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ABSTRACT The genomes of most eukaryotes are com-
posed of genes arranged on the chromosomes without regard
to function, with each gene transcribed from a promoter at its
5’ end. However, the genome of the free-living nematode
Caenorhabditis elegans contains numerous polycistronic clus-
ters similar to bacterial operons in which the genes are
transcribed sequentially from a single promoter at the 5’ end
of the cluster. The resulting polycistronic pre-mRNAs are
processed into monocistronic mRNAs by conventional 3’ end
formation, cleavage, and polyadenylation, accompanied by
trans-splicing with a specialized spliced leader (SL), SL2. To
determine whether this mode of gene organization and ex-
pression, apparently unique among the animals, occurs in
other species, we have investigated genes in a distantly related
free-living rhabditid nematode in the genus Dolichorhabditis
(strain CEW1). We have identified both SL1 and SL2 RNAs in
this species. In addition, we have sequenced a Dolichorhabditis
genomic region containing a gene cluster with all of the
characteristics of the C. elegans operons. We show that the
downstream gene is trans-spliced to SL2. We also present
evidence that suggests that these two genes are also clustered
in the C. elegans and Caenorhabditis briggsae genomes. Thus, it
appears that the arrangement of genes in operons pre-dates
the divergence of the genus Caenorhabditis from the other
genera in the family Rhabditidae, and may be more wide-
spread than is currently appreciated.

In bacteria and archaea, the genomes are primarily organized
in arrays of genes whose products have related functions. These
gene clusters, called operons, are cotranscribed from an
upstream promoter and the resulting polycistronic mRNA is
translated by ribosomes initiating at or near the 5’ end of the
RNA. These operons serve to efficiently coregulate proteins
that function together. In contrast, eukaryotes have genomes
composed of genes arranged apparently at random, with each
transcribed by a promoter at its 5 end. However, in a group
of primitive eukaryotic protozoa, the trypanosomes, genes are
transcribed polycistronically (1-3). In this case, the polycis-
tronic pre-mRNA is processed by 3’ end formation and
trans-splicing to create conventional eukaryotic monocistronic
mRNAs. The trans-splicing reaction that creates the 5’ ends of
the mRNAs is related to the cis-splicing of higher eukaryotes;
it proceeds through a 2'-5' branched intermediate, the splice
sites have the same consensus sequences, and it is catalyzed by
some of the same small nuclear ribonucleoprotein particles (4,
5).

Trans-splicing was first discovered in trypanosomatids (4, 6),
and later shown to occur also in Caenorhabditis elegans and
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other nematodes (ref. 7; reviewed in refs. § and 9), in Euglena
(10), and in flatworms (11, 12). In contrast to trypanosomes,
in which only trans-splicing is present, the genes in the other
organisms also contain cis-spliced introns. It was presumed
that these genes were monocistronic and arranged randomly
on the chromosomes as in other eukaryotes. However, it was
recently discovered that the free-living nematode C. elegans
does have polycistronic transcription units, as in trypanosomes,
and it uses a special small nuclear ribonucleoprotein, the SL2
small nuclear ribonucleoprotein, to process the downstream
genes in the polycistronic pre-mRNAs into monocistronic
mRNAs (13, 14).

Trans-splicing in nematodes involves the donation of a 22
nucleotide spliced leader (SL), including a trimethylguanosine
cap, from a small nuclear RNA to the 5’ ends of pre-mRNAs
(15-20). While the exact function of the SL is unknown, it has
recently been shown to increase translation efficiency of those
mRNAs containing it at their 5’ ends in Ascaris lumbricoides
in vitro extracts (21).

C. elegans has two different SLs, each 22 nt long. The first
to be discovered, SL1 (7), is trans-spliced onto the 5’ ends of
about half of C. elegans mRNAs (14). The signal for SL1
trans-splicing is the presence of a short sequence, called an
outron, at the 5’ end of the pre-mRNA (22). The outron is
simply an AU-rich sequence lacking a functional 5’ splice site,
followed by a 3’ splice site (23, 24).

The second SL to be discovered, SL2 (25), was shown to be
reserved for splicing to downstream genes in polycistronic
pre-mRNAs derived from cotranscribed gene clusters, or
operons (13). The resulting polycistronic pre-mRNAs are
processed into monocistronic units by cleavage and polyade-
nylation and by trans-splicing as they are synthesized. Approx-
imately 25% of C. elegans genes are arranged in operons (14).
The genes in these clusters are oriented in the same 5’ to 3’
direction and are separated by ~100 bp of intercistronic DNA,
or in rarer cases 300-400 bp (26). In every case investigated,
the first gene in the cluster is either trans-spliced to SL1 or is
not trans-spliced, whereas the downstream genes are trans-
spliced, either exclusively to SL2 or to a mixture of SL.2 and SL.1
(13, 14). Since SL2 has only been found trans-spliced to
downstream genes in operons, we interpret the presence of SL2
on the 5’ end of an mRNA as evidence of an operon (27).

Although C. elegans operons may not always serve to
coregulate genes whose products function together, as in
bacteria, there are a few clear examples of operons that serve
this purpose. For example the deg-3 operon contains two
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subunits of the same acetylcholine receptor (ref. 28; M. Treinin
and M. Chalfie, personal communication), and the lin-15
operon encodes two unrelated proteins whose products col-
laborate in the cell signaling pathway resulting in vulva for-
mation (29, 30).

It is not yet known how widespread SL2 and operons are in
the nematode phylum. SL1 has been detected in all nematode
species studied with virtually no sequence variation (reviewed
in ref. 9). In contrast, SL2 has been found only in Caenorhab-
ditis species (25). Comparison of C. elegans with Caenorhabditis
briggsae, two species that have been estimated to have been
separated for 25-50 million years (31), shows perfect conser-
vation of SL2 and in several cases, the same operons found in
the C. elegans genome are present in the genome of C. briggsae
(32-34).

In this paper we report, to the best of our knowledge, the
first example of an operon and of SL2 trans-splicing in a
nematode outside of the genus Caenorhabditis: the rhabditid
Dolichorhabditis (CEW1). The isolate CEW1 is an undescribed
sibling species of Rhabditis (Oscheius) tipulae, a member of the
Dolichura Group (35). Placement of CEW1 and R. tipulae in a
genus is actively under investigation (L. Carta, personal com-
munication), but CEW1 is provisionally called Dolichorhabdi-
tis. Although Dolichorhabditis is a small free-living nematode,
it is much more evolutionarily distant from C. elegans than is
C. briggsae. This conclusion is based on the sequence of SL1
and SL2 RNAs, as well as a comparison of the vit-6 genes from
the two species, where most introns interrupt the gene at
different locations and even the preferred codon usage is
somewhat different (36). Molecular phylogenetic analysis of
full-length small subunit ribosomal RNA sequences (M. Blax-
ter, P. DeLey, L. Liu, and J. Garey, personal communication)
places Dolichorhabditis in a clade of rhabditid nematodes that
includes the genera Rhabditis (free-living bacteriovores) and
Heterorhabditis (entomopathogenic nematodes), as well as the
order Strongylida (encompassing vertebrate—parasitic species
such as Haemonchus contortus and Ostertagia circumcincta).
Our results demonstrate that operons are more widespread, at
least among the nematodes, than has been appreciated.

MATERIALS AND METHODS

Standard molecular biological procedures were performed as
described (37, 38).

Cloning the Dolichorhabditis rpl-29/rpp-1 Operon. Con-
struction of the Dolichorhabditis genomic library has been
described (36). A 204-bp BamHI-Sall digested C. elegans rpp-1
c¢DNA PCR product (oligos: rp21-6Sal, 5'-CCCGGTCGACT-
TACGATTGAAGAATGGC-3' and rp21-7Bam, 5'-CCCG-
GGATCCGAGACAGAAGTGATGAGG-3") was labeled us-
ing the Prime-It Random Primer Labeling Kit (Stratagene).
This probe was used to screen the Dolichorhabditis genomic
library. DNA from a single hybridizing plaque was digested
with multiple restriction endonucleases and a 2.4-kb HindIII
fragment, which hybridized to the probe, was subcloned into
pTZ18U, and sequenced (39) using Sequenase (United States
Biochemical).

Determination of SL Specificity of Dolichorhabditis rpl-29
and rpp-1. This experiment was performed as previously
described (14). Reverse transcription (RT) of Dolichorhabditis
rpl-29 and rpp-1 mRNAs was performed using gene-specific
oligonucleotides (L27B65'-4, 5'-GCCTTCTCAGCGCT-
GACC-3" and RP21B65'-1, 5'-CCGGTGATAGCGACCT-3")
followed by PCR using the L27B65'-4 and RP21B65’-1 oligos
as upstream primers and the SL1-20 and Dolichorhabditis
SL2-20 oligos as upstream primers. The SL oligonucleotides
consist of the 5’ 20 nt of the C. elegans SL1 and Dolichorhabditis
SL2B and v spliced leader sequences, respectively. The prod-
ucts were separated on 10% denaturing polyacrylamide gels,
transferred by electroblotting to Hybond-N (Amersham), and
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hybridized with either a Dolichorhabditis rpl-29 RT-PCR prod-
uct or a C. elegans rpp-1 cDNA PCR product.

Southern Blots. Genomic DNA isolated from Dolichorhab-
ditis, C. elegans, and C. briggsae was digested with restriction
endonucleases, separated electrophoretically on a 1% agarose
gel, and transferred to Hybond-N. This blot was then probed
with a 283-bp Dolichorhabditis rpl-29 PCR product (oligos:
L27B65'-1, 5'-GCACCCTGGAGGACGTG-3' and L27-
B65'-4, 5'-GCCTTCTCAGCGCTGACC-3"), which was la-
beled as above. The low stringency hybridization conditions
were 5X SSC, 2X Denhardt’s solution, 0.05 M NaPO, (pH 6.5),
0.1% SDS, and 0.2 mg/ml salmon sperm DNA, incubated at
48°C. The wash conditions were 2X SSC at room temperature
and 1X SSC at 50°C. The annealed probe was removed from
the blot (confirmed by autoradiographic exposure) and then
the blot was hybridized with the C. elegans rpp-1 cDNA PCR
product used to select the Dolichorhabditis clone. Conditions
were the same, except that the rpp-I probe was hybridized at
50°C.

Cloning Dolichorhabditis SL1 Genes. The Dolichorhabditis
genomic library was screened with a 3?P-kinased oligonucle-
otide composed of the first 20 nt of the C. elegans SL1 spliced
leader (SL1-20: 5'-GGTTTAATTACCCAAGTTTG-3').
Plaques that hybridized to this probe were isolated. At least
two different clones were isolated based on digestion with
multiple restriction endonucleases. Fragments that hybridized
to the probe were subcloned and sequenced as above.

Cloning Dolichorhabditis SL2 Genes. To identify the 5’ end
of the rpp-1 mRNA, primer extension sequencing was per-
formed essentially as described (18) using an oligodeoxynucle-
otide, PESEQB6RP21, which hybridized to the Dolichorhab-
ditis rpp-1 RNA and ended 8 nt from the predicted trans-splice
site (PESEQB6RP21: 5'-GTAGCCTTAGCTCAAAGAG-
3"). The results of this experiment allowed the design of a
degenerate oligonucleotide (B6D6 SL2-20: 5'-TTTTVC-
CCAGNNTCTCAAG-3"), which was used in RT-PCR em-
ploying total Dolichorhabditis RNA and an oligonucleotide
complementary to nt 90-110 of C. elegans SL2 RNA (SKSL2-
3":5"-TTTGCTCTACCGGATGACCCC-3"). This PCR prod-
uct was labeled and used to probe the Dolichorhabditis genomic
library. Plaques hybridizing to the probe were isolated as
above. Five different clones were obtained based on digestion
with multiple restriction endonucleases. Fragments from these
digests that hybridized to the probe were subcloned into
pTZ18U and sequenced as above.

RESULTS

Cloning of the Dolichorhabditis Genomic Sequence Contain-
ing the rpp-1 Gene. In C. elegans, the gene that encodes an
acidic, large-subunit ribosomal protein homologous to P1in a
wide variety of organisms and to RP21c of Drosophila, is
trans-spliced to SL2 (RP21, A. Fire and S. Harrison, personal
communication). It is thus presumed to be a downstream gene
in an operon. Although the region of the C. elegans genome
containing the RP21/Pl-encoding gene has not yet been
cloned or found in the sequenced cosmids of the Genome
Sequencing Consortium, we examined the genomic structure
of this gene in Dolichorhabditis because ribosomal protein
genes tend to be highly conserved and therefore potentially
easier to obtain by cross-hybridization than other known
SL2-accepting genes. To clone the genomic region containing
the Dolichorhabditis homolog of RP21, a Dolichorhabditis
genomic library was probed with a 200-bp fragment of C.
elegans RP21 cDNA at moderate stringency. A single hybrid-
izing phage was selected; a 2.4-kb HindIIl fragment that
annealed to the probe was cloned into pTZ18U and its
sequence was determined. This genomic fragment contained
two entire genes arranged in the same orientation, as expected
for an operon (Fig. 1). The rpl-29 gene, encoding another large
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Fic. 1. Schematic diagram of the Dolichorhabditis rpl-29/rpp-1
operon. Exons are denoted by boxes (rpl-29 shaded and rpp-I open)
and introns by angled lines. The intercistronic sequence (87 nt) is
represented by a thick line. The trans-splicing reaction in which the
spliced leader, represented by solid boxes, is added to the 5" ends of
pre-mRNAs, is represented by arrows from the SL RNAs to the
trans-splice site.

subunit ribosomal protein (the L29 homolog), was present
upstream of the gene encoding a P1/RP21 homolog, rpp-1.

The genes in most C. elegans operons are separated by ~100
bp (26). To determine the location of the 3’ end of the rpl-29
gene, RT-PCR was performed with an oligonucleotide near
the end of the coding region and oligo(dT) (data not shown).
The size of the fragment indicated that the 3’ end of the mRNA
was located 11 bp downstream of an AAUAAA cleavage and
polyadenylation signal. The 5’ end of the downstream gene,
rpp-1, defined as the trans-splice site, was determined by
primer extension sequencing from a primer near the 5’ end of
the gene (see below). The results demonstrated that there are
only 87 bp between the 3’ end of rpl-29 and the 5’ end of rpp-1.
This distance is similar to, but shorter than, the intercistronic
distance found in the known C. elegans operons.

Determination of Trans-Splicing Specificity. If these two
ribosomal protein genes constitute an operon, then rpp-1
should be trans-spliced to SL2, and rpl-29 would be trans-
spliced to SL1 if it is trans-spliced at all. As a first test, RT-PCR
experiments were performed with gene-specific oligonucleo-
tides and oligonucleotides consisting of the first 20 bp of C.
elegans SL1 and SL2 sequences (not shown). By this test, rpl-29,
the upstream gene was trans-spliced exclusively to SL1, but no
trans-spliced product was detectable for rpp-1. This suggested
the possibility that Dolichorhabditis SL2, if it existed, was too
diverged from C. elegans SL2 to allow cross-hybridization at
the stringency used. To determine the sequence of the 5’ end
of rpp-1 mRNA, we performed primer extension sequencing
with an rpp-1-specific oligonucleotide (not shown). The deter-
mined sequence was identical to the genomic sequence of
Dolichorhabditis rpp-1 up to the trans-splice site, preceded by
a sequence similar to, but slightly different from, C. elegans
SL2. The sequence was ambiguous at several sites, which may
indicate that rpp-1 in Dolichorhabditis receives a mixture of
SL2-related spliced leaders (as do SL2-accepting mRNAs in C.
elegans). This suggests that Dolichorhabditis has operons and,
that like C. elegans, it trans-splices downstream genes using
SL2. Once the Dolichorhabditis SL2 sequence had been de-
termined (see below) it was possible to test the SL specificity
of Dolichorhabditis rpl-29 and rpp-1 by RT-PCR (Fig. 2). This
demonstrated that rpl-29 is predominantly SL1 trans-spliced,
whereas the majority of the rpp-I mRNA is SL2 trans-spliced.
The surprising low-level SL2 trans-splicing to rpl-29 has not
been further investigated, but it should be noted that we do not
in general see low-level SL2 trans-splicing to C. elegans
mRNAs whose genes immediately follow promoters. In con-
trast, many SL2-accepting mRNAs have been shown to also
accept SL1 at detectable levels in C. elegans.

The rpl-29/rpp-1 Clustering Is Conserved. To determine
whether the operon arrangement of rpl-29/rpp-1 found in
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F1G. 2. SL specificity of Dolichorhabditis rpl-29 and rpp-1 mRNAs.
Dolichorhabditis RNA was reverse transcribed with gene-specific
oligonucleotides, and PCR was performed with the same oligonucle-
otides and SL1-20 or Dolichorhabditis SL2-20. The products were
electrophoresed on 10% polyacrylamide gels, blotted, and probed with
either a Dolichorhabditis rpl-29 probe (Left) or a C. elegans rpp-1 probe
(Right).

Dolichorhabditis may be conserved in Caenorhabditis, genomic
Southern blot analysis of DNA from Dolichorhabditis, C.
elegans, and C. briggsae was performed. Each genomic DNA
preparation was digested with several different restriction
endonucleases, and blots were hybridized at low stringency
sequentially with a Dolichorhabditis rpl-29 probe (Fig. 34), and
then with a C. elegans rpp-1 probe (Fig. 3B). If the rpl-29 and
rpp-1 genes are clustered in C. elegans and C. briggsae, then the
probes made from the two genes should hybridize to at least
some of the same genomic fragments (marked with arrows in
Fig. 3). C. elegans genomic DNA digested with Xbal or PstI
resulted in fragments of ~8 kb and >12 kb, respectively, that
hybridized to both probes. C. briggsae genomic DNA digested
with EcoRI, Xbal, or PstI resulted in fragments of ~3.8 kb, 4.8
kb, and >12 kb, respectively, that hybridized to both probes.
These data show that the C. elegans and C. briggsae genomes
also contain the rpl-29 and rpp-1 genes in close proximity to
one another and indicates that the same two genes may be
contained in an operon, as in Dolichorhabditis.

Cloning of Dolichorhabditis SL1 and SL2 RNA Genes. In C.
elegans SL1 and SL2 are donated by small nuclear RNAs,
called SL RNAs, 95 and 110 nt in length, respectively. SL1
RNA is encoded by about 110 genes contained on the same
1-kb tandem repeat that specifies 5S rRNA, but on the
opposite strand (7). In contrast, SL2 RNAs are encoded by
over 30 genes that are not closely linked to one another (refs.
25 and 40, and see below). However, Southern blot analysis of
Dolichorhabditis SL1 RNA genes indicates that they are dis-
persed throughout the genome and are not associated with the
5S rRNA genes (data not shown).

To clone Dolichorhabditis SL1 RNA genes, a Dolichorhab-
ditis genomic library was probed with a labeled oligonucleotide
complementary to the first 20 nt of the C. elegans SL1 spliced
leader. Plaques that hybridized to this probe were purified, and
restriction endonuclease fragments hybridizing to the probe
were subcloned and sequenced (Fig. 44). Each clone con-
tained a single SL1 RNA gene, based on a sequence identical
to the SL1 sequence, followed by ~80 bp that could be folded
into the canonical SL RNA secondary structure, three stem-
loops with a typical Sm-binding site located in the single-
stranded region between the second and third stem-loops (Fig.
5).

To clone the Dolichorhabditis SL.2 RNA genes, a degenerate
oligonucleotide based on the primer extension sequence from
the 5" end of the rpp-1 mRNA was used in combination with
an oligonucleotide complementary to nt 90 to 110 of C. elegans
SL2 RNA to perform RT-PCR with Dolichorhabditis total
RNA. The resulting PCR product was used to probe a Doli-
chorhabditis genomic library. Twelve clones representing five
regions of the genome, were obtained and three SL2 RNA
genes were subcloned and sequenced (Fig. 4B). These clones
all encode slightly different SL2 RNAs, but each can adopt the
3-stem-loop secondary structure characteristic of nematode
SL RNA genes and each contains an appropriately located
Sm-binding site (Fig. 5) (17). Whereas Dolichorhabditis SL2 3
and vy genes specify typical 22-nt leaders, Dolichorhabditis SL2
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B) rpp-1
Dolichorhabditis C. elegans  C. brigesae
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FiG. 3. The rpl-29/rpp-1 cluster is present in C. elegans and C. briggsae. Genomic DNA from Dolichorhabditis, C. elegans, and C. briggsae was
cut with the restriction endonucleases EcoR1 (E), HindIIl (H), Xbal (X), and PstI (P), separated by electrophoresis, transferred to Hybond, and
hybridized to an rpl-29 32P-labeled probe (A). The blot was then stripped and rehybridized with an rpp-1 probe (B). Fragments hybridizing to both
probes are indicated by arrowheads. Molecular weight markers (in kb) are indicated at the left of each panel.

a specifies a 23-nt leader (as does one of the C. elegans SL2
variants) containing a string of six uridines instead of five near
the 5’ end. There is no other variation in the SL or within the
first stem of these three Dolichorhabditis genes. Similarly, there
is very little variability in the second stem: only one base of the
loop and the bulged pyrimidine vary between the three genes.
The proposed single-stranded region containing the Sm-
binding site varies at three positions, including one variable
position within the Sm-binding site. The third stem is the most
variable, with the base of the proposed stem varying at several
positions.

These genes represent the first non-C. elegans SL2 RNA
genes to be identified. An alignment of their sequences with
the homologous C. elegans SL2 RNA sequences (Fig. 64),
reveals several conserved features that may be important for
SL2 RNA function. First, the SL2 sequence itself is not as
highly conserved as is SL1, which is perfectly conserved
throughout the nematodes. The 5’-most sequences of SL2 are
however perfectly conserved, as is the trans-splice donor site.
It is interesting to note that the splice site on SL2 of both
species differs at several positions from the consensus 5’ splice
site (G/GURAGU). In C. elegans, the SL2 RNA trans-splice
donor site consensus sequence is G/GUWMRH, where W is
AorU MisCorA,RisGor A,and His C, A, or U. In
Dolichorhabditis, the trans-splice donor site sequence is G/
GUACUA. Second, the intron portion of SL2 RNA has
diverged substantially, but there are a few elements that appear
to be conserved, including part of the Sm-binding site
(UUUUGQG), part of stem II, and the top of stem-loop III (Fig.
6B).

DISCUSSION

The existence of operons in eukaryotes is evolutionarily in-
triguing. While operons are a common form of genome
organization in both the archaea and the eubacteria, they have
in general not been found in eukaryotes. Just how widespread
are eukaryotic operons? We have begun to answer this ques-
tion by identifying both a conserved operon and SL2 trans-
splicing in another free-living nematode, Dolichorhabditis.
Dolichorhabditis is a free-living rhabditid nematode belonging
to the same family as C. elegans (36, 41). Although the two
species are morphologically similar, C. elegans 28S rRNA
differs from Dolichorhabditis 28S rRNA at 48 of 241 positions
(K. Thomas, personal communication). Comparison of the C.
elegans and Dolichorhabditis vit-6 genes demonstrates that
whereas the primary structure of the encoded protein is
related, it is so distant that even its codon usage and intron

positions are quite different (36). Recently, an analysis of the
18S rRNA from Dolichorhabditis showed that it is a rhabditid
species, most closely related to the parasitic strongylids (M.
Blaxter, P. DeLey, L. Liu, and J. Garey, personal communi-
cation).

The rpl-29 /rpp-1 Operon May Predate the Separation of the
Genus Caenorhabditis and the Rest of the Family Rhabditidae.
Although this is the first report of the rpl-29/rpp-1 operon, it
was already known that the C. elegans product encoding
RP21/P1 is SL2 trans-spliced (A. Fire and S. Harrison, per-
sonal communication). However, the gene(s) in the operon
upstream of rpp-1 in C. elegans had not previously been
identified. Upon discovering that rpl-29 is upstream of rpp-1 in
Dolichorhabditis, we asked if this operon could also be present
in Caenorhabditis. We showed by genomic Southern blot
analysis that the rpl-29/rpp-1 gene cluster is present in both C.
elegans and C. briggsae (Fig. 3). Thus, since the two genes are
clustered in Caenorhabditis and since one of the genes does

A) Dolichorhabditis SL1 RNA Genes
slia {1 FGTTTAATTACCCAAGTTTGAGGTATTC AA|A[TG
sLip y BGTTTAATTACCCAAGTTTGAGGTATTC AA|-|Ta
stia 34 ETTCCIARITECTGC|TT[ATG T AG AGG T TG A A AJA[A
sLip s fTTCcCcR|A cTGceclaalaTaTAGAGG TTG AAAG(A[A
sLia 67 ATTTTGE[AAC AG|ITE TTCCC TIAA[RC TGG|A[AAG]A
sLip e |ATTTTGR|AAC AG TTcccTpclacTGaaR{AAG
G

Slia 100
sL1p 99 A

B) Dolichorhabditis SL2 RNA Genes

sl2a 1 GGTTTTT|ITJACCCAGTATC TC AAGGTACTAAGGG
SL2p 1 GGTTTTT|-JACCCAGTATCTC AAGGTACTAAGGG
SL2y 1 GGTTTTT|-[ACCCAGTATC TCAAGGTACTAAGGG

St2o 34 (ATTCCGACCATAGC|TCGACTATG|TE T -C AAC
sL2p 33 ATTCCGACCATAGCLELGACTATGE T AC AAC
sL2y 3 [ATTCCGACCATAGCEELGACTATGE TITG|AEL AAC

SL2a 6 C AAACITTTTTGG AITE AGCC T|ITCTEGGGG TC AJA
SL2p 66 L AAAITITTTTTGG AJAC AGCCTLC ACLCGGGG TC AT
sL2y 66 AAAG|ITTTTTGG AJACL AGCC TEL ACCGGGG TC AT
sL2a 9 e AGGCR[aC AAG]A

sL2p 99 G AFGCAACAAGC

sL2y 99 GIAGGEG GCIAJAC AAGE

F1G. 4. Sequence of Dolichorhabditis SL1 and SL2 RNA genes.

Sequences of Dolichorhabditis SL1 and SL2 RNA genes were aligned
manually. (4) Nucleotide positions that are conserved in both Doli-
chorhabditis SL1 genes are boxed. (B) Nucleotide positions conserved
in all three sequenced Dolichorhabditis SL2 genes are boxed.
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receive SL2, this is likely to represent an operon in Caeno-
rhabditis. Hence, it seems probable that this operon was
present in the last common ancestor of Caenorhabditis and the
Dolichorhabditis /| Heterorhabditis / Strongylida clade.

SL2 Trans-Splicing of Downstream Operon mRNAs Is
Conserved. Using primer extension sequencing, we showed
that rpp-1 is trans-spliced to an SL2-like spliced leader in
Dolichorhabditis. Ambiguity in the primer extension sequenc-
ing data may mean that rpp-1 in Dolichorhabditis receives a
mixture of SL2-related spliced leaders. Similar observations
have been made in C. elegans, where several novel SL2-related
spliced leaders were identified on protein kinase C1A, TRA-2,
and casein kinase IIb mRNAs (40, 42-44). Using RT-PCR we
have subsequently demonstrated that rp/-29 mRNA is predom-
inantly SL1 trans-spliced, whereas rpp-I is primarily SL2
trans-spliced (Fig. 2). These findings strongly suggest that
other nematodes outside the genus Caenorhabditis also use
SL2 trans-splicing to process polycistronic pre-mRNAs en-
coded by operons in a manner similar to that found in C.
elegans.

Comparison of SL2 RNA Genes Reveals Conservation of
Regions Potentially Important for SL2 Function. Three genes
encoding Dolichorhabditis SL2-like RNAs were cloned and
sequenced (Fig. 4). These RNAs are all slightly different. The
RNAs encoded by these genes can fold into a secondary
structure similar to that proposed for C. elegans SL2 RNA (Fig.
5). Dolichorhabditis SL2« specifies a 23-nt spliced leader. A
23-nt SL2-related spliced leader, known as SLS, has also been
identified in C. elegans (40).

By searching the output from the C. elegans sequencing
project we identified several other novel C. elegans SL2 RNA
genes (Fig. 6A4). With this growing number of SL2 RNA gene
sequences available, it is possible to identify elements of the
SL2 RNA necessary for function using phylogenetic compar-
ative analysis. Alignment of these sequences reveals elements

that have been conserved, including the 5" end of the SL, the
trans-splice donor site, part of the second stem, the Sm-binding
region, and the top of the third stem-loop (Fig. 6B). The
conservation of these elements can be explained in the context
of previous experiments.

The spliced leader of the SL1 RNA of Ascaris lumbricoides is
necessary for SL RNA transcription in vitro (45). However,
conservation of the spliced leader sequence, length, or structure
is not required for trans-splicing in vitro (46). Similarly, it is
possible that the SL2 sequence itself may not be required for the
trans-splicing reaction, but for the transcription of the SL2 RNA
gene. Alternatively, it may be conserved because the SL2 se-
quence is important for some other function such as translation.

The importance of the 3’ half of the second stem and the
Sm-binding site was also demonstrated in A. lumbricoides in
vitro experiments showing that mutations that prevented for-
mation of an SL ribonucleoprotein prevented efficient trans-
splicing (47). Mutations in the Sm-binding site of A. lumbri-
coides SL RNA that prevent the binding of SL RNP-specific
proteins also result in failure to trans-splice in vitro (48).

The last region that is conserved in SL2 RNA is the top of the
third stem-loop. Interestingly, the SL1 RNAs of Dolichorhabditis
and C. elegans do not show conservation of this region of the third
stem-loop (Fig. 5). Therefore, the fact that it is conserved among
all SL2 RNAs in Dolichorhabditis and C. elegans is potentially
revealing. It is possible that this region of SL2 RNA contributes
to the determination of SL2 specificity, perhaps by binding an SL2
RNA-specific polypeptide. SL2 trans-splicing is mechanistically
linked to 3’ end formation of the upstream gene (13, 49). We
therefore hypothesize that this third stem-loop is a binding site for
a protein that is either involved in 3’ end formation of the
upsteam gene or can interact with proteins that are. We are
currently addressing this hypothesis experimentally.

In conclusion, we report here the discovery of an operon and
SL2 trans-splicing in Dolichorhabditis. Furthermore, the gene
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100% of the sequences are boxed. Cosmids c17c3, zk1248, r13h9,
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cluster containing this operon is conserved between C. elegans, C.
briggsae, and Dolichorhabditis. This discovery strongly suggests

that

SL2 trans-splicing was found in the common ancestor of

Caenorhabditis and Dolichorhabditis, which implies that eukary-
otic operons are evolutionarily older than was previously appre-
ciated and may still be discovered in other eukaryotes.
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