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Many Transcribed Regions of the Onchocerca volvulus Genome
Contain the Spliced Leader Sequence of Caenorhabditis elegans
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Genomic DNAs of the related parasitic nematodes Onchocerca volvulus and Dirofilariae immitis, and a cDNA
library of 0. volvulus, were examined for the presence of the 22-nucleotide spliced leader (SL) found at the 5'
ends of 10 to 15% of the mRNAs in the free-living nematode Caenorhabditis elegans. As in C. elegans, genes
for the SL RNA are linked to the repetitive 5S rRNA genes of 0. volvulus and D. immitis, but unlike C. elegans,
they are in the same orientation as the 5S rRNA genes within the repeat unit. In 0. volvulus the SL sequence

is also encoded at more than 30 additional genomic locations and occurs at interior sites within many

transcripts. Sequence determinations of four different cDNAs of 0. volvulus, each containing an internal copy
of the SL within a conserved 25mer, and one corresponding genomic DNA clone indicate that this sequence is
not trans spliced onto these RNAs, but is encoded within the genes. The RNAs of two of these cDNAs appear
to be developmentally regulated, since they occur in adult 0. volvulus but were not detected in the infective L3
stage larvae. In contrast, actin mRNAs are present at all developmental stages, and at least one actin mRNA
species contains a trans-spliced 5' SL. The internal locations of the SL in various transcripts and its perfect
sequence conservation among parasitic and free-living nematodes argues that it serves specific, and perhaps
multiple, functions for these organisms.

The presence of a spliced leader (SL) sequence at the 5'
end of an mRNA was first detected in African trypanosomes
(4). In these organisms, and in related protozoa of the family
Kinetoplastidae, this 39-nucleotide leader sequence is
spliced onto the 5' ends of all mRNAs (33). The trypanosome
SL is encoded in a repetitive DNA element of which there
are about 200 copies in Trypanosoma brucei (8) and from
which is transcribed an 85- to 140-nucleotide RNA species
with the SL at its own 5' end. Current evidence suggests that
the SL is transferred, in a trans-splicing event, from this
small initial transcript to precursor RNAs of all protein-
coding genes to yield mRNAs possessing the SL at their 5'
ends (6, 22, 27). The raison d'etre of the trypanosome SL is
not known, although it has been suggested that it participates
in cleavage of polycistronic RNAs from tandem genes to
generate monomer RNA units (17) and contributes a 5' CAP
structure to those mRNAs (18).

Recently, it has been observed that 10 to 15% of the
mRNAs of several nematodes, including Caenorhabditis
elegans and Brugia malayi, also possess a 5' SL of 22
nucleotides whose sequence is unrelated to the 39-nucleotide
SL of trypanosomes (16, 28). For example, in C. elegans
three of the four actin mRNA species contain this nematode
SL at their 5' ends, while the fourth actin mRNA does not
(16). Other C. elegans mRNAs shown to contain the SL
include those encoding ubiquitin, glyceraldehyde-3-phos-
phate dehydrogenase, a heat shock protein, and two ribo-
somal proteins (2, 13). The C. elegans SL sequence of
5'-GGTTTAATTACCCAAGTTTGAG-3' is encoded within
the spacer region of the repeat unit containing the 5S rRNA
gene and is transcribed from the complementary strand to an
RNA of about 100 nucleotides. It seems likely that, similar to
trypanosomes, a trans-splicing event transfers the nematode
SL from this primary transcript to the 5' ends of the
appropriate RNAs (1, 5, 29, 32). In contrast to trypano-
somes, however, this splicing mechanism must be able to
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identify only precursor RNAs destined to be trans spliced
and must distinguish trans-splicing signals from those for cis
splicing of introns present in some genes of nematodes (3,
25).
Onchocerca volvulus is one of several filarial nematodes

responsible for different forms of human filariasis, which are
major diseases in many tropical countries. Long-term infec-
tion by this parasite is one of the leading causes of blindness
in Africa. It has been calculated from a comparison of partial
sequences of their large-subunit rRNAs that 0. volvulus and
C. elegans are phylogenetically related with a Knu, of 0.160
(12). Since drug interference with trans splicing could be
useful therapeutically (33), we examined the 0. volvulus
genome for the presence of the C. elegans SL. It turned out
that this sequence is not confined to just the 5S rRNA gene
repeat, as it is in C. elegans, but is distributed among 30 or
more genomic locations. Likewise, in a related parasitic
nematode, the dog heartworm Dirofilariae immitis, the se-

quence also occurs both adjacent to the 5S rRNA gene and
at other genomic sites. Since a specific 22-mer sequence
should occur at random with a frequency of about (1/4)22, or
once every 1.76 x 10's base pairs (bp), these sequences
occur far more often than expected statistically in the 0.

volvulus haploid genome of 1.5 x 108 bp (10). When exam-
ined in more detail, the conserved sequence was found to be
25 nucleotides long in four 0. volvulus cDNAs and to occur
at interior sites, one of which was near the 3' poly(A) tail and
not trans spliced onto the RNA.

MATERIALS AND METHODS

Sources of nucleic acids. DNA and total RNA were ex-
tracted from adult 0. volvulus as described previously (10).
DNA was isolated from adult D. immitis parasites (a gift
from John McCall) by the same protocol. DNAs from C.
elegans and B. malayi were gifts from X. Huang and Larry
McReynolds, respectively. The previously described adult
0. volvulus cDNA library was constructed from poly(A)+
RNA of adult parasites collected from patients near
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Touboro, West Cameroon, Africa (10). Briefly, the cDNA
library was prepared by synthesis of first- and second-strand
cDNAs by using avian myeloblastosis virus reverse tran-
scriptase and Escherichia coli DNA polymerase I, respec-
tively, digestion with Si nuclease, addition ofEcoRI linkers,
and ligation of the duplex cDNAs into Xgtll. A similarly
constructed cDNA library was also prepared from RNA
extracted from about 20,000 infective-stage 0. volvulus L3
larvae. A library of partial Sau3A-digested genomic DNAs
of 0. volvulus was constructed in bacteriophage XEMBL3
by using DNA from parasites collected in Mali. Synthetic
oligonucleotides were prepared on a Beckman oligonucleo-
tide synthesizer.

Methods. Southern blots (26), Northern (RNA) blots (30),
32p labeling of DNA fragments (11), screening of cDNA and
genomic libraries (15, 19), and DNA sequence determina-
tions by the chemical cleavage method (21) or dideoxynu-
cleotide method (14) were conducted as described previ-
ously. Subcloning of restriction fragments from recombinant
bacteriophage to plasmids and other standard procedures
were as described previously (19).
Polymerase chain reaction (PCR) amplification of actin

mRNA sequences was conducted by synthesizing first-
strand cDNA from adult 0. volvulus poly(A)+ RNA with
reverse transcriptase and oligo(dT) (10). This first-strand
cDNA served as the template for the PCR with an SL
oligonucleotide and an oligonucleotide containing a consen-
sus complementary actin coding sequence about 200 nucle-
otides downstream from the ATG start codon (24). PCR
amplifications of OV3 and OV9 sequences were conducted
with oligonucleotides that flank the internal SL sequences
and genomic DNA or recombinant phage DNA that was
extracted from the cDNA libraries.

RESULTS

Distribution of the SL sequence in 0. volvulus and D.
immitis DNAs. To establish whether the genome of 0.
volvulus encodes the nematode SL sequence, we used a
complementary oligonucleotide as a probe in Southern blots.
Figure 1A shows the hybridization of this complementary
sequence, 5'-dCTCAAACTTGGGTAATTAAACC-3', to
DNAs of C. elegans and 0. volvulus restricted by three
different enzymes. The probe hybridizes predominantly to a
930-bp fragment in the Avall, DdeI, and HindIII digests of
C. elegans DNA, as predicted from the earlier demonstra-
tion that this sequence is encoded within the repeat unit
containing the C. elegans 5S rRNA gene (28). In contrast,
the probe hybridizes to more than 30 different fragments in
the digests of 0. volvulus DNA. Although some bands in the
0. volvulus DNA are more prominent than others, it is not
obvious from these digests that the sequence is encoded on
a repetitive DNA element in 0. volvulus, as it is in C.
elegans.
To determine whether the 5S rRNA gene and the 22-mer

sequence are linked in the DNAs of 0. volvulus and other
parasitic nematodes, we used the C. elegans 5S rRNA gene
as a hybridization probe in Southern blots (Fig. 1B). To
obtain this probe, the 930-bp region of an agarose gel
containing a HindIII digest of C. elegans DNA (Fig. 1A) was
eluted, these fragments were subcloned into plasmid IBI30,
and recombinant plasmids containing the 22-mer sequence
were identified. About 80% of the sequence of one of these
C. elegans 930-bp inserts was determined and found to
contain the 5S rRNA gene and the 22-nucleotide SL se-
quence on complementary strands as reported previously
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FIG. 1. (A) Autoradiogram of a Southern blot in which 5 F±g of
genomic DNA from C. elegans (lanes C) or 0. volvulus (lanes 0)
was digested with AvaIl, DdeI, or HindlIl and probed with an
oligonucleotide complementary to the 22-nucleotide SL sequence of
C. elegans. (B and C) Autoradiograms of Southern blots in which
Sau3A digests of genomic DNAs from C. elegans (lanes C), 0.
volvulus (lanes 0), or D. immitis (lanes D) were probed with a
restriction fragment containing the C. elegans 5S rRNA gene (panel
B) or the 22-mer oligonucleotide (panel C). Arrowheads indicate the
positions of DNA HindIll fragments (panel A) or ladders of 1-kb
markers (panels B and C).

(16). The spacer region of this cloned repeat possesses a few
point changes from the published C. elegans 5S rRNA gene
repeat, as might be expected for a different clone of the same
repetitive element. Since the sequence of 5S rRNA is highly
conserved across species, a 224-bp PvuI fragment from this
cloned repeat containing the 5S rRNA gene was used to
probe Sau3A digests ofDNA from three different nematodes
(Fig. 1B). Hybridization occurs to a major fragment in C.
elegans DNA (lane C), a ladder of fragments in 0. volvulus
DNA (lane 0), and three small fragments in DNA from the
dog heartworm, D. immitis (lane D).
The Southern blot of Fig. 1B was washed and reprobed

with the complementary SL oligonucleotide (Fig. 1C). The
oligonucleotide hybridized to the same ladder of 0. volvulus
fragments as the 5S rRNA probe did, but it also hybridized
to many additional fragments, suggesting that the SL se-
quence is both linked to the 5S rRNA genes and dispersed
throughout the genome. The hybridization pattern of D.
immitis DNA likewise indicates that the SL sequence may
be both linked to the 5S rRNA genes and scattered else-
where in the genome. In contrast, the blot indicates that in
C. elegans the SL is encoded predominantly, and perhaps
only, on a repetitive DNA element.
The 5S rRNA genes and the SL sequence are linked in 0.

volvulus and D. immitis. To verify linkage of the 5S rRNA
genes and the SL sequence in 0. volvulus and D. immitis,
the 5S rRNA gene repeats were cloned from the DNAs of
these organisms and their sequences were determined. The
5S rRNA gene repeat of 0. volvulus was obtained by eluting
the 400-bp region of an agarose gel containing a Sau3A digest
and cloning the fragments into the BamHI site of plasmid
IBI30. The equivalent DNA repeat of D. immitis was simi-
larly cloned after elution of the appropriate regions of both a
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SPLICED LEADER SEQUENCE OF ONCHOCERCA VOLVULUS
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TTATAGGCACATATTTTGTTCTCGAGAATTATCGCAATAGTA -ATCAAGTTATTGTTGAATGCAGCACATATAAGATGAAGCGAGACACACTCGTCGGTT
TTGTAG-ACA mm TTTTTTGAAAACATTCATTATTATTATTATTATATTATCAAGCCATrTCGTCATAATATATATGAATGAAG-GAATGATATrTGACGGTT

AATTACCCAGTTTGAGTATGATGT(CCCAAGTCGCTGCTGTGGCTTGAAGTAAATGMACGTCC TMCTGACAACGACG-CMAATCG---TA
AATTACCAGTTTAGTATAAGTCAGCCC AATTATATCTGCTGTGGCTTGA AATGAAATTGAAAGTCCTACATTAGTGGGACAACMACGATCCGATATGAGTAGTA

*
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GGAAGATGGTTTTCGA-CATrGATGGAATTTTTGCGTATTTCCGTTGAT-GAAATTTTGTGATTCATGTTCAATTATAACTACAATCACACCGTCCGATC******* 470
AGCGGTACAATGGTGAGAATTAMAGCATTGATAGAAMTATGGGAATTr----GATAGATATTTGTATTAT

FIG. 2. (A) Genomic organization ofDNA repeat units containing the genes for 5S rRNA and the SL sequence of 0. volvulus, D. immitis,
and C. elegans. Open arrows represent the 5S rRNA genes, and black arrows show the 22-nucleotide SL sequence. The arrows point in the
direction of transcription. Dashed regions at both ends of the 0. volvulus repeat indicate the segment of this repeat that was not cloned.
Restriction sites for Sau3A (S), MnII (M), and DdeI (D) are shown. (B) Sequence comparison of the DNA repeat units of 0. volvulus (0) and
D. immitis (D) that were cloned as indicated by the solid lines in panel A. The 5S rRNA genes are indicated by the narrow underline arrow,
and the SL sequences are indicated by the bold underline arrow. The two sequences are aligned at the start of the 5S rRNA genes. Dots
indicate conserved nucleotides, and dashes indicate deletions or insertions to maximize sequence homology. The asterisks at both ends of the
0. volvulus sequence indicate that the repeat unit continues in both directions from the segment whose sequence was determined.

TaqI digest and a Dral digest. Recombinant clones of these
fragments were screened with the PvuI fragment containing
the C. elegans 5S rRNA gene to identify specific clones with
the desired inserts. The sequences of these inserts were then
determined (Fig. 2).

Similar to B. malayi and Ascaris lumbricoides (23, 28), and
in contrast to C. elegans (16), the 5S rRNA gene and the SL
sequence are linked on the same strand in both 0. volvulus
and D. immitis. In the 0. volvulus DNA repeat, a spacer
region of 104 nucleotides separates the 5S rRNA gene and
the SL RNA gene, whereas in D. immitis the same region is
15 nucleotides longer. The D. immitis sequence (Fig. 2B) is
a composite of the sequences of overlapping TaqI and Dral
fragments and represents the complete sequence of this
DNA repeat. The 0. volvulus sequence, however, is derived
from a single Sau3A fragment and is only a portion of the
complete DNA repeat unit. No attempt was made to clone
the entire repeat, since the sequence of this Sau3A fragment
contains both the 5S rRNA gene and the SL sequence.
Comparison of the two repeat sequences reveals that the SL
RNA genes are more highly conserved than are the se-

quences of the 5S rRNA genes. This observation also holds
when the C. elegans sequence is added to the comparison
(data not shown). The perfect sequence conservation of the
SL among the four nematodes is in contrast to the SL of
protozoa of the family Kinetoplastidae, whose 39-nucleotide
sequence varies at two to seven positions among related
organisms (7, 9).
Some transcripts of 0. volvulus contain internal copies of the

SL sequence. In a Northern blot of total 0. volvulus RNA
(data not shown), the 22-mer probe appeared to recognize
many RNA species, resulting in a faint smear of hybridiza-
tion from which weak bands appear. Therefore, a cDNA
library of adult 0. volvulus poly(A)+ RNA (10) was probed
with the 22-mer oligonucleotide to identify specific RNAs
that possess this sequence. During screening of about
200,000 phages of an amplified library, the probe hybridized
to the DNA of about one recombinant phage in 17,000, or

0.006%. Four of these cDNAs were selected at random and
sdbcloned into plasmid IBI30 for further characterization.
The complete sequences of these cDNAs, OV3 (490 bp),
OV9 (656 bp), OV5 (520 bp), and OV1 (905 bp), were

determined and are shown in Fig. 3.
None of the four cDNAs contains the SL at the 5' end.

Each, however, has one internal copy of the perfect SL
sequence (Fig. 3, solid underline), which is preceded in each
case by three A residues, for a total conserved sequence of
25 nucleotides. These three A's do not precede the SL in the
5S rRNA gene repeat. Likewise, none of the four cDNA
sequences immediately after the SL resembles the sequence
downstream of the SL in the 5S rRNA gene repeat. The SL
in two of the cDNAs is followed by the consensus dinucle-
otide, GT, of an intron donor site, whereas in the other two
cDNAs it is not. None of the four cDNAs contains a

continuous open translation reading frame in any of the six
potential frames. Only OV9 has a long poly(A)+ sequence at
the 3' end of the strand containing the SL sequence, al-
though the 3' ends of the complementary strands of the other
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****************************************GATCTGTCAAGTTGAATAGTTTTTTGGGCCTGTTAGTATTTGACTCTAAGATAGCTTGGAAATTCCTCGAG
GTCTACGACCATAMkCGTTGAAAGCACGACATCTCCTCCCATCTGTCAAGTT-AAGCAACGTTGWCCTGGTTAGTA==ATCGGAGACGGCCTGGGAATCCCAGGTG
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OV3 TTTTTTTTGTGTTACTTTTTTTTTTCTATTTTTCTTTTTTTTTTTTCTGTTCTTTTATTTTTTTTCGATTTTCTTTTTTTTCATCTCTTTTTTTTTTTTTGACTTTCTTT 110

TCTCGTTGTAGTCAAGGTTACGC-GCCAAAAAAGAGCGCTCTTGCGCTAAAAATAGCGCCTTATTGTGATCAAATTCCAGCCGGATCCTCCCTCTATAAATAAGAAGAGGGTCCTGACCAT 230

AGTTTATTGTCAAAGGATGTGCACCGCGAGGTCAATTAGTTGTATTGATATTGTATTTGTGATGTATTGTCGTGTTATCATATTTTATAATAAAGGTTTAATTACCCAAGTTTGAGGTTT 350

CGAGAACAAAACAATAAAAGAACTCTTAATAATTTTCACGGT MAlACA AACACCATT IAACGGCGGTATTT

TTTAACCTTTACTATTTTTT

OV9 TTTTTTTTTTTTCGTTTCTTGTTTCCTTTTTCTTTTTTATCTTTTCCTCCCTTTTTTTTCTTGTCATGCAAATTAGGAGTAACATTTCTGCCAGCTGCACTCATTTTTTT

TTGATTTCGCAACCTAATTTGCATTAAA ATTAMCATATGAGATTAATTTTCCTTTTTACCATTTTCAAAATTAACAGCAACAGTGACTGGTTTCTATG
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TCCCAATCATTTAAATCTTGCTTACTACTCTTTTCATTACATTAGTAATTTCACCATTAATTTTACCATGTTTTATTGATATGATATTTGTAATAATCATGCTTTACTGATGCAATATTT 350

GTAATTGTCGTGTTTTGCGTCATCAAGTTTTTCTTATGATAAAAGGTTTAATTACCCAAGTTTGAGATTCTGCGGCA=GAGACAAATTCCGACAAACACTCCAATGTTCAAAAGAC

TATGAGAGAAAATTACCCGCGG&-TTACGAGCTACCAGCAAAMACAGGGAGACTACTCTTTATCGAAATAGACA

OV5 AAAAAAAAAAAAAAATT AATAAA AAAACTTACGATTCA TGTCGTTTTGTTGTTGGCTTAAGAG AT CTTCATCCCACATATTCGTCTCCT

AAATTATGCGAGCTCAAAGACCAAAACTGTCGCTGAAATCGCGAGGAGTATAAGGAAATTAGTGATTCCTGATTTTCMAATGATTGTTAATTTTCTCGGATGTGAATGTTTCTTTGTTTA

TAGGTCAAATGGTTTTGTATTTATTCCTTTATTGTAGTCAAGGTCCGCCAAAAAGACGCGCTTTCAGGCTCTAAAATGGCGCCTTATTGTGATCAAATTCTAGCGGATCCTCCCTCTA

TAAATACGAAGAGGTCCTGACCA.TAGGATCATTGTTAAAAGAATGCTGACCGCGAGATCAATTGGTTGTATTGACTTATATTTGTAGTGTATTGTCGTGTTATCATATTTTATAGTAAA

GGTTTAATTACCCAAGTTTGAGGTTTCGAGTACAACACAACAAGAAAGM

OVi TTTTTTTTTTAAGTACAAATTTATCATAGTAAAGGTTTATC AA GTTTGAGATACCGCAA GTTTCGGGTAGTAAT ACTCTCATCATT

GTCACGGTCAAAGAAGATCGGCGACAAGATGTAAACAGAGAA TGCCAACATAAGATGAATAAAAGAAATCAGTACAATACTTCTAAGCTCAGCGAACACGAAAT.9kATTAAC
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ACTGCAAAGACGTTGACGGGAATGTTCAAGAACTGATTCTTAAATTGCAAATAAGAGTTGTATCACGTTAACAATACACAACGAAATGTTACCATTAATTAGAATTGTTTCACTGCAACT 350

TTTGGCGCAAGTATGGAACAGACTTCTAGAAAAGTTAGTTCCACGTAA CATAGATGTGTGATTTCAGTCCTCTAAAAMTTATAAGGACATTTGCCAAGGAAAAAGATCTTTTATGTGGG 4470

CTTCTTTTGCCGTAAAATATTTTGCTAGACATTGCGTTTCAATCATGTTGTGGTGAATACTTTGTAA ATTCCTTATTCGTTTACACOGATAACGAAACAAAACTTGTGTCATCTCGGAAC 590

GAATACCGCAGTAAATCAAATGCGAAACTATCCTTAACACGTTTAAACTAACCAATCCTTACTAAGTTCTAACTTACA sCAATTTACGGTATTGTAAAATAAAAATTGGTCATCAGTTTA 710

CATCATCCTAAATCATCCCAGTTI-TATCTAATTTTACGGACAATCATTTAAAGAATTTTCCTGATTACATTACATTTTTCCTTCAACAATTAAAAATTTATTGTTTAACATAAGAATTGA 830

CGAGCATCACGTAAAGAATGATAAGGATTTACAACATACATCTTCGATATATTTTAATAATTCTCCGCGAAAAAG 905

OV3
OV5

222
366

CTGACCATAGTTT-ATTGTCAAMGGA-TGTGCACCGCGAGGTCAATTAGTTGTATTGATATTGTATTTGTGATGTATTGTCGTGTTATCATATTTTATAATAAAGGTTTAATTACCCAAG 34 0
CTGACCATAGGATCATTGTTlAAA.GAATGCTGACCGCGAGATCAATTGGTTGTATTGACATTATATTTGTAGTGTATTGTCGTGTTATCATATTTTATAGTAAArGGTTTAATTACCCAAG 486

TTTGAGGTTTCGAGAACAAAACAATAAGAAAGAA 374
TTTGAGGTTTCGAGTACAACACAACAAGAAAGAA 520

FIG. 3. Complete sequences of four different cDNA clones, OV3, OV9, OV5, and OV1, each of which contains an internal copy of the
conserved SL sequence (solid underline). Horizontal arrows in the OV3 and OV9 sequences indicate oligonucleotides used in the PCR
experiment shown in Fig. 5. The sequence of the region between the two vertical arrowheads in the OV9 sequence was also determined in
an OV9 genomic DNA clone by using oligonucleotide primers indicated by the arrows and by oligonucleotides corresponding to the two
strands of the SL sequence. At the bottom of the figure is a comparison of the similar regions of the OV3 and OV5 cDNA sequences. Symbols:
-, spaces inserted to maximize similarity; *, positions that are not identical.
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FIG. 4. (A) Autoradiograms of Southem blots in
DNA from C. elegans (lanes C), 0. volvulus (lanes
(lanes B), and humans (lanes H) was digested wi
probed with OV3, OV9, OV5, and OV1 cDNAs.
grams of Northern blots in which 20 ,ug of 0. volv
was probed with the four OV cDNAs and with an act
The arrowhead indicates the 1.9-kb actin mRNA. I
contain a ladder of 1-kb markers.

three cDNAs terminate in short stretches of A
the OV3 and OV9 cDNA strands shown in
contain a 5' T-rich segment that is periodical]
by other nucleotides. Similar T- or A-rich c
have been detected in other 0. volvulus cDNAs
be a general feature of this organism whose s

not clear.
OV3, OV9, and OV1 cDNAs have no signific

similarity other than the conserved 25-mer seqL
T-rich segment. However, OV3 and OV5 conta
sequence similarity within the sequenced regi4
ing the SL (Fig. 3, bottom). This comparison,
sequences are aligned to maximize their simil
strates that the two cDNAs come from related
also indicated by genomic Southern blots (Fig
5' sides of the SL in the comparison, the simil
these two cDNAs extends to just after the T-ri

ov l the beginning of OV3. On the 3' sides, the similarity extends
to the end of OV5. In neither cDNA doe these flanking

s C 0 B H sequences resemble the regions flanking the SL sequence in
the 5S rRNA repeats.

Inspection of the OV9 chromosomal gene. Since the OV9
cDNA contains a 3' poly(A)+ tail of 100 nucleotides, as
would be expected for an RNA that had undergone posttran-
scriptional polyadenylation, we selected this cDNA se-
quence to see whether a corresponding sequence exists in 0.
volvulus genomic DNA. A XEMBL3 library of 0. volvulus
genomic DNA was screened with the OV9 cDNA, and

- several genomic DNA clones were identified. A BamHI
fragment of one genomic clone was subcloned into a plasmid
and served as the template for dideoxynucleotide sequencing
with oligonucleotide primers whose sequences are either
indicated by the two arrows in OV9 sequence of Fig. 3 or
correspond to the two strands of the SL sequence itself. The
sequencing information obtained with these four primers

actin demonstrated that the cloned genomic DNA sequence cor-
responds to the cDNA in the region between the vertical
arrowheads. Beyond the 3'-most vertical arrowhead [where
the poly(A)+ tail begins in the cDNA], the genomic DNA
sequence continues with a normal distribution of the four
nucleotides, indicating that this location is indeed a site of
posttranscriptional polyadenylation. A putative polyadeny-
lation signal ofGATAAA lies about 15 nucleotides in front of
this site. Thus, in this example the cDNA, including its
internal 25-mer sequence, is derived from a specific gene
sequence in the genomic DNA. In addition, preliminary
screening of the genomic DNA library with the other three
cDNAs indicated that genomic DNA clones corresponding
to these sequences are present in the library.

Southern and Northern blots with the cDNAs as probes. The
four OV cDNAs were used as probes in Southern and
Northern blots (Fig. 4). When used as Southern probes
under conditions of high stringency (Fig. 4A), three of the
four cDNAs (OV3, OV9, and OV1) hybridize predominantly
to single unique BamHI fragments in 0. volvulus DNA but
do not hybridize to DNA fragments from C. elegans, B.
malayi, or humans. OV5 cDNA is different in that it appears

l which 5 p.g of to contain a repetitive element within its sequence that
s 0), B. malayi hybridizes to a smear of high-molecular-weight BamHI
ith BamHI and fragments of 0. volvulus. In unrelated experiments, this
(B) Autoradio- filter was reprobed with an actin cDNA, which indicated that
ulus total RNA the smear observed in Fig. 4A is not the result of a partial
tin DNA probe. restriction enzyme digest. Note also that OV5 hybridizes
Lanes labeled s weakly to the same 0. volvulus fragment as the one that OV3

hybridizes to strongly, as would be expected because of their
partial sequence similarity (Fig. 3, bottom). Likewise, OV3

.'s. Curiously, hybridizes weakly to the smear of large BamHI fragments
Fig. 3 each containing OV5-like sequences. Of the four cDNAs, only

ly interrupted OV5 hybridizes weakly to a BamHI fragment (ca. 0.95
DNA regions kilobase [kb]) in C. elegans DNA.
s(31) and may In Northern blots (Fig. 4B), none of the four cDNAs
significance is hybridizes to a clearly discrete RNA species, as does the

actin DNA probe in the right panel. Instead, each cDNA
cant sequence hybridizes to a smear of RNAs, out of which loom bands of
aence and this the more prevalent RNA sizes. In the OV3 lane, for exam-
iin substantial ple, are RNA bands of 2.8 and 3.5 kb, whereas in the OV1
ons surround- lane an RNA band of 1.2 kb is present. Weaker signals were
in which the generated by the OV9 and OV5 probes. The presence of the

arity, demon- 1.9-kb actin mRNA species indicates that general degrada-
genes, a result tion of RNA molecules of this size class had not occurred
4A). On the during RNA isolation, but, of course, for larger RNAs this

[arity between could be a factor. Thus, the significance of the RNA smears
ch segment at observed with the OV cDNAs is not clear; it may reflect the
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FIG. 5. (A) Agarose gei, stained with ethidium bromide, contain-
ing PCR amplification products obtained with OV9-specific primers
(lanes 1 and 3) or OV3-specific primers (lanes 2 and 4) and DNA
templates extracted from adult (lanes 1 and 2) or L3 larval-stage
(lanes 3 and 4) 0. volvulus cDNA libraries. The lower bands in all
four lanes are the oligonucleotide primers. (B) Autoradiogram of a
Southern blot in which the DNAs shown in panel A were probed
with the SL oligonucleotide.

degradation of much larger RNAs during isolation, or it
could indicate processing or instability of the RNAs in vivo.
The OV lanes in the Northern blot were exposed to X-ray

film for about 20 times longer than the actin lane. Thus, the
OV RNAs are relatively rare mRNAs compared with the
abundant actin RNA species, which is consistent with their
scarcity in the cDNA library (0.006%). Efforts to obtain
significantly longer versions of the four OV cDNAs from the
cDNA library were not successful.

Stage-specific expression of internal SL-containing RNAs.
Since the four OV cDNA sequences do not contain long
open translation reading frames (Fig. 3) and occur within a
range of RNA sizes in 0. volvulus adults (Fig. 4B), their
biological roles are not clear. Therefore, we examined these
RNAs further by determining whether they are present at a
different developmental stage of the life cycle of the parasite.
For this investigation we conducted PCR amplifications in
which the template DNAs were total phage DNAs extracted
from (i) the adult cDNA library and (ii) another cDNA
library constructed from RNA of the infective L3 larval
stage of 0. volvulus. The L3 stage is the final developmental
stage of the parasite in the blackfly and is the stage that is
transmitted to humans, in whom the adult parasites develop.
Primers for the PCR amplifications were the OV3 and OV9
oligonucleotides, indicated by horizontal arrows in Fig. 3.
These two sets of primers gave the expected PCR products
when phage DNA from the adult cDNA library was used as
the template (Fig. SA, lanes 1 and 2) but no visible product
when DNA from the L3 library was used (Fig. SA, lanes 3
and 4). The two phage DNA templates had been normalized
in preliminary experiments to give equal-intensity PCR
bands when actin-specific oligonucleotides were used as
primers (data not shown). Thus, the results in Fig. 5A
suggest that more OV3 and OV9 RNA is present in adult
parasites than in the L3 larvae. To verify that the OV9 and
OV3 PCR products in lanes 1 and 2 contained the SL
sequence and to see whether there were very small amounts
of these products in lanes 3 and 4, the DNAs in Fig. SA were
probed in a Southern blot with the SL oligonucleotide. The
autoradiogram in Fig. SB demonstrates that the PCR prod-
ucts of the adult cDNA library do indeed contain the SL
sequence and that no detectable OV3 or OV9 sequences are
present in the L3 cDNA library. This result strongly suggests
that the steady-state levels of these two internal SL-con-

taining RNAs are much higher in adult organisms than in L3
larvae. This result could not be confirmed by using a
Northern or RNA dot blot, because of the lack of L3 larval
RNA.
The 5' SL of an 0. volvulus actin mRNA. Since the four OV

cDNAs all contain an internal SL copy, we decided to look
directly for the presence of an SL at the 5' end of a specific
mRNA species of 0. volvulus by using PCR amplification.
We examined the actin mRNAs, since the SL was first found
on these mRNAs in C. elegans (16). For the PCR, the SL
oligonucleotide and an oligonucleotide complementary to a
highly conserved region of actin genes were used as primers
on a template of first-strand cDNA molecules prepared from
adult 0. volvulus poly(A)+ RNA (24). The several amplifi-
cation products of this reaction (Fig. 6A, lane 1) included a
240-bp product that hybridized to an actin DNA probe (Fig.
6B). Other PCR amplifications conducted with different
primers and templates (Fig. 6A, lanes 2 to 4) did not yield
this product, although they did generate larger PCR prod-
ucts, which were not investigated further. These larger PCR
products, which gave a similar banding pattern in lanes 2 to
4, are probably due to self-priming of the SL oligonucleotide
on the genomic DNA (or genomic DNA contaminating the
RNA), since the SL sequence is dispersed throughout the
genome (Fig. 1) and may exist in the opposite orientation in
some regions. Two other actin-specific primers yielded the
expected amplification product of 550 bp when used on 0.
volvulus genomic DNA as the template (Fig. 6A, lane 5).
The 240-bp amplification product shown in Fig. 6A, lane 1,

was cloned into a plasmid, and the sequence of one of the
resultant inserts was determined, The sequence of this
cloned PCR product contains the SL at one 5' end, followed
by 24 nucleotides of 5' nontranslated region and the start
codon of the highly conserved actin coding sequence (Fig.
6C). Thus, at least one actin mRNA species of 0. volvulus
contains a SL at its 5' end.
To verify that this SL is not encoded by the corresponding

actin gene, we used an actin DNA probe to screen an 0.
volvulus genomic DNA library and identified several clones.
None of these genomic DNA clones hybridized to the SL
oligonucleotide. Restriction mapping of the clones indicated
that several actin genes are present in the 0. volvulus
genome, a conclusion supported by the results of Southern
blots (data not shown). Oligonucleotides specific for the
N-terminal conserved coding sequence of actin were used to
obtain partial sequences of these clones. One clone pos-
sessed a sequence that exactly matched the sequence of the
cDNA (Fig. 6C). This clone did not contain the SL se-
quence, but had a consensus acceptor splice sequence, AG,
at the location of the SL in the cDNA. Furthermore, PCR
amplification of genomic DNA with an actin oligonucleotide
and the SL oligonucleotide did not produce a product
detectable with the actin probe (Fig. 6A and B, lanes 3),
indicating that the actin genes and the SL sequences are not
closely linked in the genome. These combined results
strongly suggest that trans splicing of the SL does occur in
0. volvulus, as proposed for the other organisms in which an
SL has been detected (6, 16, 22, 23, 27, 28).
By analogy with C. elegans, B. malayi, and A. lumbri-

coides (6, 23, 28), it seems likely that a transcript from the
SL RNA genes within the 5S rRNA gene repeats provides
the SL sequence that is present at the 5' end of this actin
mRNA. However, attempts to use Northern blots of total 0.
volvulus RNA to identify potential primary SL transcripts
from this region of the genome were not successful (data not
shown). We suspect that this negative result is because small

MOL. CELL. BIOL.



SPLICED LEADER SEQUENCE OF ONCHOCERCA VOLVULUS

A. 5 4 3 2 1 S B. 3

-492-
-369-
-246-

-123-

21

C

r.L

r'v,a

FIG. 6. (A) Agarose gel, stained with ethidium bromide, containing the products of different PCR amplifications. Templates for the
reactions were first-strand cDNA (lane 1), poly(A)+ RNA (lane 2), and genomic DNA (lanes 3 to 5) of 0. volvulus. Primers were the SL
oligonucleotide and a complementary actin oligonucleotide (lanes 1 to 3), the SL oligonucleotide alone (lane 4), and two different actin-specific
oligonucleotides (lane 5). Lane S contains a 123-bp ladder of DNA fragments, some of whose sizes are indicated. (B) Autoradiogram of a
Southern blot in which DNAs from lanes 1 to 3 in panel A were blotted to nitrocellulose and probed with an actin DNA probe. (C) Comparison
of the 5' sequences of an 0. volvulus actin cDNA cloned from the PCR product shown in panels A and B, lanes 1, and its corresponding gene
cloned from the 0. volvulus genome. The boxed sequence is the SL, and the underlined sequences are the same in the cDNA and the gene.
N-terminal actin amino acids are shown above their codons.

RNAs are lost in the procedure we used to simultaneously
extract RNA and DNA from adult 0. volvulus (10), since
relatively little 5S rRNA was recovered. Unfortunately, 0.
volvulus cannot be grown in conventional laboratory animals
or in culture, so adult organisms can be obtained only by
surgery on volunteer onchocerciasis patients and L3 larvae
can be obtained only by dissection from blackflies. This
limits the amount of parasite material available and pre-
cludes our use of other RNA extraction procedures for this
experiment.

DISCUSSION

Linkage between the 5S rRNA gene and the SL RNA gene
within a DNA repeat has now been found in five different
nematodes (16, 23, 28; see above). In the four parasitic
nematodes (0. volvulus, D. immitis, B. malayi, and A.
lumbricoides) the two genes are on the same strand of the
DNA repeat, whereas in the free-living nematode (C. ele-
gans) the genes are on complementary strands. Although we
were unable to detect specific transcription of these repeti-
tive SL RNA genes because of a lack of parasite material, it
is likely that they are transcribed, because at least one 0.
volvulus actin mRNA species contains a 5' SL that is not
encoded by its gene (Fig. 6). In addition, the 3'-flanking
regions of the repeated SL sequences in 0. volvulus and D.
immitis possess consensus sequences for both a donor splice
site and a Sm antigen-binding site and can adopt a potential

secondary structure similar to that proposed (5, 23) for the
other nematode SL RNAs (data not shown). These 3'-
flanking region are particularly highly conserved among the
three parasitic nematodes, with more than 90 of the first 100
residues being identical. The parasitic nematode SL se-
quences and their 3' downstream regions are both more
highly conserved than are the corresponding repetitive SL
RNA genes of the protozoa of the family Kinetoplastidae,
suggesting that less sequence variation is tolerated in the
nematode-splicing mechanism and/or SL function. In con-
trast, there is much more sequence variation in the nematode
SL RNA 5'-flanking regions, where, presumably the SL
RNA gene transcription is initiated (8, 28).
The presence of isolated orphan copies of the SL sequence

in the 0. volvulus and D. immitis genomes was initially
detected by Southern blots (Fig. 1) and is consistent with a
similar distribution of SL sequences in the DNA ofB. malayi
(28), but not in the C. elegans genome (16). In contrast to B.
malayi, for which no evidence for transcription of these
regions was detected (28), at least some of the isolated 0.
volvulus SL copies are transcribed to yield RNAs with
perfect internal copies of the SL sequence, as represented by
the four cDNAs described here. Three of these four cDNAs
have no obvious properties in common except for the
presence of this SL within a conserved 25-mer sequence.
Likewise, these cDNAs are unrelated to the SL RNA gene
sequence within the 5S rRNA gene repeats except for the SL
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sequence itself. Two of the cDNAs do not have the consen-
sus GT donor splice site at the 3' end of the SL sequence,
further suggesting that these internal SL copies do not
participate in a splicing event. In one of the cDNAs, OV9,
the SL sequence is about 140 nucleotides from the polyade-
nylation site, an observation confirmed by sequencing the
cloned OV9 chromosomal gene. In the other cDNAs the
relative location of the SL in the corresponding RNA is less
clear because of the absence of an obvious 3' poly(A)+ tail.
None of the cDNAs contain open translation reading

frames of significant length, although all may be partial-
length cDNAs in which most, or all, of the reading frame
could be upstream of the cloned segment. Support for this
possibility comes from the Northern blots, which indicate
that the primary transcripts of these cDNAs may be several
kilobases in length. Alternatively, the corresponding DNA
regions might not code for proteins but may specify untrans-
lated structural or regulatory RNAs, or even unstable RNAs
without a steady-state function. The rarity of the SL-con-
taining cDNAs in the library and the weak intensities of the
Northern blots probed with these cDNAs indicate that all
four RNAs are rare transcripts. A search of the GenBank
database did not reveal obvious similarities between these
cDNAs and the available sequences, except for the SL itself.
Two of the four RNAs (OV3 and OV9) are much more
abundant in adult organisms than in L3 larvae (Fig. 5),
suggesting that developmental regulation of their steady-
state levels occurs (20).

It seems unlikely that a sequence expected statistically to
occur only once in more than 1013 bp would, in fact, appear
with perfect conservation at more than 30 different sites in
the 1.5 x 108-bp 0. volvulus DNA without being of use to the
organism. One explanation for this scattered distribution is
that the multiple SL genomic locations are the result of fairly
recent duplications of an SL region within the genome. The
similarity of the SL flanking regions in the OV3 and OV5
cDNAs supports this possibility, but other unique SL-
containing genomic regions, represented by OV1 and OV9
cDNAs, are quite different except for the presence of the SL
sequence. Alternatively, the presence of the T-rich regions
upstream of the SL in three of the cDNAs suggests that the
scattered genomic distribution of the SL could be the result
of retroposonlike activity. This is an attractive possibility,
but if it were the case, one might expect to find multiple
copies of the entire cDNA sequence in the genome, such that
the OV1 and OV9 cDNAs would hybridize to more genomic
restriction fragments than they do in Fig. 4A. Another
possibility is that the internal SL sequences might be evolu-
tionary vestiges for 0. volvulus and the other parasitic
nematodes, whose function is no longer necessary because
of the interaction between these nematode parasites and
their insect or primate hosts.

Still another, perhaps more speculative, interpretation of
the data is that the parasitic nematodes differ from C.
elegans in the means by which the SL arrives at some of its
RNA destinations but not in the function(s) it performs once
there. This explanation would imply that the presence,
rather than the location, of the SL is the most important
factor for some RNAs and/or that the SL provides different
functions for different RNAs. For instance, in one group of
RNAs it may contribute to the processing, stability, or
translation of the RNAs, whereas in other groups it might
serve to influence the cellular location or membrane trans-
port of the RNAs. Indeed, the metabolic need for the SL in
the RNAs of both protozoa of the family Kinetoplastidae and
nematodes continues to be its most mysterious feature. For

example, why do all Kinetoplastidae mRNAs have an SL
whereas only 10 to 15% of the nematode mRNAs contain it,
and why do only three of the four C. elegans actin mRNA
species require it? In the face of these questions, the most
compelling argument for the biological necessity of the SL
continues to be that its sequence is perfectly conserved both
among different nematodes (28) and at multiple sites within a
nematode species.
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