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Abstract While studies of the evolutionary histories of pro4 |ntroduction
tein families are common place, little is known on noncod-

ing RNAs beyond microRNAs and some snoRNAs. Here we ) ) ) .
investigate in detail the evolutionary history of the 9 spi- N most eukaryote lineages, introns are spliced out of prote
somal snRNA families (U1, U2, U4, U5, U6, U11, Ulzpodlng MRNAs by the spliceosome, a huge RNP complex

Udatac, and UBatac) across the completely or partially @nsisting of about 200 proteins and five small non-coding
quenced genomes of metazoan animals. RNAs [58]. These snRNAs exert crucial catalytic functions
Representatives of the five major spliceosomal snRNAs wéidhe process [86,88,87] in three distinct splicing maehin
found in all genomes. None of the minor splicesomal snf€S- Themajor spliceosomeeontaining the snRNAs U1, U2,
NAs was detected in Nematodes and in the shotgun trati US and U8, is the dominant form in metazoans, plants,
of Oikopleura dioica while in all other animal genomes a@nd fungi, and removes introns with GT-AG (as well as rarely

most one of them is missing. Although snRNAs are preseht"AC ‘?}r‘d GC-AG) boundaries. Another class of “non-ca-
in multiple copies in most genomes, distinguishable paraigonical” introns with AT-AC (and rarely GT-AG [71]) bound-

groups are not stable over long evolutionary times, althou§/ €S IS excised by theinor spliceosomg1], which con-
they appear independently in several clades. In general, EHNS the snRNAs U11, U12, U4atac, US, and U6atac. Just

imal snRNA secondary structures are highly conserved, &8 the major spliceosome, the minor spliceosome is present
beit in particular U11 and U12 in insects exhibit dramatigCroSs most eukaryotic lineages and traces back to an origin
variations. An analysis of genomic context of SnRNAs re/€1Y €arly in the eukaryote evolution [9,44,65]. Recertly i

veals that they behave like mobile elements, exhibiting vef@s found that the minor spliceosome can also act outside
little syntenic conservation. the nucleus and controls cell proliferation [35]. Functibn

and structural differences of two spliceosomes are rexdewe
in [89]. The third type of splicing th&L-trans-splicingin
which a “miniexon” derived from the non-coding spliced-
leader RNA (SL) is attached to each protein-coding exon.
The corresponding spliceosomal complex requires the snR-
NAs U2, U4, U5, and U6, as well as an SL RNA [24]. Due
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species, see e.g. [43,80,79,5,52]. Very recently, howevenly a few sequences of minor spliceosomal snRNAs have

some of these variants have been studied in more detdilsen reported so far, mostly in a few model mammals [82]

see e.g. [64,8,39,77,29,78] and the references therem. &ind in Drosophilids [69, 53].

only systematic study that we are aware of is the recent

comprehensive analysis of 11 insect genomes [53] which

reported that phylogenetic gene trees of insect sSnRNAs 4@ Homology Search

not provide clear support for discernible paralog groups of

U1 and/or U5 snRNAs that would correspond to the variaris a first automatic step we used a local installatioNCHT

with tissue-specific expression patterns. Instead, thiysisa blast (v.2.2.10) with default parameters afid< 107° to

supports a concerted mode of evolution and/or extreme puiitd candidate sequences in closely related genomes. If suc-

fying selection, a scenario previously described for snRNgessful, the results of this search were aligned to the query

evolution [42,40,57]. sequence usinglustalw (v.1.83). After a manual inspec-

In this contribution we extend the detailed analysis of tH&n usingclustalx, the consensus sequence of the align-

nine spliceosomal sNnRNAs to metazoan animals. In partigent was again used as a blast query with the damalue

ular in mammals, the analysis is complicated by high cogytoff.

number of SnRNAs of the major spliceosome and an associ- If this automatic search was not successful, thehesit

ated large number of pseudogenes [13]. We focus hereldi{s) were retrieved and aligned to a set of known snRNAs

four questions: (1) Is there evidence for discernible paréiom related species. Candidate sequences were retaityed on

log groups of snRNAs in some clades? A dominating modé1en a visual inspection left no doubt that they were true ho-

of concerted evolution does not necessarily prevent tisis,ologs. This manual analysis step included a check whether

demonstrated by the existence of two highly diverged copié phylogenetic position of the candidate sequence inginei

of both LSU and SSU rRNA in Chaetognatha [83, 60], whichorjoining tree was plausible, taking into account that the

is probably associated with a duplication of the entire rDNAgquences are short and some parts of the alignments are of

cluster. (2) Are there clades with deviant ShRNA structareow quality.

The prime example for a highly divergent snRNA is the U11 In cases where no snRNA homologs were found as de-

in a subset of the insects [69]. (3) Are there interpretab$eribed above, we searched the genome again with a much

trends in the copy number of SnRNAs across metazoa? (@gs stringent cutoff dE < 0.1 (or even larger in a few cases)

How mobile are snRNA genes relative to the “backgroundtnd extracted all short hits together with 200nt flanking se-

of protein coding genes? In other words, to what extent ajgence. We used Sean Eddyisabob with a manually con-

some or all of the snRNA genes off-springs of a locus thatructed structure model to extract a structure-basedimatc

remains stably linked to its context over large time-scaleswithin the selected regions and attempted to align the eandi
date sequences manually to a structure-annotated alignmen
of sSnRNAs in thesmacs editor using theralee mode [22].

2 Materialsand Methods Finally, the resulting alignments of snRNAs where used
to derive search patterns fRNAmotif [45] anderpin [19].
2.1 Sequence Data To this end, the consensus structure of the alignment was

computed usingNAalifold [30] and converted into a form

Known snRNA sequences were retrieved froeabank [4], Suitable as input for the two search programs.
Rfam [23], and in some cases extracted directly from the lit-
erature. Genomic DNA sequences were downloaded frg
the websites oknsembl, the Joint Genome Institute, th
Sanger Institute, WormBase, the Genome Sequencing C

n- .
ter, UCSC, CAF1, Broad Institute, BGI. and the NCBI traC%_tructure annotated sequence alignments were manually mod

archive. For some species, we also performed non-exhaugfigd in the fmacls text editor using thfefalee mg)de 522]
searchesinthRCBI Trace Archive usingmegablast.De- to (ljmprove oca Seqdl'!ence_sftrucgur.ed(.aa.'éurels asemt%n Sec-
tails on the dataset can be found in the Electronic Suppfidary structure predictions for the individual sequertes
mentl tained fromRNAfold [31]. Consensus structures were then

Over all, the published experimental evidence on meti2MPuted usingNAalifold [30]. The structure models are

zoan snRNAs is very unevenly distributed. For example,cQMPiled in the Electronic Supplement.
large and phylogentically diverse set of U2 snRNA sequences
|bs reported in [20], while most other_snRNAs have mostI%4 Upstream Region Analysis

een reported for a few model organisms only. A recent ex-
perimental screen for snRNAs Trakifugu rubripeg55] re-
sulted in copies of eight snRNAs families. U4atac was mi
ing, but a plausible candidate can easily be founéiyst.

.3 Structure Models

SV\[ith MEME (v.3.5.0) we discovered motifs upstream of the
§equences for analysis of regulators and other possible de-
pencies. They were manually compared with previously pub-
! http://www.bioinf.uni-leipzig.de/Publications/ lished sequence elements. We visually comparedHe

SUPPLEMENTS/08-001/ -patterns with the upstream elements in related specigs fro
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the following literature sources: [26] (general motifs)4|[ to threefold increase in the number of major spliceosomal
82,2,38] (human), [36, 5] (chicken), [53] (insects), [7Bb(n- snRNAS. In contrast, the snRNAs of the minor spliceosome
byx mor), [81] (Strongylocentrotus purpuratyg84] (Cae- are in most cases single-copy genes.
norhabditis elegar)s Many genomes, most notably mammalian genomes, con-
tain a sizeable number of major snRNA pseudogenes. Ta-
ble 1 therefore lists only candidates that have plausitiiNax
2.5 Phylogenetic Analysis like promoter structure, that fit the secondary structuffes o
snRNAs in related species, and that exhibit strong sequence
Since the snRNA sequences are short and in addition thsimilarity in the unpaired regions of the molecule. These ar
are several highly variable regions, we use split decomposither restrictive criteria. In the Electronic Supplement
tion [1] and the neighbor net [7] algorithm (as implementettherefore provide a corresponding table that is based anly o
as part of theSplitsTree4 package [33]) to construct phy-sequence homology.
logenetic networks rather than phylogenetic trees. The ad- |t js surprisingly difficult to compare the present sSnRNA
vantage of these method is that they are very conservati{fvey with previous reports on vertebrate snRNAs. The main
and that the reconstructed networks provide and easy+@ason for discrepancies in the count of snRNAs is that dis-
grasp representation of the considerable noise in the Bequginguishing functional sSnRNAs from pseudogenes is still an
data. unsolved problem. In this contribution, we use a very strin-
gent criterion by insisting on a recognizable promotercstru
ture. In some cases, however, it is known that snRNAs have
2.6 Synteny Information internal promoters only [85]. These cases constitute false
negatives in Tab. 1. On the other hand, much of the pub-
In order to assess whether snRNA genes are mobile in tiehed literature considers sequence similarity to theakmo
genome, we determined their flanking protein-coding gendgnctional genes as the only criterion, thus most likehdlea
We used theensembl compara annotation [17] to retrieve ing to the inclusion of a substantial fraction of pseudogene
homolgous proteins in other genomes and compared whethRer instance, ref. [67] counts 16 U1, 6 U2 and 44 U6 snR-
these homologs also have adjacent SnRNAs. For consisteiNds in the human genome (compared to our 8, 3, and 7,
this analysis is performed based efisembl (release 46) resp.), while [14] report 5-9 U6 snRNA genes, consistent
[32] using the data integration platfoaoFuice [34]. More with our list. Similarly, only a fraction of the major splioe
precisely, for each human snRNa we examined that the somal snRNAs reported for the chicken genome in [27] pass
relation of the left homologousy (G) and right homologous our promoter analysis.
R+ (G) of flanking protein coding gendsG) andR(G) on For Drosophilids, on the other hand, our analysis is al-
both sides ofG. We only considered annotationslip (G)  most identical to the results of [53, Tab.1] and the data re-
andRy (G), resp., if the sequence distance betw&gnand ported in [77]. Furthermore, we come close the results of
L1 (G) andRy(G) was not more than twice (five times fora comparative genomics screen for non-coding RNAG.in
mammals) the distance betwerandL(G) andR(G). elegans[49], which reported 12 U1, 19 U2, 5 U4, 13 U5,
and 23 UG, i.e., only a few more candidates than our present
purely homology-based approach. A comparative screen of

3 Results the twoCionaspecies for evolutionary conserved structured
RNAs [48] missed a small number of sSnRNA genes that we
3.1 Homology Search indentified as most likely functional ones.

In a few species we failed to identify individual ma-
Tab. 1 summarizes the results of the sequence homolggyspliceosomal snRNAs. Minor spliceosomal snRNAs are
search. We find that, with few exceptiomg,ast-based ho- more often missing. In those cases where only some of the
mology search strategies are in general sufficient to find haajor or minor snRNAs remain undetected, the missing fam-
mologs of all nine spliceosomal snRNAs in most metazdg member most likely escaped our detection procedure for
genomes. The procedure is hard to automatize, howeveg, sine of several reasons:
in many cases the initisdlast hits have poorE-values, (1)inthe case of unassembledincomplete genomes for which
while a multiple sequence alignment then leaves little doubnly shotgun reads were searched, the snRNA may be lo-
that a true homolog has been found. This is in particular trgated in the not yet sequenced fraction of the genome or it
for searches bridging large evolutinary distances, in@art might not be completely contained within at least one single
lar when the search extends beyond bilateria. shotgun read.

With very few exceptions we find multiple copies of al(2) The snRNA in question may be highly derived in se-
five major spliceosomal RNAs that exhibit the typical snRNéuence. (For instance, the U11 snRNA in Drosophilids [69]
like promoter elements and are hence mostly likely funcannot be found by be a simpeast search starting from
tional copies of the genes. The snRNA copy numbers vamgn-insect sequences. It can be found however, by the com-
substantially between different clades. The gagbasnorhab- bination of very un-specific blast and subsequent structure
ditis, for example, is set apart from other nematodes by a twearch as described in section 2.2.)
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Table1 Approximate copy number of SnRNA genes.

We list here only those sequences that (1) are consistehtthétsecondary structures of related snRNAs, (2) show autst sequence con-
servation in the unpaired regions of these structures, 3nkajve recognizable promoter motifs. In some cases norfeeafandidates satisfies
all these criteria. If there are nevertheles clear homalagisequences. Entries of the forthand®0 indicate that there is homolgous sequence
which however lacks structural similarity or recognizaptemoter elements. The quality of the genome assembly ikedary the following
sysmbolsA — Traces[] — Contigs,{> — Scaffolds # — Chromosoms.

Species [ UL JU2]T U4 ] U5] UG [ UllJ U2 [ Udatac| Ubatac |
M. brevicollis [ oJoJo1Jo2[ 1] o] o] | |
|
|

Coverage
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[ Coverage | Species [UIJU2]TU4]U5] U6 ULl ] Ul2 | Udatac| Ubatac |

S. purpuratus 5 7 9 8 3 2 3 1 1

A 377X | S.kowalevski || 7 4 4 5 4 1 2 0 3
C. savignyi 3 2 3 7 2 1 1 1 1

¢ C.instestinalis|| 1 1 3 5 2 1 1 1 1
A 7.8X | O.dioica 1 6 | 2 7| 4 0 0 0 0
B. floridae 8 3 5 9 4 1 1 0 1

6.19X | P. marinus 6 5 8 9 5 1 2 PS0 3

] D. rerio 5 4 4 7 3 1 1 1 1
. O. latipes 4 | 2| 2] 4] 4 1 1 1 1
L G. aculeatus 6 2 4 7 3 1 1 1 1
¢ F. rubripes 5| 5| 3| 6|4 1 1 1 1
. T. nigroviridis || 4 | 5| 3 | 5| 2 1 1 0 1
X. tropicalis 5 1 3 2 5 1 1 1 2

] G. gallus 1 1 1] 21 4 1 1 1 1
A 8.34X | T.guttata 2 5 | 2 3| 2 1 1 0 1
A 8.24X | A. carolinensis|| 14 6 2 6 5 1 2 1 1
L O. anatinus 5 2 2 4 6 1 1 1 1
L M.domestica || 7 | 4 | 2 5| 6 1 PS 1 1
L M. musculus 7 5 1 6 7 1 2 1 2
. R.norvegicus | 4 | 10| 1 | 4 | 5 4 1 1 1
L C. familiaris 6 5 2 4 5 1 1 1 1
L B. taurus 71 8| 2| 5|6 2 1 1 1
L P. tropicalis 7012|2178 1 1 3 1
. H. sapiens 8 | 3| 2|5 |7 1 1 3 1

(3) In some cases we list a “0” in Tab. 1 even though there In some cases, however, we failed to identify all four mi-
is recognizable sequence homology in the genome. In these spliceosomal snRNAs. Consistent with previous work
cases we were not able to identify the snRNA-like promotg1] we found no convincing homologs of the minor spliceo-
elements and/or the secondary does not fit the expectatismmal snRNAs U11, U12, Udatac, or U6atac in any of the
These cases marked in the table. nematode genomes, suggesting that the minor spliceosome
(4) It is conceivable that some species have lost a particueas lost early in the nematode lineage. Nevertheless, we find
snRNA and replaced it by corresponding snRNA from tteomeblast hits for minor spliceosomal snRNAs in some
other spliceosome. The observation that U4 may functionmematode genomes.

both the major and minor spliceosomes [74] shows that such Our analysis furthermore suggests the possible loss of
a replacement mechnism might indeed be evolutionarily fetlae minor spliceosome i@ikopleura dioica while a com-
sible. plete complement of minor spliceosomal snRNAs was found

_inthe genu<iona lItis unclear, however, whether this is an
In our data set, we most frequently were unable to fingitact due to limiations of available shotgun traces.

a _U4aga<r:1 homolog. \{jVe cannot know, of course, whether we o, syrvey provides evidence that most metazoan clades
missed these cases due to poor sequence conservation ogughich genomic sequences are available have retained the

to loss of the gene. For instance, we did not recover a playinor spliceosome. For many groups, such as Annelida or
sible U4atac candidate for the hemichord&gccoglossus cpigaria, we are not aware of earlier references to the exis-

kowaleskdespite the fact that the U4atac sequence of the $gace of minor spliceosome.
urchin Strongylocentrotus purpuratwsas easily retrieved.

Surprisingly, we found neither a canonical U6 nor a ca-
nonical U6atac irDrosophila willistoni A highly derived 3.2 Specific Upstream Elements
U6 homolog has no recognizable snRNA-like promoter struc-
ture and exhibits substantial deviations from the consensihe classical sSnRNA-specific PSE and TATA elements that
structure, see section 3.5. Similarly, the Udatac candiddiave been described in detail for several vertebrates [26,
from Daphnia pulexdeviates substantially from other arthrod4] are highly conserved. This appers to be an exception
pod sequences. Itis possible thatin some or all of thesa casgher than the rule, however: the snRNA upstream elements
the snRNA is present in the genome but is not containedare highly diverse across metazoa. Our analysis agrees with
the currently available genomic sequence data. This is mtds recent observation that in Drosophilids there is a rapid
likely the case for the missing minor spliceosomal snRNAsrnover in the upstream sequences. Even though the PSE
of Ixodes scapularifPediculus humanysr Drosophiliawil- is fairly well-conserved within Drosophilids, it alreadyf-d
listoni. fers substantially between the major insect groups [58}-Si
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ilarly, within the nematodes conservation of upstream el- o
ements is limited to the genus level. In general, the PSE si ma?e
of U11, U12 and U4atac is much less conserved than their o o01 'y // 5
counterpart in major spliceosomal shnRNA genes. For the se e va
purpose of this study, the relatively well-conserved elstse se| /\\/ qi
were used to discriminate functional SnRNAs from likely yas, z' //
pseudogenes. We concentrated on PSE and TATA elements va ® R\ ;‘;’/// ™ O
for this purpose because other snRNA-associated upstregdg Se \\\ \ /Wi;//// 7
elements, such as SPH, OCT, CAAT-box, GC-box, -35-element P YT \\\\ﬂl‘\{é/’//f//////%ﬁ? ) o va
andInr are even less well conserved: _ \E*}I\\\// == .ayn

A GC-box was identified inCaenorhabditisat a non- - m:)spe ~\F 7 oun
canonical position (about -68nt). These elements arerdiffe " e %’i’!/l{" -
ent for each single snNRA class: WEACGG (44/52 sites), v N = 7"\\'}};}%\;\\\ PR
U2 TGGCCG (38/60 sites) and for UBGGCCG (39/46 sites). oan TOUg ’s‘v AN ™
However, also among a single snRNA this element varies ps m 4”//‘\\*’{0 soN WUpe
lot: insects have a U1 GC-b@CGCTG at about -75nt (15/39 o an® f ‘& j s "¢
sites). About half of the U6 sequences of basal deuteros- m /¢ \ vi

. f Vi i

tomes show the CAAT-box motifGCCAAGAA at the known 4@;; g™ wi .

position of -70nt. Interestingly, we find related motifs et
upstream region of Drosophilids ULGACCAATAT, -33nt) _ o _
and other insects U5 SnRNATCCAATCA, -28nt) and . The Fig. 1 Phylogenetic network of Drosophilid U5 snRNAs. The eight US
Octamer motif (OCTATTTGCAC) was found in 6 of 7 se- snRNA reported by [8] are shown by white dots. nie.-melanogaster

o er —D. erecta si —D. simulans se —D. sechelliaya —D. yakuba wi
guences of basal deuterostomes at the known position ofp. willistoni, gr —D. grimshawj mo —D. mojavensisvi — D. virilis,
54nt upstream of U6atac. However, in 12 of 14 Drosophilid® —D. persimilis ps —D. pseudoobscuraan —D. ananassaeThe
sequences, the closely related matif' TGCTT was found at Phylogenetic tree is adapted from ref. [15].
position -33nt. About 35nt upstream of U11 and U12 snR-
NAs of teleosts we found the motfTGACA and TGCACA,
respectively. Thdnr element of UL snRNA was found in

each species. For teleost fishes and Drosophilids we foyn . . .
a complete set of this element for all SnRNAs. However, tlflrége ribosomal RNAS’ sphceo;omal RNAs are subject to
Hcerted evolutiofi28,68,21], i.e., one observes that par-

element show substantial sequence variations both betw§ . . L
ous sequences in the same species are more similar than

different genes in the same species and between homolog%r olodous sequences of different soecies. Multiple miole
genes in different species. We refer to the Electronic Suj@— 9 q P ) P

plement for further details and lists of identified sequen ar mechanisms may account for this phenomenon: gene

3.4 Phylogenetic Analysis and Paralogs

conversion, repeated unequal crossover, and gene amplifi-

elements. cation (frequent duplications and losses within familyge s
[40] for a review. In some cases, however, paralogs can es-
cape from the concerted evolution mechanisms as exempli-

3.3 Clusters of snRNA genes fied by the two paralog groups of SSU rRNA in Chaetogatha

[60].

In Mammalia, we observe linkeage of tandem copies of U2 Distinguishable snRNA paralogs that are often differen-
snRNAs, see also [41,62], while there there are no clusally expressed have previously been reported for a dévers
ters of distinct sSnRNAs. IrDrosophilg there are surpris- collection of major spliceosmal snRNAs including U1 snR-
ingly constant patterns of sSnRNA clusters: (a) U2-U5 clupAs in insects [43,64,77], Xenopus [12], and human [39],
ters are observed 4-6 times per genome, (b) there are on&2rsnRNAs inDictyostelium[29], sea urchin [80] and silk
two U1-U2 clusters, and (c) 3-9 tandem copies of SnRNAsoth [77], U5 snRNAs in human [79], sea urchin [52], and
Two species deviated therefrom. Ih ananassaewe find Drosophilids [8], U6 snRNAs in silk moth [78] and human
no U2-U5 cluster, but instead 7 U1-U2, one U4-U5 clust¢Bs, 14].
and 4 other tandem copies, while thewillistoni lacks the A phylogenetic analysis of the individual snRNA fam-
U4-U5 cluster but contains 10 U2-U5 pairs and 6 tandeifies nevertheless does not show widely separated paralog
copies. Teleost fishes also have a common pattern: theregimips that are stable throughout larger clades. Fig. 1, for
one or two U1-U2 pairs and 2-6 tandem copies. In generakample shows that the U5 variants described by [8] do not
however, snRNA do not appear in clusters throughout mefarm clear paralog groups beyond the closest relatives of
zoan genomes. Drosophila melanogaste©On the other hand, there is some

In several species, linkeage of snRNAs with 5S rRNAvidence for distinguishable paralogs outside the melasteg
has been observed [42,40,16,63,11,46]. We found only agwgbgroup. The situation is much clearer for the Drosophilid
further example of this type: iDaphnia pulex5S and U5 U4 snRNAs, where three paralog groups can be distinguished,
snRNA are separated by only 308bp. see Fig. 2. One group is well separated from the other two
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Fig. 2 Phylogenetic tree of insect U4 snRNAs. In this case we can
distinguish three paralog groups within the Drosophilide —D.

melanogasterer —D. erecta si —D. simulans se —D. sechellia ya
—D. yakuba wi — D. willistoni, gr —D. grimshawj mo —D. mojaven-
sis vi — D. virilis, pe —D. persimilis ps —D. pseudoobscurean —D.

ananassae

Table 2 Paralog groups of major splicesomal snRNAs recognizable
within major animal clades. The symbedenotes clearly distinguish-
able paralog groups and refers to the supplemental materidétails,
? indicates ambigous cases, = means that all paralogous emwe
identical sequences.

EReu._eAreeoesy

Clade Ul U2 ua V5 U6

Annelids — — — — =

Nematods | - - - - =

ICaenorhabdltls - - - ° = Fig. 4 Predicted secondary structuresGHpitella capitata Xenopus
Srsoescotghilids > - Fia ) [gl = tropicalisand an alignment created wiBiNAalifold of both. Circles

i — ; - represent different bases and therewith compensatorytionga

Teleosts — | Fig.3a| Fig.3b | Fig.3c | - P P "
Tetrapoda - - - - -

Mammalia - - - ° -

3.5 Secondary Structures

and internally rather diverse. The other two groups are vefe spliceosomal snRNAs have evolutionarily well-conedrv
clear distinguishable for the melanogaster and obscurgpgresecondary structures [73]. These structures have received
(see [15]). FoD. virilis, D. mojavensisD. grimshawiand substantial interest in the past, as explified by the follow-
D. willistoni we have two nearly identical copies instead dfig non-exhaustive list of references covering a diverse se
two different groups of genes. of animal speciegdomo sapiens)1 [54], U2 [25], U4 [37],

Table 2 summarized the presence of recognizable p&iS [6,79], U6 [25], U1l [66,51,82], U12 [66,51,82] and
alog groups within major animal groups. Within the genud4atac [72],Rattus norvegicut1 [37], U4 [37], U5 [37],
Caenorhabitisve find evidence for the formation of U5 par-Gallus gallusU4 [37], U5 [6], Xenopus laevi§/1 [18], U2
alog groups inC. remanei C. brennerj andC. briggsaeto [47], Caenorhabditis elegaridl, U2, U5, U4/U6 [84] Dro-
the exclusion ofC. elegansand C. japonica Evidence for sophila melanogastddl [54,56], U2 [56], U4 [56], U5 [56],
paralog groups of U1 snRNA in Drosophilids remains amJ4atac/U6atac, Ubatac/U12 [S8pmbyx morU1 [76], U2
biguous due to the small sequence differences. [75], Asselus aquaticut1 [3], Ascaris lumbricoidesgJ1,

In teleost fishes we find clearly recognizable paralog grbi#edJ5, U4/U6 [70]. Large changes in snRNA structures
for U2, U4, and U5 snRNAs. Surprisingly, the med&kgziasover evolutionary time were recently reported for hemias-
latipeshas only a single group of closely related sequenc&omycetous yeasts [S0]. The comprehensive survey of sSnRNA
despite the fact that for U4, the split of the paralogs appeggquences throughout metazoa set the stage for a compara-
to predate the last comman ancestor of zebrafish and fubly,detailed analysis of metazoan snRNA structures. Inrorde
Fig. 3. to asses structural variations, we contructed structune-an

Neither the two rounds of genome duplications at tHeted sequence alignments of all ShRNA families. These are
root of the vertebrates nor the teleost-specific genome-dupirovided as part of the electronic supplement.
cation has lead to recognizable paralog groups of SnRNAs. In general we find that SnRNA sequences vary more in
In particular, minor snRNA genes are single-copy genespaired regions than in the loops. The sequence variations
teleosts. almost exclusively comprises compensatory mutations that
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Fig. 3 Phylogenetic networks of teleost fish snRNAs. Species afairens: fru —Fugu rubripes tni — Tetraodon nigrovidisgac —-Gasterosteus
aculeatusola —Oryzias latipesdre —Danio rerio, pma —Petromyzon marinydfl —Branchiostoma floridae

leave the secondary structures intact. As an example, Fig. 4 Homo sapiens

shows the structures of the U12 snRNAXénopus tropi-
calisandCapitella capitata The sequences have few paired
nucleotides in common.

Structural variations are typically limited. In Fig. 5 we
use the U1 snRNAs as a typical example for the evolutionarye=="
variation of sSnRNAs across the metazoa. Overall the struc-
tures are extremely well conserved with small variations in
the length of the individual stems. With several notable ex-
ceptions this is true for all metazoan snRNAs.

As reported previously [8], the second stem of U5 snRNA
shows some variations. More interestingly, the minor sglic
somal snRNAs tend to be derived in insects. This has been
reported previously in particular for U1l in Drosophilids
[69,53]. We found substantial structural variations also f
drosophilid U12 snRNAs: there are massive insertions in
and after Stem lll, while Stem | and Il show mispairings.
Furthermore, Stem Il of U6atac is completely deleted in all
examined insects. Details are compiled in the electrorpe su
plement.

Most surprisingly,Acyrthosiphon pisurexhibits highly
derived structures for all four minor spliceosomal snRNAs,
Fig. 6.

The U2 snRNA ofSchmidtea mediterannees fit well Fig. 6 Secondary structures of U11 (left), U12 (center), Ubatayh{y
to the structural alignment of the other U2 snRNAsSkrhis-  in Acyrthosiphon pisunDrosophila melanogasteandHomo sapiens
tosoma mansonive found a canonical U12 snRNA. whileProsophilids derived far from all other minor spliceosonteistures
the sequences of the candidates for minorspliceosémal s@?ﬁ human). Moreovercyrthosiphon pisunbuilt an autonomous

; ructure group for all minor snRNAs.
NAs do not fit well to the consensus secondary structure
models. Details can be found in the Electronic Supplement.

1U11, 1 U12, 3 Udatac and 1 U6atac) and compared the po-

sition of their homologs in 14 vertebrate genomes (teleosts
3.6 Syntenic Conservation frog, chicken, platypus, opossum, rodents, cow, dog, and

chimp) with the 234 snRNA genes that were found in these
In order to assess the conservation of the genomic positigeomes. We found syntenic conservation of snRNA and
of the snRNAs we retrieved the protein coding genes adft&nking genes in only 36 cases, of which 20 belong to the
centtothe 31 human snRNAs (8 U1, 3 U2, 2 U4, 5 U5, 7 UBuman-chimp comparison and 9 pairs are conserved between
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“Worms” Insects Basal deuterostomes \ertebrates

Fig. 5 Secondary structure prediction of U1 snRNA, foldedRdialifold. From left to right: protostomia without insects, insectsuteros-
tomes without vertebrates, vertebrates. Red: Consenaeerees in all organisms, which possibly bind to proteims.#nding site marked
separately.

human and mouse. Only a single pair is conserved betweer 10
human and opossum and no syntenic conservation can b

traced back further in evolutionary history. Including fseu- 10
dogenes increases the numbers of conserved pairs to 499 ¢ 2
1609. Again most of these (453) are human/chimp pairs. The
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data clearly show that snRNA locations are not syntenically o - X ,
conserved, i.e., sSnRNA behave like mobile elements in their ;! /1
gen0m|c ConteXt 100 PR I N NI RS- PR I IR NI RS-
-100 -80 -60 -40 -20 0 -100 -80 -60 -40 -20 O
4
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D. melanogaster  J H. magnipillata 3
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3.7 Pseudogenes 2
ey ]
= 10" sl g
As mentioned above, snRNAs are frequently the founders of @ . - 3
families of pseudogenes. This is a property that they share2 10" g, 1, PR I IO N
with most other small RNA classes such as 7SL RNA, Y © -100-80 -60 -40 -20 0 -100 -80 -
RNA, tRNAs etc. Such families of pseudogenes are eas- Q 10 T T 7T 7T 7T 73 'D' R
. anlo rerio

[}

—Q .
ily recognized as a by-product @flast-based homology g 3 Homo sapiens

z

searches as a large set of hits with intermediatealues.
Fig. 7 summarizes such data, more details are provided in ;2
the Electronic Supplement.

Spliceosomal snRNA pseudogenes families are very un- 10
evenly distributed across distinct phylogenetic groupd an o[- X [
have clearly arisen in independent burst multiple timessgr 10_160' 50 50" 20 200 100 20 60 40 30" 0
animal evolution. Within deuterostomes, almost all segaen log(blastn E-value)
genomes, whith the notable exception of teleosts and chjcke

contain at least one large family of snRNA-derived pseudo- S )
genes. Fig. 7 Double-logarithmic plot of the number of blast hits versus ¢

- off E-value for 6 different genomes. Pseudogene families apgear
The genugaenorhabditishows no pseudogenes, whergewly increasing curve, while genes without a “cloud” oeépdogene

as other nematods show nearly such a high number of psm}te a flat distribution foE < 105, Dashdotted line — U1; dotted line
dogenes as primates. Annelids, molluscs and plathelmintiy: dashed line —U4; dashdotdotted line — U5; continuones-+ U6.
behave similarly. Th@richoplax adhaerengenome, on the

other hand, contains a single copy of each of the nine spliceo

somal snRNAs.
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4 Discussion 5. Bhathal, H.S., Zamrod, Z., Tobaru, T., Stumph, W.E.: tifiea-
tion of proximal sequence element nucleotides contrilgutinthe

. . differential expression of variant U4 small nuclear RNA genJ.
We have reported here on a comprehensive computational gjo|. chem.270, 27,629-27,633 (1995)

survey of spliceosomal snRNA in all currently available aset6. Branlant, C., Krol, A., Lazar, E., Haendler, B., Jacob, Glalego-
zoan genomes. We thus provide a comparable and nearlyDias, L., Pousada, C.: High evolutionary conservation efsac-
complete collection of animal sSnRNA sequences. The dense ondary structure and of certain nucleotide sequences of /5. R

. . . Nucleic Acids Red1, 8359-8367 (1983)
taxon sampling allowed us to verify homology of candidate; gryant, D., Moulton, V.: Neighbor-net: An agglomerativethod

sequences. Both the major and the minor spliceosome arefor the construction of phylogenetic networks. Mol. BiokdE
presentin almost all metazoan clades, nematodes (and possi 21, 255-265 (2004)

bly Oikopleurd being the only notable exception. For many®: J(:R?nilgénlt_i%gg’tic?hléw a, fﬁéﬁggikg{' SéE.éEIEQON A'D-S;’rg’]‘tzl .
of the metazoan families we report here the first evidence on Drosophila. RNALL, 1473-1477 (2005)

their spliceosomal RNAs. _ 9. Collins, L., Penny, D.: Complex spliceosomal organizatinces-
Using restrictive filtering of the candidates by both sec- tral to extant eukaryotes. Mol. Biol. Evd2, 1053-1066 (2005)
ondary structure and canonical promoter structure leases!§- Collins, L.J., Macke, T.J., Penny, D.: Searching forlNeR in eu-

. . . karyotic genomes: maximizing biological input wiRNAmotif.
with a high-quality data set that was then used to construct j Integ. Bioinf.1, 2004—08-04 (2004). URhttp: //journal .

secondary structure models. _This is useful in _particular fO  imbio.de/index.php?paper_id56
the snRNAs of the minor spliceosome for which very fewl. Cross, I., Rebordinos, L.: 5S rDNA and U2 snRNA are linked
sequences are reported in databases; indeed;fthe 7.0 the genome ofCrassostrea angulatand Crassostrea gigasys-

; i ; ters: does théct),.(ga), microsatellite stabilize this novel linkage
[23] lists only the U11 and U12 families with a meager set large tandem"arrayg? Genow 1116-1119 (2005)

of seed sequences from few model organisms. The sequefitepaniberg, J.E., Lund, E.: The genes and transcriptidhema-
and secondary structure data compiled in this study provide jor small nuclear RNAs. In: M.L. Birnstiel (ed.) Structured
a substantially improved databasis and set the stage for sys Function of Major and Minor Small Nuclear Ribonucleopratei

; ; Particles, pp. 38—70. Springer-Verlag, Berlin (1988)
temart]lc Sea:Ch.eS ?f ﬁven more d(ljs_taljf)h(.)molofgs. 13. Denison, R.A., Van Arsdell, S.W., Bernstein, L.B., W&inA.M.:
The analysis of the genomic distribution of SNRNAS re-" apyndant pseudogenes for small nuclear RNAs are dispersed i

veals that discernible paralogs are not uncommon withir gen the human genome. Proc. Natl. Acad. Sci. U%# 810-814
era or families. However, no dramatically different pagso (1981)

have been found. Spliceosomal ShRNAs are prone to spa\M'w— Domitrovich, A.M., Kunkel, G.R.: Multiple, disperseditman U6

. ™ . . . small nuclear RNA genes with varied transcriptional efficies.
ing large pseudogene families, which arose independently i \cleic Acids Res31, 2344-2352 (2003)

many species. They behave like mobile genetic elementsiB) Drosophila 12 Genomes Consortium: Evolution of genes an
that they barely appear in syntenic positions as measured bygenomes on the Drosophila phylogeny. Natdf®, 203-218
their flanking genes. While in some genomes snRNAs ?9%’_ (2007)
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