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Abstract

SmY RNAs are a family of∼70-90 nt small nuclear RNAs found in nematodes. InC. elegans, SmY

RNAs copurify in a small ribonucleoprotein (snRNP) complexrelated to the SL1 and SL2 snRNPs that

are involved in nematode mRNA trans-splicing. Here we describe a comprehensive computational anal-

ysis of SmY RNA homologs found in the currently available genome sequences. We identify homologs
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in all sequenced nematode genomes in classChromadorea. We are unable to identify homologs in a

more distantly related nematode species,Trichinella spiralis(class:Dorylaimia), and in representatives

of non-nematode phyla that use trans-splicing. Using comparative RNA sequence analysis, we infer

a conserved consensus SmY RNA secondary structure consisting of two stems flanking a consensus

Sm protein binding site. A representative seed alignment ofthe SmY RNA family, annotated with the

inferred consensus secondary structure, has been deposited with the Rfam RNA families database.

Introduction

The SmY RNAs are a family of small nuclear RNAs found in Nematoda species. The first SmY RNA was

discovered in purifiedAscaris lumbricoidesspliceosome preparations, as well as a second RNA called SmX

that is not detectably homologous to SmY [1]. Twelve SmY homologs were identified computationally in

Caenorhabditis elegans, and ten inCaenorhabditis briggsae[2]. Several transcripts from these SmY genes

were cloned and sequenced in a systematic survey of small noncoding RNA transcripts inC. elegans[3].

SmY RNAs are about 70-90 nucleotides long, with a conserved consensus binding site for the Sm protein,

a shared component of spliceosomal snRNPs [1, 2]. InC. elegans, SmY RNAs copurify in a complex

with Sm, SL75p, and SL26p proteins, while the better-characterizedC. elegansSL1 trans-splicing snRNA

copurifies in a complex with Sm, SL75p and SL21p (a paralog of SL26p) [2]. Loss of function of either

SL21p or SL26p individually causes only a weak cold-sensitive phenotype, whereas knockdown of both is

lethal, as is a SL75p knockdown. Based on these results, the SmY RNAs are believed to have a function in

trans-splicing.

To date, SmY RNAs have been described inC. elegans, C. briggsae, andA. lumbricoides. The range of

species possessing SmY RNAs has not been well characterized. Here we report the results of a comprehen-

sive computational characterization of SmY RNA genes in available genome sequences.

Results

Initial SmY sequences. Thirteen identified SmY sequences are in public DNA databases: Ascaris lum-

bricoidesSmY RNA [1] and twelve SmY RNAs fromCaenorhabditis elegans[2] (Table 1). Full length 5’

and 3’ ends for all these sequences are experimentally determined [1–3, 5], with three exceptions. SmY-12
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Table 1: Previously published SmY RNA sequences.
Name Alternative Names Accession numbers length (nt) References

Ascaris lumbricoides
SmY U52372.1 72 [1]

Caenorhabditis elegans
SmY-1 CeN32, C33A12.22 AY948626.1, NR003443.1 77 [3]
SmY-2 CeN25-1, C33A12.21a, Ce135a AY948618.1, NR003442.1a, DQ789540.1a 77b [3, 4]
SmY-3 CeN25-2, D1086.14a, Ce96a AY948619.1, NR003469.1a, DQ789534.1a 82b [3, 4]
SmY-4 D1086.16 NR003471.1 81 CESC
SmY-5 CeN25-3, D1086.15 NR003470.1, AY948620.1 77c CESC
SmY-6 CeN25-5 AM286190.1 83 [5]
SmY-7 Y73B6BL.46 NR003463.1 82d CESC
SmY-8 CeN31, Y45F10B.19 AY948625.1, NR003460.1 79 [3]
SmY-9 CeN25-7 AM286192.1 77 [5]
SmY-10 CeN112, Y45F10B.20 AY948610.1, NR003461.1 90 [3]
SmY-11 CeN25-4, Y57G11C.55 AY948621.1, NR003462.1 78 [3]
SmY-12 CeN25-6 AM286191.1 81e [5]

a misclassified as small nucleolar RNA;
b accessions conflict on exact size/sequence, used sequence reported by [3];
c experimentally determined 78nt sequence from [3] includes5’ G not encoded by WS150 genome; used CESC 77nt version;
d reported database sequence is on incorrect strand;
e accession reports partial 73nt 3’-truncated sequence, we inferred an additional 3’ 8nt from genomic sequence.

CESC: TheC. elegansSequencing Consortium.

was obtained as a partial 3’-truncated sequence [5], and SmY-4 and SmY-7 are predicted from sequence

similarity [2].

SmY-2 and SmY-3 have also been identified with slightly different transcript sizes and called C/D small

nucleolar RNAs Ce135 (72nt) and Ce96 (98nt) by [4], who criticized Denget al. [3] for classifying these

sequences as “small nuclear RNA like”. Our analysis agrees with MacMorriset al. [2] in assigning these as

SmY small nuclear RNA homologs, and we have used the transcript sequences deposited by Denget al. [3].

In two cases, we modified a sequence from the accessioned version. We added 8 nt of genomic sequence

to the 3’ end of the truncated SmY-12 sequence to make it conform to our full-length consensus model. We

reversed the orientation of SmY-7, because the accessionedversion is in the incorrect (antisense) orientation.

Homology searches and a representative seed alignment. Starting from the sequences in Table 1, we

conducted a number of different iterative searches, using acombination of BLAST [6] and Infernal 1.0

[7] [http://infernal.janelia.org] to identify SmY RNA homologs in a variety of genome se-

quences. Putative homologs were identified in the following13 nematode genome sequence assemblies:
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Caenorhabditis elegans(WormBase, WS150 [8, 9]);Caenorhabditis briggsae(WashU GSC, v1.0cb3, Jan

2007 [10]);Caenorhabditis remanei(WashU GSC, v15.0.1, May 2007);Caenorhabditis japonica(WashU

GSC, v3.0.2, March 2008);Caenorhadbitis brenneri(WashU GSC, v4.0, Jan 2007);Pristionchus pacificus

(WashU GSC, v5.0.1, Jan 2008 [11]);Haemonchus contortus(Sanger Institute, unversioned, Jan 27 2006);

Meloidogyne incognita(PNGG, unversioned, Nov 2007);Meloidogyne hapla(EBI, unversioned, Sept 2008

[12]); Heterodera glycines(Monsanto, Genbank ABLA00000000.1, Apr 2008);Brugia malayi(TIGR, un-

versioned, Sept 2007 [13]);Ascaris suum(www.nematode.net, unversioned, Nov 2006); andTrichinella

spiralis (WashU GSC, v1.0, Mar 2006).

68 sequences were selected to be representative of the family. Starting from automated Infernal align-

ments, a multiple alignment was assembled and manually refined by structure and sequence conservation

to form a curated seed alignment suitable for the Rfam database [14]. A Stockholm format text file of this

alignment is provided in the Supplementary Material (SmY seed.stk).

We used manual comparative sequence analysis to deduce a consensus secondary structure, and also

independently predicted a consensus structure using the program locARNATE [15]. The two structure

predictions largely agree with each other, and with a consensus structure previously published by [2]. The

manual comparative analysis was favored where details differed. Figure 1 shows the predicted consensus

secondary structure, together with a summary of the extensive base-pair covariation evidence in the seed

alignment that supports it.

We did a retrospective analysis to establish the support foreach individual sequence’s probable homol-

ogy to the rest of the family, which confirmed that each sequence is supported by significant (< 1 × 10−4)

BLASTN or Infernal E-values when searched against phylogenetically independent subsets of the seed

alignment (using the -Z option of both programs to calculateE-values for an effective search space size of

200 MB), with four exceptions. Four distantly related SmY sequences are predicted in Tylenchid nema-

tode species – two paralogs inHeterodera glycines, and one SmY each in the related speciesMeloidogyne

hapla andM. incognita. The assignment of these sequences as SmY homologs is supported by borderline

Infernal E-values (0.01-0.001) to more than one Infernal model built of other independent SmY sequence

subsets, and by the fact that they share the expected patternof conservation, including base pair covariations

consistent with stem 2.
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Figure 1: Consensus SmY RNA structure, with tables annotating the number of compensatory base pair sub-
stitutions, base pair deletions (∆∆ column), and noncompensatory substitutions (“other” column) observed
in the 68 sequences of the representative seed alignment, insupport of the structure prediction. The most
highly conserved residues are shown as upper case letters inthe structure. The sequence at the 5’ end of
SmY RNAs is highly variable; the consensus is shown here asn19, but it varies in both length and sequence
in individual SmY sequences.

Phylogenetic diversity of SmY RNAs. In the system used by the Rfam RNA database, a consensus In-

fernal statistical model is built from a stable, curated seed alignment, and this consensus model is used

to automatically identify and annotate homologs in genome sequences. The seed should be sufficiently

representative that this single model identifies all known homologs. We used an Infernal model of the 68-

sequence seed alignment to search the 13 nematode genomes. This search identifies 155 loci with E-values

< 0.001, and these loci include all the sequences we gathered in our initial iterative searches. An annotated

table of all these loci is provided in the Supplementary Material (SmY all.tbl).

Each of these loci was examined in detail. All appear to be plausible SmY homologs based on their

overall pattern of conservation. Eight candidates appear to be artifacts of underassembled contigs in draft

genomes. We annotated 26 as putative pseudogenes based on significant local deviations from the expected

consensus (such as disruption of one of the stems) and/or thelack of an upstream proximal sequence el-

ement (PSE), a conserved transcriptional control motif generally found upstream of small nuclear RNAs

[16], including SmY RNAs [3]. We annotated the remaining 121loci as putative SmY RNA genes. Our

gene/pseudogene labeling is only a best guess; for noncoding RNAs, it is generally not possible to unam-
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biguously distinguish pseudogenes from genes by computational analysis.

In C. briggsae, we assigned 11 SmY genes and 1 pseudogene. Nine of these eleven genes were pre-

viously identified and namedcbSmY-1throughcbSmY-9[2]; we retained these names, though our analysis

revises the predicted 5’ and 3’ ends of the genes. An additional locus namedcbSmY-10by [2] does not

appear to us to be an SmY RNA homolog. We detected two additional C. briggsaeSmY genes, which we

namedcbSmY-11andcbSmY-12to be consistent with [2]. In all other species, we have not assigned gene

names, but rather have identified putative SmY loci by their assembly contig name and sequence coordinates.

Figure 2 shows the phylogenetic distribution of SmY RNA genes and pseudogenes. The SmY family has

undergone a large paralogous expansion inCaenorhabditisandPristionchusspecies, with copy numbers of

10-26, compared to 1-4 copies in other nematode genomes. Many of these paralogs within a species are more

related to each other than to any homolog in another species,suggesting independent paralogous expansions

and/or evolutionary turnover (balancing gene loss and paralogous duplication) in these lineages. An extreme

case of apparently recent expansion isPristionchus, where most SmY RNAs have 100% identical paralogs.

Only one SmY locus appears to be syntenically conserved among the fiveCaenorhabditisspecies, with a

single copy inC. japonicaand two copies in the other four species corresponding toC. elegansSmY-1 and

SmY-2. Rapid turnover of paralogs is a common feature of multicopy structural RNA genes; similar features

are seen for tRNA gene families, for example [17].

We also used this model to search for SmY homologs in six non-nematode genomes representing other

phyla. We chose genome sequence assemblies of the trematodeSchistosoma mansoni(TIGR, unversioned,

15 May 2007) [18] and the urochordatesCiona intestinalis(JGI, v2.0, Oct 2002) [19] andOikopleura dioica

(Genoscope, v3.0, Sept 2006) because these metazoans employ spliced leader trans-splicing [20]. The leech

Helobdella robusta(JGI, v1.0, July 2007), the snailLottia gigantea(JGI, v1.0, August 2006), and the fruit

fly Drosophila melanogaster(BDGP, v5.10, July 2008) were chosen as additional representative outgroups

to the phylumNematoda. No Infernal hit with an E-value better than 0.01 was identified.

Discussion

SmY RNA appears to be associated with trans-splicing and spliceosome proteins inCaenorhabditis ele-

gansandAscaris, but unlike the trans-spliced leader RNAs SL1 and SL2, it apparently does not contribute
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Figure 2: Phylogenetic distribution of 147 identified SmY RNA homologs (not shown are another 8 hits
that were attributed to underassembled contigs in draft genomes). The species phylogeny is represented
as a cladogram (branch lengths are arbitrary), combining the Caenorhabditisspecies phylogeny from [21]
with the phylogeny of phylum Nematoda from [22, 23]. To our knowledge there is no sequenced genome
yet from a representative of clade II (Enoplia) in the Nematoda. At the root, the relationship of Nematoda
to other metazoan phyla is shown as a multifurcation, because most of these relationships remain in some
doubt.
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a spliced leader sequence to mRNAs. What does SmY RNA do, then? MacMorriset al. hypothesized

that the role of SmY RNA may be in recycling spliceosome proteins after SL RNAs are consumed in the

trans-splicing reaction [2]. They proposed a specific modelin C. elegansin which the stem-loop 2 sequence

of one SmY RNA, SmY-10, base-pairs to SL1 RNAs (which are encoded by a tandem array of about 110

near-identical genes), while stem-loop 2 of the other SmY RNAs base pairs to SL2 RNAs (which are en-

coded by 18-20 dispersed genes with significant sequence variation). MacMorris’ model suggests that the

diversification of SmY RNA gene copies (accompanied by sequence variations in stem-loop 2, the more

variable stem) may be driven by the diversification of SL2 RNAgenes. Although we have not conducted

a detailed joint comparative analysis of SL RNAs and SmY RNAs, the results of our SmY RNA survey

are broadly in accordance with this model’s expectations. SL2 RNAs have as yet only been identified in

Rhabditina species, whereas SL1 RNAs have been found throughout the other species of Chromadorea [24].

We find the largest proliferation of paralogous SmY RNA genesin species that have SL2 genes, and smaller

numbers of SmY RNAs in species that only have SL1.

We were not able to identify any SmY RNA homologs in the more distantly related Dorylaimid species

Trichinella spiralis, which has a noncanonical and polymorphic family of SL1-like trans-spliced RNAs [25],

but this negative result is inconclusive. The SmY homologs we identified in clade IV Tylenchid nematodes

are at the detection limit of the Infernal software (and wellbeyond BLAST’s limits), so it may be that

Trichinella SmY homologs exist but are too diverged to be detectable withour methods. The same caution

applies to our inability to identify SmY RNAs outside the nematode phylum.

By eye, we do note one suggestive similarity outside nematodes. The SmY RNA structure strongly

resembles the proposed structure of a herpesvirus HSUR3 RNA, one of five U snRNAs expressed by her-

pesvirus saimiri [26]. Like SmY RNA, HSUR3 is a small (75 nt) RNA proposed to have a consensus Sm

binding site flanked by two stem-loops of similar length and loop size as the SmY stem-loops, including

a C:A mismatch in stem 1. However, an Infernal model of SmY does not assign a significant homology

score to HSUR3. We note this suggestive visual similarity because the function of the herpesvirus U RNAs

remains unknown, and perhaps there is a useful link to the role of the SmY RNAs.
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Supplementary Material

Three ASCII text files are provided as supplementary material. SmY seed.stk is the seed alignment

of 68 representative sequences in Stockholm format [14], with consensus secondary structure annotation.

SmY all.tbl is a tabular file listing all 155 SmY-related loci we identified, sorted by species and by

Infernal E-value, and annotated by whether we believe the locus to be a true gene, a pseudogene, or a

draft assembly artifact.SmY all.fa is a FASTA file containing the 147 gene and pseudogene sequences

(excluding the 8 sequences that we believe are assembly artifacts).
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