-1 is the downstream gene. The genes are separated by
a 110-bp intercistronic region (ICR), depicted as a narrow bar between them. The Y37E3.8
RNA trans-splice site is indicated by a black vertical arrow and the rla-1 RNA trans-splice site is
indicated by a gray vertical arrow. Primers are measured from these trans-splice sites and are
indicated by white horizontal arrows for Y37E3.8 and black horizontal arrows for rla-1. Gels of
RT-PCR products show that, as expected, Y37E3.8 RNA is trans-spliced to SL1 whereas rla-1
RNA is trans-spliced primarily to SL2. The analysis of the transcriptional start site is as shown
in Figure 1. The start site for Y37E3.8 transcription can be estimated, while rla-1 transcription
proceeds from the upstream gene, as would be expected for a downstream gene in an operon.
Some RNA has been cis-spliced, so two bands are present. RNA reads are taken from Illumina
sequencing of polyadenylated RNA, by Hillier et al. (2009), and the percentage of SL2 trans-
spliced RNA is calculated from this data.
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determined that a similar event appears to be occurring to
this RNA (data not shown). However, these bands could
also be due to reverse transcriptase or PCR skipping over
the inverted sequences.

Because these products were nearing the size limit of
unprocessed products detectable in RT-PCRs primed from
the introns of highly expressed RNA ( fat-1, Y69A2AR.18;
data not shown), we examined RNA upstream of this gene in
steps. We constructed a second set of nested reverse primers
at 1078 and 1176 nt upstream of the trans-splice site. From
them, we detected RNA up to �2220 (Fig. 3A, second step
gel.) Likewise, from a third set of reverse primers at �1682
and �1955, we detected RNA up to �2811 (Fig. 3A, third
step gel.) The longest two products
shown in this gel (2593 and 2811) lie
within the nst-1 gene, indicating that un-
processed RNA extends from this gene
downstream to K01C8.6, as would be
expected in an operon.

We performed a similar analysis on
transcripts of nduf-5 (Fig. 3B). Since the
single intron in this gene is slightly over
1 kb in length, we designed an initial set
of reverse primers in the first exon, then
proceeded upstream in steps, as de-
scribed above. The mRNA from this gene
is also preferentially SL2 trans-spliced
(Fig. 3B, cf. lanes SL1 and SL2). We
detected RNA 914 nt upstream of the
trans-splice site (Fig. 3B, first step gel).
The products generated by the 624 and
914 forward primers are shorter than
expected, presumably due to the presence
of a CELE1 transposon in this region,
which is cut from the RNA, as deter-
mined by sequencing of the shortened
PCR product RNA or is missing from the
PCR product due to a reverse transcrip-
tase or PCR artifact occurring at the
inverted repeats. We constructed a second
set of reverse primers 599 and 677 nt
upstream, and, from these, were able to
detect RNA up to�2276 (Fig. 3B, second
step gel). Finally, from another set of
reverse primers at �1563 and �1596, we
detected RNA up to �2784, within the
mek-2 gene (Fig. 3B, third step gel),
indicating that the entire region between
mek-2 and nduf-5 is transcribed, consis-
tent with the hypothesis that they form
an operon. However, we show below that
this spacing, with a gene in between on
the opposite strand, is not a sufficient
condition for SL2 trans-splicing or for
diagnosis of an operon.

The context of the trans-splice site determines
its specificity

As an independent test of the idea that the regions upstream
of the trans-splice sites of K01C8.6 and nduf-5 could be
responsible for their receiving SL2 instead of SL1, we created
constructs to examine their transcriptional processing out-
side of their normal genomic context (Fig. 4). We assumed
that if these genes were like SL1 trans-spliced genes except
with a signal for SL2, they would have a nearby promoter
and an outron. We fused the 561 nt upstream of the trans-
splice site and the first exon of K01C8.6 in frame to GFP,
and we fused the 578 nt upstream of the trans-splice site of

FIGURE 3. (Legend on next page)
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nduf-5 to GFP. We isolated RNA from
transgenic strains carrying these con-
structs in extrachromosomal tandem
arrays, and analyzed this RNA by
RT-PCR. Although we expected this
amount of upstream sequence to be
enough to contain any elements neces-
sary to direct SL2 trans-splicing, analy-
sis of both constructs revealed little
expression, based on our inability to
see any GFP fluorescence. However,
RT-PCR analysis indicated that there
is in fact a low level of transcription.
However, this transcription was com-
ing from an unknown transcription
start site outside the insert, based on
RT-PCR analysis like that shown in
Figure 3 (data not shown). Inter-
estingly, this RNA is almost exclusively
SL1 trans-spliced instead of the SL2
trans-splicing that occurs when these
genes are in their natural contexts (Fig.
4, K01C8.6TGFP and nduf-5TGFP
gels.) It is not clear why there is no detectable GFP, but
we assume it is due to production of such a low level of
mRNA from these transgenes. This experiment shows that
the sequences upstream of these genes are not sufficient to
specify the SL2 trans-splicing associated with the RNA
from these two genes in their normal context. This
observation also supports the idea that these are down-
stream genes in unusual, long spaced, operons.

The genomic context is not sufficient to specify
SL2 trans-splicing

The genomic contexts surrounding K01C8.6 and nduf-5 are
very similar. Each gene is z2.5 kb downstream from the
nearest same-strand gene. Furthermore, genes on the oppo-
site DNA strand can be found within this region in both
instances. To determine if there is something special about

this orientation that either caused SL2
trans-splicing of the RNA produced from
downstream genes and/or produced RNA
throughout the region, we examined a
third gene, Y69A2AR.18, which shares a
similar genomic orientation but is nor-
mally trans-spliced to SL1 (Fig. 5). We
designed a set of reverse primers in its
second exon and proceeded upstream,
as above. As expected, the mRNA pro-
duced is preferentially SL1 trans-spliced
(Fig. 5, cf. lanes SL1 and SL2). Further-
more, RNA can be detected only up to
386 nt upstream of the trans-splice site,
as is typical of an outron. Construction
of a second set of reverse primers at 49
and 82 nt upstream of the trans-splice
site produced similar results (Fig. 5,
second step gel.) We also designed a third
set of reverse primers at 390 and 438 nt
upstream of the trans-splice site. PCRs
with upstream forward primers failed to
generate a product, as would be expected
if these primers were upstream of the

FIGURE 3. Detection of RNA along the entire region upstream of SL2 trans-spliced genes.
(A) The genomic arrangement of K01C8.6 is depicted above. This gene is z2.1 kb
downstream from nst-1. The gene clec-142 lies on the opposite strand between these two
genes. The transposon NPALTA1_CE is indicated as a double arrow upstream of K01C8.6.
Gels of overlapping RT-PCRs indicate that RNA is transcribed along the entire region
between K01C8.6 and the nearest upstream gene, nst-1. The analysis was done in three steps
to examine the entire region between the genes. The first step gel and the RNA deep
sequencing data show that K01C8.6 RNA is preferentially SL2 trans-spliced, as would be
expected if this gene were downstream in an operon. Products extending from the 1485,
1200, and 932 primers are shorter than expected. This is presumably due to splicing of the
transposon NPALTA1_CE from the RNA, as has been previously described with other
transposons (Rushforth et al. 1993; Rushforth and Anderson 1996) or due to a reverse
transcription or PCR artifact at the inverted repeats. Because all reverse transcription was
performed with strand-specific primers and the reverse transcriptase heat inactivated prior
to PCR, clec-142 mRNA cannot be detected in these assays. (B) The genomic arrangement
of nduf-5 is depicted above. This gene is z2.6 kb downstream from mek-2. The gene
Y54E10BL.3 lies on the opposite strand between these two genes. The transposon CELE1 is
indicated as a double arrow upstream of nduf-5. Gels of overlapping RT-PCRs indicate that
RNA is transcribed along the entire region between nduf-5 and the nearest upstream gene,
mek-2. The analysis was done in three steps to examine the entire region between the genes.
Arrows mark the site of faint products on the gels. The first step gel and the RNA deep
sequencing data show that nduf-5 RNA is preferentially SL2 trans-spliced, as would be
expected if this gene were downstream in an operon. Products extending from the 624
and 914 primers are shorter than expected, presumably due to splicing of the CELE1
transposon from the RNA or an artifact of reverse transcription or PCR at the inverted
repeats. Because all reverse transcription was performed with strand-specific primers and
reverse transcriptase heat-inactivated prior to PCR, Y54E10BL.3 mRNA cannot be detected
in these assays.

FIGURE 4. Expression of K01C8.6 and nduf-5 GFP fusion constructs in transgenic worms.
Constructs in which the region upstream of nduf-5 or K01C8.6 was fused to the GFP gene are
depicted above. For K01C8.6, 561 nt upstream of the trans-splice site along with the first exon
of the gene were fused in frame to GFP. For nduf-5, the 578 nt upstream of the trans-splice site
of the gene were fused to GFP. RNA was isolated from transgenic strains expressing these
constructs and analyzed by RT-PCR. The mRNA is almost exclusively SL1 trans-spliced,
indicating that the endogenous chromosomal context of nduf-5 and K01C8.6 is important in
directing SL2 trans-splicing.
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Y69A2AR.18 transcriptional start site, even though the
primers produced product when supplied with a DNA
template (Fig. 5, cf. third step gel and DNA comparison
gel.) A fourth set of reverse primers at 1160 and 1213 nt
upstream of the trans-splice site did produce products with
upstream forward primers. These products most likely
represent unprocessed RNA transcribed from the upstream
gene, since it has been shown that RNA polymerase II
transcription can continue for over a kilobase downstream
from the polyadenylation signal before termination in C.
elegans (Haenni et al. 2009). Thus, genomic arrangement
cannot account for processing of K01C8.6 and nduf-5
RNA, since Y69A2AR.18 is in a very similar context but is
neither co-transcribed with an upstream gene nor trans-
spliced to SL2.

A gene that is SL2 trans-spliced at the 39 end
of the first intron: An ‘‘alternative’’ operon

The gene F58G1.2 is a member of another uncommon class
of genes. It is apparently not downstream in an operon, but
it sometimes undergoes SL2 trans-splicing at the cis-splice
site at the 39 end of an intron. We have shown recently that
although there is often a very low level of trans-splicing at
the 39 ends of long introns, this trans-splicing is SL1 trans-
splicing (Allen et al. 2011). Therefore, in an unusual situation
like this one, where a relatively high level of SL2 trans-

splicing is occurring, a different phenom-
enon is likely. F58G1.2 has an apparent
39 end formation signal, AATAAA, near
the 59 end of the same intron. We hy-
pothesized that 39 end formation accom-
panied by SL2 trans-splicing 120 nt down-
stream sometimes occur in this intron,
thereby creating an operon of two separate
genes out of what is otherwise a single
gene. This would represent a case of alter-
native splicing/39 end formation accom-
panied by trans-splicing, which has not
previously been described in C. elegans.
We therefore examined the RNA prod-
ucts of this gene by RT-PCR. We first
reverse-transcribed the RNA using an
oligo dT primer, and then used a reverse
primer just downstream from the first
exon and encompassing the polyadenyl-
ation site in conjunction with either an
SL1- or SL2-specific primer (Fig. 6, exon
1 gel). A 130-bp SL1 trans-spliced prod-
uct indicates that, at times, cleavage and
polyadenylation occur near the 39 end
of the first exon. A recent analysis of the
C. elegans 39UTRome (Mangone et al.
2010) has also demonstrated use of a
39 end formation site in this location

(Fig. 6, arrowhead). This RNA could conceivably encode
a 22-amino acid protein, but we believe it is unlikely to do
so because this short open reading frame is not conserved
in closely related species of Caenorhabditis (unpublished
observation).

RT-PCR with a gene-specific reverse primer set nested in
the second exon along with an SL1-specific forward primer
revealed that SL1 trans-spliced product can also extend
through this exon (Fig. 6, exon 2 gel). In this case, the 362-
bp product indicates that intron 1 is spliced from the RNA
and the entire gene is transcribed and processed as a single
gene. In contrast, PCR with an SL2-specific forward primer
produces a 297-bp product, whose size indicates that trans-
splicing has occurred at the beginning of what is annotated
as the second exon. RNA processing in this manner is
consistent with this gene being downstream in an operon
when 39 end formation occurs in the first intron of the gene.
The SL2 trans-spliced RNA also contains an open reading
frame, but we have not examined its ultimate fate. This anal-
ysis indicates that this gene can be processed as either a
single gene by SL1 trans-splicing upstream of the first exon
and canonical intron splicing, or it can be processed as an
operon, in which the first exon and a bit of the intron
following is processed as the upstream gene and the second
exon onward is processed as a downstream gene. We are
calling this alternative RNA processing situation an ‘‘alter-
native operon.’’

FIGURE 5. Analysis of the region upstream of Y69A2AR.18. The genomic arrangement of
Y69A2AR.18 is similar to that of K01C8.6 and nduf-5. It is located z1.6 kb downstream from
Y69A2AR.19, and the gene Y69A2AR.21 lies between these genes on the opposite DNA strand.
Gels of overlapping RT-PCRs indicate that RNA is not transcribed in the region between
Y69A2AR.18 and the nearest upstream gene, Y69A2AR.19. Instead, RNA from this gene has
a defined outron. The first step gel and RNA deep sequencing data show that Y69A2AR.18
mRNA is preferentially SL1 trans-spliced, as would be expected in a nonoperon gene. The RNA
identified in the fourth step RT-PCR is consistent with a termination product of the upstream
gene, as has been previously observed (Haenni et al. 2009).
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DISCUSSION

Mapping promoters of trans-spliced genes

About 60%–70% of C. elegans genes are trans-spliced (Allen
et al. 2011). It has been difficult to determine where tran-
scription of these genes begins, because the promoter is
upstream of the 59 end of the outron, rather than the
59 end of the first exon. Trans-splicing is a relatively efficient
process (in most cases), so an unprocessed precursor has been
found only rarely. Here we have shown that such precursors

can be detected by RT-PCR, and that
the 59 end of the precursor can be at
least roughly localized. Furthermore, this
is evidence that the 59 RNA ends really
do identify promoter locations. A recently
published paper examining growth arrest
in starved C. elegans L1 larvae employed
RNA pol II ChIP, followed by deep se-
quencing, to map the location of RNA
polymerase II across the genome (Baugh
et al. 2009). The investigators observed
significant starvation-induced accumula-
tions of polymerase just upstream of
many genes—typically those thought to
have some function in growth. They
concluded that, in such cases, these peaks
marked polymerase sequestered at the
promoters of the genes. Such peaks exist
upstream of rps-3, idh-2, Y37E3.8, and
Y69A2AR.18. The centers of all of these
peaks correspond well with the promoter
positions we mapped by RT-PCR (Table
1). Furthermore, ChIP arrays, using anti-
bodies recognizing the histone variant
Htz, known to mark active promoters,
have provided evidence for the existence
of promoters upstream of many genes
(Whittle et al. 2008; ModEncode data in
WormBase). Aligning these peaks to the
genes studied in this report identifies
peaks upstream of rps-3, vha-6, idh-2,
Y37E3.8, and Y69A2AR.18 that also corre-
spond at least roughly with the promoter
positions mapped by RT-PCR (Table 1).
Finally, several ESTs for idh-2 extending
upstream of the trans-splice site are also
consistent with the 59 end of the RT-PCR
products. Thus, we have confidence that
this technique can be used to accurately
map the 59 ends of outrons to reasonably
precise positions depending on how
many separate upstream PCR primers are
employed.

The varieties of operon in C. elegans

Since the discovery of operons in C. elegans, they have been
characterized primarily by four features: (1) the existence of
a single upstream promoter; (2) the close proximity of genes;
(3) SL2 trans-splicing of the downstream genes; and (4) the
presence of a Ur element within the ICR that is required for
SL2 trans-splicing (Spieth et al. 1993; Huang et al. 2001;
Lasda et al. 2010). Indeed, these features characterize almost
all operons. While some genes are in hybrid operons con-
taining internal promoters, most downstream operon genes

FIGURE 6. Analysis of RNA from F58G1.2, an alternative operon. The genomic orientation of
F58G1.2. This gene lies 6.3 kb downstream from the nearest upstream gene oriented in the
same direction (upper diagram). The SL1 trans-splice site is indicated by a black vertical arrow
and the SL2 trans-splice site is indicated by a gray vertical arrow in both the upper and lower
diagrams. RNA transcribed from this gene is SL1 trans-spliced upstream of the sequence
annotated as the first exon, as indicated by the RT-PCRs shown in the gel on the left and the
SL1 lane of the gel on the right. It is sometimes SL2 trans-spliced at the second exon, as shown
by the SL2 lane of the gel on the right, as well as the 33 SL2 reads reported in Hillier et al.
(2009). The alternative polyadenylation site (AATAAA) is near the 59 end of the first intron,
and the 39 end formation site identified in the C. elegans 39 UTRome (Mangone et al. 2010) is
indicated by an arrowhead. RNA was reverse transcribed with an oligo dT primer, and the
cDNA amplified with an F58G1.2 intron 1-specific reverse primer and either an SL1- or SL2-
specific forward primer (left gel). The arrow indicates a band of z130 bp in the SL1 lane only,
the size expected for trans-splicing at the 59 end of the first exon. The smear above the band
presumably comes from amplification of multiple RNAs by oligo dT and SL primers. The gel
on the right shows RNA reverse transcribed with an F58G1.2-specific primer (at the 39 end of
exon 2), and the cDNA amplified with an F58G1.2 exon 2-specific primer and either an SL1- or
SL2-specific forward primer. The SL1 trans-spliced product is z362 bp, the size expected for
a product where trans-splicing occurred upstream of exon 1 and the intron was cis-spliced. The
SL2 trans-spliced product is z297 bp, the size expected for a product where trans-splicing
occurred at exon 2. The possible mRNA products are shown below: A single SL1 trans-spliced
product transcribed from the entire gene (gray), or a short SL1 trans-spliced product con-
taining sequence from mainly the first exon of the gene (gray) and a long SL2 trans-spliced
product transcribed from the downstream exons (white).
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lack an adjacent promoter (Huang et al. 2007; Allen et al.
2011). However, as the C. elegans genome has been thor-
oughly annotated, a few intriguing exceptions to this pattern
have emerged.

After the initial characterization of operons in C.
elegans, a second type of operon, known as the SL1-type
operon, was discovered (Williams et al. 1999). In these
operons, genes are not separated by an ICR; instead the
trans-splice site of the downstream gene immediately
follows the polyadenylation site of the upstream gene,
such that the poly(A) tail is added to the last base in the
trans-splice site, as if the free 39 end created by trans-
splicing is the substrate for polyadenylation. Further-
more, RNA transcribed from the downstream gene is
trans-spliced to SL1. Since this RNA contains no ICR, no
Ur element exists to specify SL2 trans-splicing to the
downstream RNA. These operons are characterized by an
exceptionally long polypyrimidine tract that was shown
to be required for SL1 trans-splicing at the downstream
RNA.

Here we show that other operon arrangements also
exist in the C. elegans genome, although they appear to be
quite rare. Sequences containing a spliced leader were
aligned and identified (Allen et al. 2011), and the total
number of SL1 and SL2 trans-spliced transcripts for each
gene was tabulated (SL1 and SL2 data in Figs. 1–3 and 5).
In this analysis, virtually all SL2 trans-splicing was found
to occur in conventional operons, with a gene in the same
orientation just upstream. However, analysis of these data
also revealed some exceptions to this rule. Genes whose
RNA received an SL2 spliced leader, even though there
were no genes in the same orientation closely spaced
upstream, were identified and a few of these were chosen
for further study. Although they are very rare compared to
canonical operons (as SL1-type operons are) they suggest
that there are numerous ways to process polycistronic pre-
mRNAs and that C. elegans utilizes many of these ways.
Specifically, we have identified two new operon arrange-
ments: operons with atypically long ICRs, and alternative
operons.

Operons with long spacing

We identified several examples of genes
with SL2 trans-splicing but with no
nearby upstream gene, and we chose
two of these genes for closer examina-
tion. We hypothesized that these could
represent operons with long spacing or
result from a nonoperon mechanism of
specifying SL2. In the latter situation, we
would have expected transcripts from
these genes to begin with outrons, and
these outrons might have contained
some sort of signal for SL2 trans-splicing.
However, our investigations showed that

the genes apparently did not have an outron; instead,
transcription occurred throughout the region from an up-
stream gene to the trans-splice site of the downstream gene,
a distance of 2–2.5 kb. Furthermore, when 500–600 bp of the
upstream regions of these two genes were fused to GFP and
expressed from transgenic arrays, they were found to be
expressed at a very low level from an unknown site outside
of the insert and to be trans-spliced to SL1, not SL2 as they
are in their natural context. This suggests they lack an outron
signal capable of specifying SL2. Thus, all of the experimental
data are consistent with the idea that these are actually newly
discovered operons, operons with extraordinarily long ICRs.

In addition to this data, there are other lines of evidence
that indicate that these represent true operons. The published
pol II ChIP-seq data shows no evidence of polymerase peaks
in the z2.5 kb regions between K01C8.6 and its upstream
gene, nst-1, or between nduf-5 and its upstream gene, mek-2
(Baugh et al. 2009). However, a polymerase peak is clearly
present upstream of mek-2, where the operon promoter
ought to be. Furthermore, the Lieb lab data showing Htz
occupancy provide little support for the existence of pro-
moters between the genes (Whittle et al. 2008). Although
a peak exists upstream of K01C8.6, this peak may mark the
promoter used to drive clec-142, which is located upstream
on the opposite strand. There is no Htz peak upstream of
nduf-5, but a peak can be seen upstream of mek-2, which
should be the operon promoter. Finally, the ModEncode
data, based on immunoprecipitation experiments with anti-
bodies to histones that mark promoter locations also indicate
a lack of promoters between these genes.

In operons the expression of downstream genes is con-
trolled by a single upstream promoter. Transcription from
this promoter results in SL2 trans-splicing of the down-
stream polycistronic pre-mRNA. Although the limits of RT-
PCR prevented a definitive conclusion that a single RNA
spans the region between K01C8.6 and nduf-5 and their up-
stream genes, the fact that RNA is transcribed throughout
this entire region, while being absent in a similarly oriented
nonoperon gene, suggests continuous transcription. Un-
doubtedly, as more information about the C. elegans genome

TABLE 1. Comparison of promoter positions as determined by different methods

Gene RT-PCR (range) Extended EST ChIP-seq peaks Htz peaks

rps-3 310–288 300–260 400 6 600
vha-6 506–363 580–320
idh-2 347–302 304 350–300 460 6 640
Y37E3.8 321–263 290–240 100 6 200
Y69A2AR.18 639–386 460–340 410 6 640

The numbers given are in base pairs upstream of the trans-splice site. When a promoter is
only broadly defined, its approximate center is indicated, followed by a range upstream and
downstream from this point. The extended EST is from clone yk1295a01.5 from WormBase.
Chip-seq peaks represent polymerase II peaks from Baugh et al. (2009) and Htz peak
locations are from Whittle et al. (2008).
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is obtained, additional unusual operons will be discovered.
We considered the possibility that the long spacing might be
due to a relatively recent change in the C. elegans genome, but
quite similar spacing exists between the orthologous genes in
Caenorhabditis briggsae, a nematode about 100 million years
distant from C. elegans (data not shown). In both of the cases
we analyzed, the long ICR contains transposons. In 23/25
previously annotated operons in which the downstream gene
is highly (>75%) SL2 trans-spliced and is >1.5 kb down-
stream from the upstream gene, the ICRs also contain trans-
posons and/or other repetitive DNA (MA Allen, pers. comm.).
We hypothesize that these repetitive elements somehow make
these regions permissive for long ICRs. Although operons
with long spacing are rare, knowledge of their existence
broadens the range of gene arrangements that may poten-
tially be operons. At this time, it seems safe to conclude that
if a C. elegans gene is trans-spliced by SL2 to any significant
degree, it should be annotated as part of a possible operon
with the nearest gene upstream in the same orientation.

Requirements for SL2 trans-splicing

Although the mechanism controlling SL2 specificity is not
completely understood, it is clear that the operons with long
spacing have many of the features found necessary for
transcription and processing in operons. Importantly, the
intercistronic regions appear to contain Ur elements located
within the z100 bp immediately preceding the trans-splice
site. The Ur element consists of a short stem/loop of variable
sequence, followed immediately by the consensus sequence
UAYYUU. This element interacts with the SL2 snRNP (the
source of the SL2 spliced leader), possibly by base pairing
with its 59 splice site, to direct downstream SL2-specific
trans-splicing (Lasda et al. 2010). The possible long ICR
upstream of K01C8.6 has the sequence GUGAAUAAUCCC
AAAAAAUUAAUUUAUCUUUACUUU 44 nt upstream of
the trans-splice site, in which the underlined nucleotides
have the potential to form a stem with a single adenosine
bulge, and the bold-faced nucleotides match the UAYYUU
consensus. Furthermore, 46 nt upstream of this apparently
perfect match to the Ur element consensus is a perfect match
to the AAUAAA consensus polyadenylation site. Addition-
ally, the ICR of nduf-5 contains the sequence UUUUCUGA
UUAUCUCUGAAAAAAAAACCGAAAAAUCGAUAUUUU,
which is also a consensus Ur element 58 nt upstream of the
trans-splice site. An AAAAAA, which has a one-base mis-
match to the perfect polyadenylation site, precedes this
perfect Ur element motif by 41 nt. This AAAAAA sequence
is sometimes used to specify 39 end formation in C. elegans
(Blumenthal and Steward 1997). The existence and position
of these sequence elements may allow the RNA processing
machinery bound to the polymerase to process this down-
stream gene as if it were in a typical short ICR.

Although it is unknown how transcription termination is
prevented along this z2.5-kb ICR, it is possible that the

complex secondary structure of the RNA, in part mediated
by the extended stem/loops formed by numerous inverted
repeats at the end of the transposons and other repetitive
elements found throughout this region, may inhibit termi-
nation efficiently enough to allow trans-splicing and sub-
sequent stabilization of the RNA from the downstream
gene. It is important to emphasize that although the poly-
adenylation signals appear to be present z100 bp upstream
of the trans-splice sites in both of these apparent operons,
we found no evidence for 39 end formation actually occur-
ring at these sites. This suggests that if the signal for SL2
specificity involves 39 end formation machinery, it is the
presence of the machinery at that location rather than
the 39 end formation itself that is responsible.

Alternative operons

Trans-splicing sometimes occurs at a low level at intron
39 splice sites (Allen et al. 2011). This splicing is almost
always SL1 trans-splicing, and it usually occurs at long first
introns. It is presumed that this splicing results from the
splicing machinery misinterpreting a long intron as an
outron. However, we were intrigued by a few examples of
SL2 trans-splicing at intron splice sites, and we have analyzed
here one of these genes, hypothesizing that these also rep-
resent noncanonical, or hidden, operons. Here we showed
that one such case appears to be an alternative operon. The
first intron is sometimes spliced out, but at other times,
39 end formation occurs just downstream from the intron
59 splice site. This appears to be accompanied by SL2
trans-splicing at the intron 39 splice site only 114 bp fur-
ther downstream.

A polymerase peak and an Htz peak are both present
upstream of the first exon of F58G1.2, but not within the first
intron, consistent with the conclusion that transcription
starts only upstream of the first exon. Furthermore, the
39UTR transcriptome data (Mangone et al. 2010) show
39 end formation occurring 14 nt downstream from the AAU
AAA near the 59 splice site of the intron. Finally, a Ur ele-
ment can also be found within the first intron. The proposed
ICR contains the sequence GGUUCCAAGAAACCUAGUU
AUUAUCACUAUUUGAUAUUUAUUUC 41 nt upstream
of the 39 splice. Although there is no perfect UAYYUU con-
sensus, several sites (bold face) with only a single mismatch
(in lowercase) are present immediately downstream from the
stem/loop. The AAUAAA polyadenylation signal precedes
this motif by 43 nt. Thus, all of the characteristics of an
operon are present to cause this intron to act alternatively as
an operon ICR. Interestingly, we have identified other alter-
native operons, each of which has been previously annotated
as a single gene, but each of which also produces an additional
set of transcripts with the upstream RNA polyadenylated
within an intron and the downstream RNA trans-spliced at
the intron 39 splice site. None of these three, hdac-6, sma-9,
and smg-6, involve the first intron; they are all cases of an
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intron somewhere within the gene being alternatively spliced
and polyadenylated. In the case of sma-9 it has recently been
shown that this alternative processing is functionally signif-
icant (Yin et al. 2010). This rare sort of operon has been
independently discovered by the Bartel lab as well (Jan et al.
2010).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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