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Small nucleolar RNAs (snoRNAs) are a large group of noncoding RNAs that exist in eukaryotes and archaea
and guide modifications such as 2ⴕ-O-ribose methylations and pseudouridylation on rRNAs and snRNAs.
Recently, we described a genome-wide screening approach with Trypanosoma brucei that revealed over 90 guide
RNAs. In this study, we extended this approach to analyze the repertoire of the closely related human pathogen
Leishmania major. We describe 23 clusters that encode 62 C/Ds that can potentially guide 79 methylations and
37 H/ACA-like RNAs that can potentially guide 30 pseudouridylation reactions. Like T. brucei, Leishmania also
contains many modifications and guide RNAs relative to its genome size. This study describes 10 H/ACAs and
14 C/Ds that were not found in T. brucei. Mapping of 2ⴕ-O-methylations in rRNA regions rich in modifications
suggests the existence of trypanosomatid-specific modifications conserved in T. brucei and Leishmania. Structural features of C/D snoRNAs, such as copy number, conservation of boxes, K turns, and intragenic and
extragenic base pairing, were examined to elucidate the great variation in snoRNA abundance. This study
highlights the power of comparative genomics for determining conserved features of noncoding RNAs.
In most eukaryotes, the snoRNAs that guide pseudouridylation consist of two hairpin domains connected by a singlestranded hinge, the H (AnAnnA) domain, and by a tail, the
ACA box. Two short rRNA recognition motifs of the snoRNA
that base pair with rRNA sequences flanking the uridine to be
converted to pseudouridine have been characterized. The
pseudouridine is always located 14 to 16 nt upstream from the
H box or the ACA box of the snoRNA (14, 36). The two
hairpin loops share structural and functional similarities, and
functional pseudouridylation pockets are found with equal frequencies at the 5⬘ and 3⬘ ends of the molecule; in many cases,
the RNAs direct pseudouridylation of rRNA at two different
sites (14).
Most of the C/D and H/ACA box RNAs characterized to
date are from humans, Saccharomyces cerevisiae, plants, and
archaea (2, 14, 33, 37, 39). Only recently has information on
these RNAs in unicellular eukaryotic organisms, such as the
amoeba Dictyostelium discoideum (1) and the diplomonad
Giardia lamblia, become available (46).
Trypanosomatids are unicellular parasitic protozoa which
are the causative agents of several infamous parasitic diseases,
such as African trypanosomiasis, caused by Trypanosoma brucei; Chagas’ disease, caused by Trypanosoma cruzi; and leishmaniasis, caused by Leishmania species. The genomes of these
three trypanosomatids were recently published, and their DNA
sequences highlight many unique features of these organisms
(5, 12, 16). Trypanosomatids are unique because they engage
in two unusual RNA processing events, namely, trans-splicing
(21) and mitochondrial RNA editing (34). In addition, the
large subunit rRNA undergoes trypanosome-specific cleavages
during rRNA maturation, yielding two large rRNA molecules
and four small RNAs, ranging in size from 76 to 226 nt (43).

In eukaryotes (2, 9, 17, 42) as well as in archaea (10, 29), the
two major rRNA modifications, 2⬘-O-methylation (Nm) and
pseudouridylation, are guided by small RNAs, which in eukaryotes are small nucleolar RNAs (snoRNAs). The 2⬘-Omethylations are guided by C/D box snoRNAs, which are
named after short motifs known as the C box (RUGAUGA [R
designates purines]) and the D box (CUGA). These boxes,
together with the short sequences near the 5⬘ and 3⬘ ends of
the RNA, which have the potential to form a K-turn structure,
are essential for processing, localization, and stabilization of
these molecules (7, 19, 40, 44). The K-turn motif is the binding
site for the 15.5-kDa/Snu13 snoRNP protein (26). Such motifs
exist in C/D snoRNAs, which guide modification, and also in
U3 snoRNP (26) and U4 snRNA (28). Most of the guide
RNAs carry internal boxes related to the C and D boxes,
known as C⬘ and D⬘ boxes. The recognition of the target by
the guide RNA is based on complementarity of 10 to 21
nucleotides (nt) between these two molecules, located upstream of the D and D⬘ sequences. The methylation site is
situated 5 nt upstream from the D and D⬘ boxes, within the
domain of interaction between the snoRNA and the substrate (9, 18).
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the high degree of phylogenetic conservation among related
species for structure-function analysis of these guide RNAs.
MATERIALS AND METHODS
Oligonucleotides. All oligonucleotides were specific to L. major and included
the following (name, sequence, description, positions of complementarity):
LM14Cs1C1, 5⬘-ATGCGGGGCATCTAAAGGCAT-3⬘, antisense sequence
complementary to snoRNA LM14Cs1C1, positions 43 to 64; LM14Cs1C2, 5⬘-G
TGGGACAGCTATGCTTGTA-3⬘, antisense sequence complementary to
snoRNA LM14Cs1C2, positions 60 to 78; LM20Cs1C1, 5⬘-GGATTCGGTTAC
TCAAAGTG-3⬘, antisense sequence complementary to snoRNA LM20Cs1C1,
positions 73 to 93; LM20Cs1C2, 5⬘-ATCGGCCCTGGTATTAGGTT-3⬘, antisense sequence complementary to snoRNA LM20Cs1C2, positions 76 to 96;
LM20Cs1C3, 5⬘-AAGCAAAAGGTGTGTGGGGT-3⬘, antisense sequence complementary to snoRNA LM20Cs1C3, positions 56 to 76; LM20Cs1C4, 5⬘-CGGAA
GGGCTCGGACTCATTA-3⬘, antisense sequence complementary to snoRNA
LM20Cs1C4, positions 32 to 52; LM20Cs1C5, 5⬘-TGCACAACCGCGTCTCTT3⬘, antisense sequence complementary to snoRNA LM20Cs1C5, positions 47 to
65; LM23Cs1C1, 5⬘-ACAATCGACAGTCGTTCCGT-3⬘, antisense sequence
complementary to snoRNA LM23Cs1C1, positions 50 to 70; LM23Cs1C2,
5⬘-GTAGTAGTATTGTTCCTCG-3⬘, antisense sequence complementary to
snoRNA LM23Cs1C2, positions 40 to 59; LM23Cs1C3, 5⬘-GATTGGAAACAG
TAAGGTC-3⬘, antisense sequence complementary to snoRNA LM23Cs1C3,
positions 61 to 80; LM26Cs1C1, 5⬘-ATGTAGGTAGCTTTGGGTAC-3⬘, antisense sequence complementary to snoRNA LM26C1C1, positions 60 to 80;
LM26Cs1C3, 5⬘-CAAGCCACAGCGAGAATACG-3⬘, antisense sequence complementary to snoRNA LM26C1C3, positions 70 to 90; LM35Cs2C1, 5⬘-ATAG
CGTCATGGTCGGAGTG-3⬘, antisense sequence complementary to snoRNA
LM35Cs2C1, positions 42 to 61; LM26C1H1, 5⬘-TCACGACAAGGCCGGAT
G-3⬘, antisense sequence complementary to snoRNA LM26C1H1, positions 43
to 60; LM26C1H4, 5⬘-ACGTCTCCCAAGAGCAAGTC-3⬘, antisense sequence
complementary to snoRNA LM26C1H4, positions 49 to 58; LM26C1H8, 5⬘GCATCTCACGCACCTCAGGA-3⬘, antisense sequence complementary to
snoRNA LM26C1H8, positions 47 to 66; LM26C1H9, 5⬘-CTCTCGCGCAGTT
TCGGCAC-3⬘, antisense sequence complementary to snoRNA LM26C1H9,
positions to 49 to 68; LM33C1H1, 5⬘-GTCTCTCGGTCTTGACCATT-3⬘, antisense sequence complementary to snoRNA LM33C1H1, positions 51 to 70;
LM33C2H1, 5⬘-GTTGCGAGATAGGGTCGTAC-3⬘, antisense sequence complementary to snoRNA LM33C2H1, positions 40 to 61; LSU3-AS1217, 5⬘-GAA
CGCTTGGCCGCCACAAG-3⬘, antisense sequence complementary to rRNA
large subunit beta, positions 1217 to 1236; LSU5-AS1238, 5⬘-ACCAGCTATCC
TGAGGGAAA-3⬘, antisense sequence complementary to rRNA large subunit
alpha, positions 1238 to 1257; and 4139, 5⬘-TTGCCGGAAGACGGGTTCCGG
A-3⬘, antisense sequence complementary to the spliced leader RNA, positions 52
to 73.
Prediction of targets in rRNA. The potential targets (for 2⬘-O-methylation) in
rRNA were determined using the computer program BestFit (from the GCG
package), which searches for the optimal local alignment between two sequences.
For this study, the program was used to search for complementarity to rRNA
that complies with the ⫹5 guiding rule. Additionally, the targets were also
predicted based on the data available from their yeast homologues. To predict
the pseudouridines guided by H/ACA RNAs, the secondary structure of H/ACA
RNA was predicted using the mfold program (http://www.bioinfo.rpi.edu
/applications/mfold/old/rna/form1.cgi), and the sequences from the internal loop
were used to search for complementarity with rRNA, based on the guiding rules
established for yeast, mammals, and plants (http://www.bio.umass.edu/biochem
/rna-sequence/Yeast_snoRNA_Database/snoRNA_DataBase.html; http://bioinf
.scri.sari.ac.uk/cgi-bin/plant_snorna/conservation).
Mapping of modified nucleotides. 2⬘-O-Methylations on rRNA were mapped
by primer extension with different concentrations of deoxynucleoside triphosphates (dNTPs), as described by Xu et al. (45), using primers specific to the
relevant region of rRNA. Primer extension products were analyzed in 6% polyacrylamide–7 M urea gel, next to sequencing reactions performed using the same
primer.
H/ACA snoRNA folding and conservation in trypanosomatids. The L. major
H/ACA snoRNA secondary structure was predicted using the mfold program
(http://www.bioinfo.rpi.edu/applications/mfold/old/rna/form1.cgi). Homologues
for the selected H/ACA snoRNA were screened from the T. brucei genome
(http://www.genedb.org/genedb/tryp/), the L. braziliensis genome (http://www
.genedb.org/genedb/lbraziliensis/), and the L. infantum genome (http://www
.genedb.org/genedb/linfantum/) and were subjected to multiple alignment (http:
//www.ebi.ac.uk/clustalw/).
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Most relevant to this study are the Leishmania parasites. Leishmania spp. are obligatory intracellular parasites that cause a
spectrum of human diseases, with an annual incidence of 2
million cases in 88 countries (16). The parasite cycles between
two hosts, namely, the phagolysosomes of mammalian macrophages and the midguts of sand flies. In the insect host, Leishmania parasites grow as flagellated extracellular promastigotes; in the mammalian host, they proliferate as aflagellated
intracellular amastigotes. The Leishmania species are divided
into Old World Leishmania spp., including species such as
Leishmania infantum, Leishmania donovani, and Leishmania
major, and New World Leishmania spp., including species such
as Leishmania mexicana and Leishmania braziliensis. The gene
order and sequence are highly conserved among the 30 known
Leishmania species, and diagnostic tools are in demand to
distinguish between these related species (16).
While relatively little is known about snoRNAs in trypanosomatids, some unique features were found for snoRNAs in
these species (11, 38). Most, if not all, trypanosome H/ACA
RNAs are composed of a single hairpin RNA and carry an
AGA box instead of an ACA box (22, 38). The first discovered
trypanosome H/ACA-like RNA, the spliced leader-associated
RNA 1 (SLA1), guides modification on a short-lived RNA
(25), the spliced leader RNA (SL RNA). This RNA is the
donor of the spliced leader sequence to all trypanosome
mRNAs (21). Silencing of the pseudouridine synthase (CBF5)
by RNA interference in T. brucei provided evidence for the
role of SLA1 in trans-splicing (4). We proposed that SLA1 has
a unique chaperone function and escorts the SL RNA early in
its biogenesis until it is assembled with Sm proteins (4).
Most recently, using bioinformatics and experimental tools,
we performed a genome-scale analysis of snoRNAs that guide
methylations and pseudouridylations on rRNAs in T. brucei
(24). Our data suggested that most snoRNAs are clustered in
reiterated repeats that carry a mixed population of C/D and
H/ACA-like RNAs. Predicting the modifications guided by
these RNAs and using partial mapping data, we identified 84
2⬘-O-methyls and 32 pseudouridines on rRNA, suggesting a
high occurrence of Nms compared to pseudouridines on rRNA
(24). Many of these modifications are species specific and
increase modifications at domains which are already modification-rich. About 40% of the trypanosome-specific modifications are situated in unique positions outside the highly
conserved domains of the rRNA (24).
In this study, we expanded our analysis to Leishmania species. By searching homologues of the T. brucei snoRNA genes
and then evaluating the clusters, we identified 23 clusters carrying 62 C/D snoRNAs and 37 H/ACA-like RNAs. Several
snoRNAs that were not revealed in T. brucei were identified
here. However, in general, the pattern of Nm modifications is
highly conserved between L. major and T. brucei. The L. major
clusters are highly repeated compared to those of T. brucei.
Surprisingly, the expression of snoRNAs in high-copy-number
clusters is not necessarily abundant. Factors that may affect the
abundance of C/D snoRNAs, such as copy number, the potential to form the K-turn motif, intragenic and/or extragenic base
pairing, and conservation of the boxes, were examined. Sequence conservation of H/ACAs among Leishmania species
and other trypanosomatids allowed us to identify structural
features which are conserved in these RNAs and to highlight
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RNA preparation and primer extension analysis. RNAs were prepared from
T. brucei cells, using TRI Reagent (Sigma). Primer extension analysis was performed as described previously (22, 45), using 5⬘-end-labeled oligonucleotides
specific to target RNAs, as indicated in the figure legends. The extension products were analyzed in 6% polyacrylamide–7 M urea gels and visualized by
autoradiography.
Northern analysis. Total RNA (20 g/lane) was fractionated in a 10% polyacrylamide gel containing 7 M urea. RNAs were transferred to a nylon membrane (Hybond; Amersham Biosciences) and probed with [32P]ATP-labeled
oligonucleotides.

RESULTS

_READS/), using BLASTN. This analysis enabled us to determine the relative abundance of each snoRNA in the genome.
The number of independent clones found in the shotgun library should reflect the number of times this gene is repeated
in the genome. Indeed, a correlation of 0.77 was found between the information in the shotgun library and the data
found in the published genome, suggesting that the information in the genome was valid for determination of the copy
numbers of the snoRNAs within each cluster (not shown).
Although in certain cases the information in the published
genome may not reflect the exact repeat structure, a comparative analysis among different repeats can be used to estimate
the relative copy number of each of the snoRNAs we identified. Inspecting the chromosomal locations of the snoRNAs
suggests that their genes reside mainly on chromosomes 14 to
36, except for one cluster that was found on chromosome 5,
carrying the SLA1 locus.
The clusters were always found flanked by protein coding
genes. As observed in T. brucei, the distance between the
cluster and the upstream open reading frame (⬎650 bp) is
generally larger than the distance between the 3⬘ end of the
cluster and the downstream open reading frame (⬃200 bp).
This observation may suggest the existence of a regulatory
region upstream of the cluster that may have promoter-like
activity, as recently described for the monogenetic trypanosomatid Leptomonas collosoma (23).
Repertoire and properties of L. major C/D and H/ACA RNAs
and their potential targets. The repertoire of the C/D snoRNAs
is illustrated in Table 1. All of the C/D snoRNAs range in
size from 72 to 148 nt. Their potential targets were predicted
using bioinformatic tools (BestFit from GCG software) and
are presented in Figure S1A in the supplemental material. Of
the 62 C/D snoRNAs, 20 have the potential to guide two
modification sites. The percentage of snoRNAs that can potentially guide two modifications (double guiders) is slightly
lower than that in T. brucei, where there are 27 double guiders
out of 57 snoRNAs. We were able to predict targets for all C/D
snoRNAs except four. In addition, we identified 14 novel C/D
snoRNAs whose homologues were not identified in T. brucei.
Of the 62 snoRNAs, 31 have homologues in other eukaryotes
(Table 1). As already published for the T. brucei snoRNAs, we
found that the 5⬘ end of C/D snoRNA is located 1 to 5 nt
upstream from the C box (24). We therefore provide the sequence of the 5 nt upstream of the C box. Based on the
experimental data for T. brucei, the 3⬘ ends of C/D molecules
were usually found 1 to 3 nt downstream from the D box (11);
we therefore provide the sequence of the 3 nt downstream
from this box (Table 1).
As in the case of T. brucei, all of the H/ACA-like RNAs in
Leishmania are smaller than the C/D snoRNAs (63 to 91 nt)
(Table 2), except for the Leishmania homologue of snR30
(LM5Cs1H1), which functions in rRNA processing (4). The
potential targets guided by these RNAs are presented in Fig.
S1B in the supplemental material. Identification of H/ACAlike RNA termini was based on experimental data provided by
several of these molecules, including SLA1 (23, 25, 30). In all
H/ACA snoRNAs known so far for trypanosomatid species,
the terminal box sequence is AGA, not ACA, and is located 3
nt upstream from the 3⬘ end. In addition, all of the H/ACA
RNAs described here, except for LM5Cs1H1, can form only a
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Search for L. major snoRNAs and their genomic organization. To perform a whole-genome search for both C/D and
H/ACA RNAs in Leishmania, we screened the L. major genome against the sequences of T. brucei C/D and H/ACA
RNAs (http://www.genedb.org/genedb/tryp/). After identifying
the genes, we defined clusters and their repeat numbers. From
this search, we identified 23 clusters (Fig. 1) encoding a total of
62 C/D snoRNAs and 37 H/ACA-like RNAs. Homologues of
24 snoRNAs were not identified in T. brucei (14 C/Ds and 10
H/ACAs) in these clusters. About half of the clusters carry only
a portion of the snoRNAs present in the T. brucei homologue
clusters. Four of the L. major clusters (clusters 1, 6, 9, and 20)
are composed of snoRNAs that, in T. brucei, are present in two
separate clusters. One interesting case is LM5Cs1 (cluster 1),
which seems to originate from a fusion between two separate
clusters in T. brucei, namely, TB11Cs2, which encodes SLA1,
and TB9Cs3. This fusion is a Leishmania-specific event, since
in T. brucei and T. cruzi these clusters are present in two
separate loci. In the case of clusters 7 and 11, both the content
and the order of genes are entirely conserved, while other
clusters are conserved in content but not in order. Interestingly, novel snoRNA gene clusters that were not yet identified
in T. brucei were revealed in Leishmania (clusters 3 and 10).
These clusters were identified because, besides the novel
snoRNA species, they also carry snoRNAs that were previously identified in T. brucei. For instance, Lm36Cs2C3 is located in cluster 22 together with three other snoRNAs. This
Leishmania-specific snoRNA was identified based on its vicinity to its T. brucei snoRNA homologue. In addition, since our
recent publication on T. brucei snoRNAs (24), we reinspected
the published clusters, especially large intergenic regions. This
analysis led to the discovery of seven new T. brucei snoRNAs
that were overlooked in our initial analysis. These novel T.
brucei snoRNAs led to the identification of their L. major
homologues.
The majority of the clusters in L. major are repeated 1 to 18
times (Fig. 1). In contrast, in T. brucei, we found clusters that
were repeated a maximum of 7.5 times (24). We also found
that repeated clusters could appear at a second location within
the same chromosome. Examples include clusters 3, 4, and 5,
in which only part of the cluster is repeated, as well as clusters
11, 14, and 17, where the entire cluster is repeated (Fig. 1). As
in T. brucei, several of the clusters are single-copy genes, and
most of the clusters seem to carry both C/D and H/ACA
snoRNAs. Only six clusters harbor exclusively C/D snoRNAs.
To examine the validity of the copy numbers of the different
clusters, we searched the database of L. major containing the
raw sequencing data obtained from the shotgun clones (ftp:
/ftp.sanger.ac.uk/pub/databases/L.major_sequences/shotgun
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FIG. 1. Schematic representation of snoRNA clusters in L. major. (A) Nomenclature of L. major snoRNAs. (B) snoRNA clusters. The C/D
snoRNAs are shown as pink boxes, whereas H/ACA-like snoRNAs are shown as green boxes. Thin lines indicate intergenic regions, and their
lengths are indicated below the lines. The lengths of the snoRNA genes (⫾3 bp) are indicated above the boxes. The number on the right side of
each cluster indicates the number of times the cluster is repeated in the genome database. The small numbers below the name of each cluster
indicate the position of the cluster in the genome database in L. major GeneDB, release 5 (http://www.genedb.org/genedb/leish). A minus sign
indicates the chromosomal location on an opposite strand. Parentheses indicate tandem repeats of the cluster.

single stem-loop structure. The 5⬘ ends of H/ACA-like RNAs
are usually situated 1 to 3 nt upstream from the stem. Of 37
H/ACA-like RNAs, only 9 have homologues in other eukaryotes. We failed to predict the targets of seven H/ACA

RNAs on rRNAs or snRNAs. In addition, we were unable to
identify small Cajal-body RNAs in these clusters.
Sequence conservation among H/ACA RNAs in different
trypanosomatid species. Phylogenic conservation is an excel-
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TABLE 1. L. major C/D snoRNAsa
Name
LM5Cs1C1

LM5Cs1C2
LM5Cs1C3

LM14Cs1C1

LM14Cs1C2

LM15Cs1C1

LM18Cs1C1

LM18Cs1C2

LM18Cs1C3

LM20Cs1C1

LM20Cs1C2

LM20Cs1C3

LM20Cs1C4
LM20Cs1C5

LM22Cs1C1

LM22Cs1C2

LM23Cs1C1

AUCGGUGACUUCUCCUCGACACGCUAAGC
ACAUGGAGAACUUGACACGAGUAUCAG
GAGCCCCCUGACUGAGAGACUAUCAUG
CACCACUCUGAGGU
ACAGAUGAUGAUUGACUGUAACAUCACA
GACUUUGAGUCGCGAUGAUAGCAACCA
UGUCGCCCCAGUCUGACGU
CGCGUUGACAUGAUCGACACCUAGGCUGA
UGUAAAGCCGUCGCAGAUGGACGUUG
AGUGGCGCACGCCGUGAAACCAACCCC
GCCUCGUCUGAUCG
GCGGGGGAUGACCGACAACACGACAACGA
AGCACAGUUUGAGCUGAUGCAUCGCUG
AUGGACAACGUCACACAUGAGCUAACU
CUGCUGACGC
CGUUGUGAUGUCAACCUCACUGGACCAU
UAUUGCAAUAUACGAAUGCCUUUAGA
UGCCCCGCAUCGAGGAAGAGACCCCAA
UCGAGAAAUCCGCAGAGAAGGACUGAA
CGCU
CUCCAUGACGACACACCACUAUUUGCACG
UCAGUUUGACUUAUAAUUUACUCGGCA
UGAUACAAGCAUAGCUGUCCCACCCCC
ACCCACACGCACAUGCACUCACAC
CGCCUCCAUGGACCUUGGAUCUGCGGUG
GAUGGGCGGGCAACGAGUGCUGAGACG
GAUGCUGACGACGAGCCGCUAUCGCCG
UCGUUCGGGCUCGGCCCGAAGC
CGCUAUGAUGACAAACAUCUCCUUAACGA
CGAGCGGACCGACACGCACCCAUGCGG
ACAGUUCGAAUGUGUACAAAUGUUG
AGCC
GCGCAGGAUGAGAGACAUUCAACGGAUCC
CAAUCAGAGCACUGUGCACUGAAACUC
CGUCCUGAUGCUAAUCCGCAAAGCAAC
GACUGACGC
GAAGCUGAUGCCAAACACUCGUAGUGCGC
GUCUGACGCUGCGUGACUGAUACAAGAC
GAUGCGGAGCCGGGAAGACAUCCCGCG
CCUCUUUGCUGACCA
GCGUGUGAUGAUACACCAAAGCAGGGAA
UCUCUUGUCGAGCGGCCGGCGCGCGUC
GCCGGCGUGGUGACAUGACACACUUU
GAGUAACCGAAUCCAUUCAUUGAAUU
GCCUGACGC
CCAAAUGACGAAUGUGGCAUCUCUCCACG
GACACCGCAUUCGCACUGCGGCGCGUG
ACAUCACUGUUGCCUUCGAACCUAAUA
CCAGGGCCGAUGUGGGCGUGGGUGUGG
GUGUGGGUGUGCAGCUGAAGA
CUGCGUGAUGAGCUACAGGUCUACGACG
AACAACUCGUCUGAUCACCCUUGUUGA
UGACCCCACACACCUUUUGCUUCCUCA
CUGACUG
GCAGGAUUACCACACCAACGAGUUUCUGA
UGUAAUGAGUCCGAGCCCUUCCGCGGC
GACGAGUCGAUAACGCUGUCAA
CACCUGGAUGAACUUGUCCUCCGCAGAGU
GCCGCUGCUGCUCUCUGAAGAGACGCG
GUGUGCACGAGGCUGCAUGAAAACAUC
CUGAUGA
GGCUGUGACAAUGACCCACUUACGACGGU
CUUAUGACCACGAUCCCGGCCACGGAUG
AAGCACGAGUGCUACGUCUGUACAACA
AGGGGGCGCGCCGCCGAUUG
GUACGUGAUGAGAAUUCAAGCUUAGGAC
ACCUUUGGAUGCGGCGCGUGCCGCAGG
UGAAAAUAGCGAGUUUGUUACACAUUC
GAUUCGUACUCUGACGG
GCACAUGAUUACGAUCAAGGACAUCUGAG
UCAAAACCAAAGUCACUGUCUGAACGG
AACGACUGUCGAUUGUGUCCCCCGUGU
CUGAGCU

Length
(nt)

Trypanosome
homologue

Other
homologues

97

TB9Cs3C1

U32/snR40

G1623-S

74

TB11Cs2C1

U31/snR67

U1833-S G1045-LB

96

TB11Cs2C2

93

TB9Cs3C2

A2021-S

112

107

U1777-S

TB9Cs5C2

snR72

104

85

Target

A927-LA

C113-LA

TB10Cs4C3

U43/snR70

92

U2048-S C2059-S

C442-LB

99

TB10Cs4C4

G1865-S

116

TB8Cs1C3

A669-LB

131

89

A17-U6 snRNA

TB8Cs1C1

G1626-LA G2151-S

78

A104-S

90

C467-S

104

TB9Cs2C1

99

TB5Cs1C1

90

TB8Cs3C2

U35/snR73

C1396-LB

AtsnoR10

U1076-LB C1158-LB

G1550-S
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LM23Cs1C2

GUGAAUGAUGAUGCGUGUAUUCUGCAAU
GCGGACUCCACUGACGAGGAACAAUACU
ACUACUAUGACUAUUGGCAUCUGACGC
GAUUCUAAUGAAACAUCUUUGCUACAGGC
GAUGCGCGCUGCGGCGUGCGAGAUGAC
CUUACUGUUUCCAAUCUCCAACCAAGA
UCAAUGAGCU
GCGACUGAUGAGAAACCUCAUGUUACUG
ACACCUCUAGUCUGACACUGUUGGUGA
CGAGCACACAUUUGUAUAGUUAUCCCU
GUCUGAACG
CCACGUGAUGAGCCAAUCAUGUUUCACUC
UUGUCUGAACCACCCGUUGUGAUUACAC
GCACACCCGCGAGGUGUGGCUGACCC
CCACAUGAUGUGGAACACACGCAACACUC
CGAUACCGCUGACCGUGCUUGUGACUGA
CACCACAUUGCGGACUGACAC
ACACGUGACGAGUAUGCAACACACAACUA
GGUAAGAGCCGUCUGAACGACAUACCU
CCGUCCUGUGGAACACCAACGCCUGGG
GUCUGCCACCGCAAUGGCUGUGCCCUG
AGUC
CUGCAUGAUGCGAAAAUCGAGGCAUUUG
UAUGAGCCCGCAACUGUGAUUUGAACUC
CGUGUACCCAAAGCUACCUACAUACUA
UACACGGGACUGAGCG
ACGCGUGAUGGCAUUGCGAUUUAAUUAU
ACACCCGAGGCGCGCACAGCGCCGUGGA
CGAGAACCGGAGUGACUGACUG
GCGCGUGAUGAUGCUGCAGAGUCUGAGU
GUACCUUUCUUGAGCGUGCGCUGGUGC
GCGCGUGGUGAGAUGACGUAUUCUCGC
UGUGGCUUGCGCCGCGUGCGCUGGCC
GAGUCUGAUGC
GUGAAUGAUGGACUGACCUGUGGAAUCU
ACUGCGUUCUUUCUGAGCGUUGCGGCG
AUGCGAGCUUCAUUGAGUUGCAAUCUU
CAACGAAACCUAUGUCUGACUG
GCGCGUGAUGAAUACUAUUCACAUAGUU
UCCUGUCAGUCCGAGCACUGCAUGAGG
UCAUAGCAUUUUCUCAACUCAGCUCAC
ACUGACGC
CUGAAUGAUGCACUCAUCUAUGUUGGUC
CAAACAGUUUGACUGGCGCAUGAGAAGG
UACACAUACAAAUCACCUUUCGGCUG
ACGU
GGCCCUGAUGGAGAAACAAUCCUUUUUG
UGCGCGAGCGAGGCUAUGAGCGCACAU
UUUGAGCCAACAAACAAAACUCAACAG
GUCUGAGAC
CCACGUGAUGAGUCACCGUGCAUUCCUGU
GGUAUCUGAUGCAUCCUGCAUGAACAC
GACAACUGCAACGAGCGCCCUUCGCGA
CGAAGUGGUGCGAACUGAGUG
CGUGGUGAUGUCACACACGAUUCUAUUA
CCUGUGGGAUCUGAUCAAGUGUUGUA
UUGAUGAAAAGCAGAACGAUGCACGCG
UGCAGCGUGUUAGGCUGAGGC
UGACAGGAUGAUAUCUAUUCUUUGAAUG
UUCUUCGAUGACGGGCCUCGGCCUGCG
AUGAGAAGCAUAAUAGAUGAACCCUUU
AACUCUGAAAC
CGCACUGAUGAAUUCGAUUCUUUGAAUG
UUCCUUGACCGCAGUCUUUGGCUGUGA
UGAAAGGCUUUAUCGAUGAACCCUUUA
ACUCUGAGCU
CUGCAUGAUUACAUUGCGUCUUCCACCUA
ACGACCGUCGAUGAUUACAUGCGAUGCA
AGUGACUACUAUACUACACCGAUAUCC
GAGGAUGACGU
CGCUGUGAUGACUGGAUGAGUUAUUGUU
UGCACAUUUACCGAGCCUUCGUGGCCC
GUGAGCGACCGUAUAACUUCUAAGAAC
ACCAGCUGAUUC

LM23Cs1C3

LM25Cs1C1

LM25Cs1C2
LM25Cs1C3
LM25Cs1C4

LM26Cs1C1

LM26Cs1C2
LM26Cs1C3

LM26Cs2C1

LM27Cs1C1

LM27Cs1C2

LM27Cs1C3

LM30Cs1C1

LM30Cs1C2

LM30Cs2C1

LM30Cs2C2

LM33Cs1C1

LM33Cs1C2

Length
(nt)

Trypanosome
homologue

Other
homologues

83

TB8Cs3C3

AtsnoR39

G75-5.8 C18-S

93

TB8Cs3C1

U24

C1527-LA A1539-LA

91

TB11Cs1C2

snR48 snR38

G1228-LB G1252-LB

83
78

Target

G1578-S
TB11Cs1C3

A955-LA

114

99

TB6Cs1C3

78

TB6Cs1C2

119

TB9Cs1C1

snR13

A526-LB

U34/snR62

G70-LB

104

A43-5.8S G36-5.8S

90

TB11Cs4C1

U29/snR71

A1371-LB A1383-LB

86

TB11Cs4C2

U51/snR39

U847-LA A858-LA

91

TB11Cs4C3

G654-LB

104

TB6Cs1C1

C1247-LB

102

C1759-LB

93

TB6Cs2C1

U36/snR47

A668-S

92

TB6Cs2C1A

U36/snR47

A668-S

95

TB10Cs3C5

AtsnoR161

U709-LB G702-LB

94

TB10Cs3C4

AtsnoR41Y

U1107-LA U1071-LA
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LM33Cs1C3

GCGUGUGAUGAUGUACAGAGUGUGCGAA
GACGCAUGUCGCGUAGCCGCCGGCUGU
GCGCGCCUGACGAACUACUGUAUUUCA
CGGGUGAACAAUCUCUGAUGC
GGCGAUGAUGCAGACAGAUCAAUACUCA
CUCUGACGCGUGUGUGGCGGUGGACCG
CUGCGCACUGUGCGGAUACAAGGAUAA
CAUGCACUACCAGCUGAUGG
UUUGCUGAUGAUGCGUGAGGAGCGCUCCU
CUCAUCCUCCGAAAGAGCAGAAUUAACC
AACUGACGCUUUCACGGCGCCGUUGCCG
CCGCGCCCCUCUGCCCCCCCGGCCGCCCU
CGCAGGCGUCGGUGCUGCUGAGCG
AACCGAGAUGAAGCUGAUAUGGUCCGUG
UUUCAGAUCCGUGUGACGCACAUUUCU
CUCUUAGUACAUAUCUUCUGAGUU
ACACAUGAUGAGACUCUUUUUUCGCUGC
CACUGAGCGCCCCAUGCGUGGGGCGGC
ACGUGAUGCACACAUGGAUACACUACA
CUGUAGAACUGUCGUUUCUCUGACGG
GUUUAUGAUGAUAAAGUCCUCUCUACUA
CUACUAGCGUCCGAUGCUUCGCUGACGA
UUACCGUUUGAACUUCAUCUUUCGCU
CCGAUCUGAGGG
CAUCUGCAUGAUUUCAUCUUAGCGUCAA
GAAACAUCGCUGAUUGUUCUUUGGAUU
UAAACGCAAGCCGUAAGCAGUAUG
AUCG
CUGAAUGAUGAUCCACGUUUAACACAAAU
UCGACACUGAGUCGGAGCAAUACCCAU
GACGCACCGUGUCCUGACCG
CGAGCUGAUGAUGAUCAACAAACUUCGU
AGGGUAAAAUCUGAUCACUCCGACCAU
GACGCUAUGGAAGUACUGCACUGAAAG
CCGUCUGAUAGCCGCUGUGUAGUGCCGU
AUCGCUUGUGAGUGUCAUCAAUGAAUU
GUGGAUAGUGCCGGAAGUGGUAGGCU
GAGGC
GCACGUGAAGCAGGUAAAAUAAGCAACCU
GUUUAUCGGUGCCGCCCAUGUGGUCU
AUCAUCAACUGAUGGAAUGAACAGGUC
UUCAAGCUCUGUAAGAGCCCGCGUCGA
UGCCCCCCAUCAUUGCCAUUAGCUUGG
ACUGGCUGACUU
CGCUGUGAUGCGAAUACCAACACGAACGA
GAUUAACAGCAACAUCUGAUGCGUGCG
CCAAAGCGCAAACUCAUGACGCGAACUC
GUUUUUACAACAGCUGAUGC
CGUCGUGAUGACAUCAACCGACUGGAGUC
UCUGACAGGCCUCUUGAUCGAAAACAUC
GCGUUGGAAUACUCUUCUUCUUUCCCC
GUCUGAGGC
GCGAGUGAUGAAACUGCCGAAUCCGUGU
UUCAGCUGAGCCGUGCUGCUGACAGCG
UUUCUUGAUCUGUUUGACUUCUG
ACGC
CCGCGUGAUGCACAACAAUUCUCAUGGUC
CAAACAGGUACUGACUGUCUGUUGUGA
UGAUCACGGAGUAUGCGAAUCACCUUU
CGGGACUGAGGG
GCGCGUGAUGCACAGCUGUUUGACCAUC
AGAUGCCCCCAUGAGGACACCCAAACA
CAGACCUGCACUGAUGG
ACCGCUGAUGAGGACCCACUUACGACGGU
CUUAUGACACAACACAUCCCGACCAUGG
AUUGAAGUCAAGUGUUCAGCAAACAAC
UAGGGGCGCGCCACAGGAUUUCCAGCC
GGCGCGCCCUGUGACUGAGGU
CGACGUGAUGAGGCUGACCCUGCUCCGCU
ACUGACAUGUGAAACCGUGAUCCGAGA
CUCUUCAGGGCAACUGACGG
CACGCUGAUGAUCUGUCUAUUCGCAUCGC
GACACGCUGACACACACAACCCGAGUGA
CAGGCGAACGGAACCAACAAUCGAGAA
AGAACAGCUGAGUG

LM33Cs1C4

LM33Cs2C1

LM33Cs2C2
LM33Cs3C1

LM34Cs1C1

LM35Cs1C1

LM35Cs1C2
LM35Cs2C1
LM35Cs2C2

LM35Cs2C3

LM35Cs3C1

LM35Cs3C2

LM35Cs3C3

LM35Cs3C4

LM35Cs3C5
LM35Cs3C6

LM35Cs3C7
LM36Cs1C1

Length
(nt)

Trypanosome
homologue

Other
homologues

103

TB10Cs3C1

snR52

U1358-LB

102

TB10Cs3C2

U33/snR55

A235-LA U1621-S

138

TB10Cs2C1

79

TB10Cs2C2

Target

U8-S

U18

A681-LA

108

A512-S A603-LB

94

TB9Cs2C5

U80/snR60

G959-LA

83

TB9Cs4C3

C358-LB

76

TB9Cs4C2

A162-5.8S

82

TB9Cs3C3

U1418-LB

86

C451-S

148

104

TB9Cs2C6

AtsnoR13

U661-S

93

TB9Cs2C7

snR190
U52/snR78

G640-LB U666-LB

82

TB9Cs2C2

snR58

C695-LA A678-LA

95

TB9Cs2C3

snR39B

G856-LA U845-LA

72

TB9Cs2C4

U25/snR56

G1829-S

132

TB9Cs2C1

U35/snr73

C1396-LB

76

TB9Cs4C1

U38/snR61

G1190-LA

98

TB10Cs1C3

U7-5.8S U1599-S
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LM36Cs1C2

CGGUGUGAUGAGUCUGCUAAGAUGUACG
CAACAUUUACAAUUGGAAGACGAGUCU
GAACACUGAUGCACACACUGAUAAACGG
CACUGACGC
ACCGCUGAUGACAAUCCUUCACCACAAAU
GUAACUCGGGAAAACUGAACCACCACG
UGUGGGUGAUGAGCCACCGUACGGAAC
AAUCGUUAGAUAGUAAGUCUGAGCU
GCGCCUGAUGAUCAAUGAGAACAAGCAUA
UAUCCGACUGCGCUGCGCGUCAGCUCG
CUGUCGUGCGCCGUCAUGAGAUGCAAC
CUCUAGUCCUUGAAAUCUGACUG
ACGCGUGAUGCAUAAUUAAUCGACCAAU
AAUCGGAGCGUGCCGCCUGCGCGGUGG
CGUGCGUGAAGUCAAACCAAUGCAAUA
UAUGUGGCUGACUG
AAGCGUGAUGCAGAACAUACAACAAUCAC
CUCGGGGGGCUGCCUCGCGGUGGCUCC
CUCUGAAGCGCCGCUGCGUGCGGCCAC
UUGACUGAACCCCUGUUAAGCGUCAUC
CGCUGAGUU
UUCGAUGAUGAUGCACGAGUUAAUCCAU
UCUCUGAGUCUCUGUGUGCGUGUGUA
UGUGCGCAUGUGCACUGCCGAACUGCG
GGCGUGACGG

LM36Cs1C3

LM36Cs2C1

LM36Cs2C2

LM36Cs2C3

LM36Cs3C1

Length
(nt)

Trypanosome
homologue

92

TB10Cs1C4

snR75

G533-LB

108

TB10Cs1C1

U74/snR64

A590-LB C582-LB

106

TB8Cs2C1

U27/snR74
AtsnoR66

A28-S C38-S

96

TB8Cs2C0

119

91

Other
homologues

Target

U1979-S

U1371-LA

TB11Cs3C1

U559-LB

a
The sequences of the C/D snoRNAs were obtained from the L. major genome database (http://www.genedb.org/genedb/lies/BLAST.jsp). Potential C/D and C⬘/D⬘
boxes are shown in bold. The coding region was predicted based on the positions of the C/D boxes. In cases where the termini of the molecules were not experimentally
determined, we provide sequences spanning a region 5 nt upstream of the C box and 3 nt downstream of the D box. The predicted size of each snoRNA is indicated.
The sequences predicted to interact by base pairing with their targets are underlined. The T. brucei homologue and homologues from other organisms are provided
with their designated names (yeast homologues are designated snx, human homologues are designated Ux, and Arabidopsis homologues are designated Atsnox). The
potential targets on rRNAs are indicated as follows: S, rRNA small subunit; LA/LB, rRNA large subunit (5⬘ and 3⬘ halves, respectively); and 5.8S, 5.8S rRNA. All
sequences can be found in the L. major genome database (http://www.genedb.org/genedb/lies).

lent approach to evaluate the importance of particular domains for the function of RNA molecules. To this end, we
inspected the sequences and secondary structures of most L.
major H/ACA snoRNAs and indicated changes in homologues
of T. brucei, T. cruzi, and L. infantum RNAs. The results for
five such molecules are presented in Fig. 2. More molecules
were analyzed, and the results indicate that H/ACA-like RNAs
share several conserved features. All H/ACA-like RNAs, except for LM5Cs1H1 (snR30 homologue), have an AGA instead of an ACA motif. In most cases, an A exists 1 nt upstream of stem I (94% in T. brucei and 67% in L. major). In L.
major, C can also appear in this position (about 30% of the
time), while G and U are rarely found. Stem I is usually perfect
and can range from 4 to 8 nt in length. In most cases, stem I is
6 to 7 bp long, and compensatory changes are often found to
support the integrity of the stem (Fig. 2). The pseudouridylation pocket varies in size from 12 to 17 nt. Stem II also varies
in size, but a prefect stem of 4 to 7 nt exists immediately
adjacent to the pseudouridylation pocket. The conserved
length of the stems is supported by the presence of compensatory changes. A consensus structure for trypanosomatid
H/ACA-like RNAs is shown based on these findings (Fig. 2).
Conservation of snoRNAs among different Leishmania species. The existence of full genome sequences for a variety of
Leishmania species enabled us to compare the sequences of
snoRNA genes among Leishmania species from the Old World
(L. major and L. infantum) with those from Leishmania species
from the New World (L. braziliensis). The analysis was performed on cluster Lm34Cs1, and the results (Fig. 3) indicate
87% identity in the coding sequence between the New World

species L. braziliensis and Old World species L. major and L.
infantum. There is almost complete identity (97%) between
the two Old world Leishmania species. This conservation also
lies outside the coding sequences. On the other hand, only 35%
identity was found in the intergenic regions between Old and
New World Leishmania species, suggesting that comparative
analysis between Old and New World Leishmania species can
be used to identify only the more conserved coding sequences
of the RNAs. Based on these data, the intergenic regions can
potentially be used diagnostically to differentiate related Leishmania species from L. major. Additional clusters were analyzed in the same way, and similar results to those presented in
Fig. 3 were obtained. However, in several cases, high conservation in the intergenic regions made it difficult to determine
the exact boundaries between the coding and intergenic regions.
Most modifications mapped on rRNA are shared between L.
major and T. brucei. The finding of snoRNA genes that exist in
L. major but not in T. brucei raised the possibility of the
existence of L. major-specific modifications. We therefore
mapped the Nms on L. major and T. brucei rRNAs, using
primer extension with different dNTP concentrations. We
chose the large subunit (LSU) regions that are rich in modifications. At low dNTP concentrations, the reverse transcriptase
pauses 1 nt before the Nm. To map the exact positions where
the primer extension stops, the extension products were separated next to DNA sequencing reaction mixtures, using the
same primer on the T. brucei rRNA gene fragment. The results
(Fig. 4A and B) indicate that most of the modifications are
present in both T. brucei and Leishmania. The species-specific
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TABLE 2. L. major H/ACA-like RNAsa
Name
LM5Cs1H1

LM5Cs1H2

LM5Cs1H4
LM15Cs1H1
LM18Cs1H1
LM23Cs1H1
LM26Cs1H1
LM26Cs1H2
LM26Cs1H3
LM26Cs1H4
LM26Cs1H5
LM26Cs1H6
LM26Cs1H7
LM26Cs1H8
LM26Cs1H9
LM26Cs2H1
LM26Cs2H2
LM27Cs1H1
LM27Cs1H2
LM27Cs1H3
LM33Cs1H1
LM33Cs2H1
LM33Cs3H1
LM33Cs3H2
LM34Cs1H1
LM34Cs1H2

CACTGGCCCTGTCACCTTGAGGGCGCCCGTGCCGCTT
GTCGGCGCATGCTGGGCGTACGGCCTCGAGTTGCT
GCGGCGCGGGCGCACGTGCGTGCATGTGCCGTCTG
CGCTGCGATTCGGGGGGCCACAGAGCAAGGGGTG
CGAGCGCGCGGTGTGATGCTCGGCGTGCTGCTCGC
GCGCCTGACGCACCGCCGCGCGCCGCGGTTCCCGT
TACGCATATCCTGTGTGCGCTCCAGCCCCGTCGGG
GCCATGACGAGTTCGCAACCAACCATGCGTTACAC
ATTG
ACGCGCUCACUGUAGUGCGCGUGCCGCAAGACCCA
CAGGCACCGUGCAUGAAACUGGAGCGCUAGAUGG
GCAGUACGAUUAAACACGGACGCGCCGCUGCAUAC
GCUUGGUGCUGGCGCCGUCCGCCAGUGUCGUAC
GAGAUGU
GCAGUGCCGUCAGGUAAAGUGACGAUGGUGUGUC
CCAUCCGCGCCACUGGUUCAAGCGGCACGAG
AGCG
AGAGGAGUCAGGCGCGUAUGCGGCACAGAGAGACG
AUGUGUACGCCGUUGGGCUCUGCAGAGUG
CGAGGAGAACCGUAGCCGCUGCAACUCCGCUAGGU
GAGAUGCCGCGGGUGAUACUUCUCCAAGAGCUC
CGAUGGGGUUCGAAUGCGCUGGUCGAAACCGGUU
UGCCCUAGCGUGGGAAACGCCCCAAAGAGCC
UCAGCGCACGCACCAGCCGCGCGCAGUUGAUGUUG
GUUGCGCAUCCGGCCUUGUCGUGACGCGAGAGAC
CCAGCGUGCUCCGUGGGUGAGGCAGCGGACUCUAC
UACCCUUGGUGCCGUACAUUGCGCCUCAAUCGG
GCUCGCGAGAGCU
CACCUUCCUCCCAGCCGCACGUGGUGUCGGCUGCG
GCUGCCCACUGCUGUGUGCGUGCGCGUGGCUUG
AAGGGUGGCCGAGAGAU
AACCAGGAGUAGCACCGUUGCGGAACAGGACCCAU
UGAUCUAUCGGCGGACUUGCUCUUGGGAGACGU
CCCGCCGCGCAUUCAAGGUCCCUUGGCGGCGAUUA
UAUACGCUCGAUGCUGCUUCACAGGAUACCCAGC
GUGGCCAGAGCU
CGCGCAGUUCAAGAAGCCGGUGCAUGCGUGUGACU
GUGUGCUGCACCGGUGCCGAGACUGCGCAAG
AGCC
GGCAGGUCAGCGAAAACACAGUCGAAGUGGUAUUG
ACCCCGUCAUUUCGCCUGCACCUGUGCUGUCCGA
GAGAG
CCAACGCACUAUUGCUUCCGCUGCUGCGUGUCGAU
GGGCAGCGGGAUCCUGAGGUGCGUGAGAUGC
UGAGCGCAGCCUAGGAAACCAGUGCAUGCAAGCCC
UUGUGCUGCUCUGGUGCCGAAACUGCGCGAG
AGCU
GUGCAUGCGUACGCGCCUGCUCAACUCCCGUCUGU
UCACGCUGCAGGCUGUGGGAGUCGGUGGUGCGG
CCGGCAGGCCAGCAUGAAGAAGC
AAAGCAGCUCGUGUUACCGCUCGAAUGGAUGCGCU
GUGCAUCUGCUCCCGUAUUCGAGGUUUUGUGUG
UCAAAGGGCUGCAAGACGA
ACCUGUCUGGCACCUGUCUUUACACCUGUCAGUGA
CAGAACACGCCCGAAAGUUCAAGAGAGACAA
GCCGCACAACUCCCUUGGAAUGGUGGGUGCCUCAU
CCCACGCAAGUCCUUGUCCUGUUGUGCCAGAGCG
GAACGGAGUGCAUUGAGUCCCACCGCUCCCCACCA
GUACGCGCGUGGGAGCAUCAACUCUCCUAGAUGC
UGCACCUUCCGGGCAGGAUGACGCCCUUGUGCCCU
UGGCGACUGUGUCCAAUCGGUGGUGCGAGAUGC
ACGGUGUUGUCGGUUGGGCGUGACUCCUUGCACC
UCGUAGGUACGACCCUAUCUCGCAACCCCCAG
AUUC
CGAGGUCUUCGUGUACCCCGUGCGCCCCCGCUCGU
GGCGCACACAUGGGGAAUGGUCAAGACCGAG
AGAC
CCAUUUCGCUCGUCCCGCUCCGCACCGUUGAGCUG
CCGUCGAUGAACAAUGGGCCGAGACGU
GCGAAACGUCAGCUACGCAGUGUGAGCUGAUAGUG
UCUGUUCGGCUACGUGCACUACCAAAGCGGCGU
GAGAGCG
GUGACGUCACUCCAACCGCUGCUCAUACGUCGUUG
CCCAUCGUAUAGCGGUGAUAUCUGUGGACGGAG
AUGG

Length
(nt)

Trypanosome
homologue

Other
homologue

285

TB11Cs2C3

snR30

69

TB11Cs2H1

SLA

SL-RNA

75

TB9Cs3H1

snR34

1263-LB

69

TB9Cs3H2

Atsnor77

870-LA

64

Target

1754-S

68

TB10Cs4H4

455-S

65

TB8Cs3H1

1374-S

69
81

607-S
TB6Cs1H2

1395-LA

85

558-S

68

TB6Cs1H3

609-S

81

TB6Cs1H4

562-LA

70

TB9Cs1H1

74

TB6Cs1H1

1412-LB

66

TB9Cs1H3

1970-S

70

TB9Cs1H1A

1317-LB

SnR34

941-S

91
87

SnR35

1543-S

66

TB11Cs4H1

1402-LB

69

TB11Cs4H3

610-LB

69

TB11Cs4H2

1841-S

68

TB10Cs3H2

SnR32

436-LB

70

TB10Cs2H1

Atsnor93

1212-LB

70

TB9Cs4H1

2048-S

63
75

1533-LA

72

1529-LA
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LM35Cs3H1

GUGCGGCCCACAUUGGAGUUGUGUCCUGGCCCCAG
CAGUGGCCCUGUCUGCACACUCGCGUGGGCCAAG
AGAU
CGUCCCACCAGCUACCACGCGGAGUGCAUACCCUU
UCAGUCUUCGCGGUCGGUCGUUUUCUGGGCCAA
GAUGC
UUGCGGUGAAGCGGCUUUAGCCUUGGCGCGGCUU
UCACACCCCUGUGCCGUGUGCCAUCUUGGUGCGC
CUCGAGAUCG
CGUGGACGGAACGUGGCAGGCUGCGGAGGGCACAC
CCAUCCCUCAUACGCGGUUCAACACAUGAUCCCA
GAGCUU
CGGCAUCCCUUGUUGAUAGCGAGCAGUCCACCCGC
AUCCCCGCAAGCUGCUCGUCUACACCGAGGGAG
AGAA
AAGCGCUCAUUUUCAAGCCGCACGCGGGCGUGUUG
CUGGUGCCCCUGCGGUCGGGUGAUGCGCGAG
AGCG
AGCAGUGUCGCUAUGCGUCUCCGUCUCACCUCGAU
GCGGAGCAACGGUACGAAACACGUGCGAGAUGC
GACCCACCUGCACUUCGCUCGUCCCGCUCGCGUGU
CGAUGAGUGGUGCCGAUGGAUGGUGUGAGGGAG
AGCG
UCUCACGAACAAUCCCGCCCGGAGUUUACCGUACU
UGAUCUCUUGCGCGGACCUACGGGUGCCCAG
ATGC
UGCAGCUGCGCCAAAGGGGUCUUUGUCAAAUUCCU
UGCAGCGGCUGGUGCGAGAUGG

LM35Cs3H2
LM35Cs3H3
LM36Cs1H1
LM36Cs1H2
LM36Cs1H3
LM36Cs1H4
LM36Cs2H1
LM36Cs3H1
LM36Cs3H2

Length
(nt)

Trypanosome
homologue

Other
homologue

Target

73

TB9Cs2H1

661-LB

73

TB9Cs2H2

1381-LB

78

TB9Cs4H2

75

TB10Cs1H3

12-S

72

TB10Cs1H1

703-LB

70

TB10Cs1H2

672-LA

68

TB10Cs3H1

72

TB8Cs2H1

SnR37

1171-LA

70
57

a
The sequences (⫾3 nt at the 5⬘ end) were obtained from the L. major genome database. The size of the coding region was predicted based on the position of the
AGA box and the secondary structure. The sizes of the RNAs are indicated. Homologues in T. brucei and other organisms are given. The potential targets on rRNAs
are indicated as described in Table 1. All sequences can be found in the L. major genome database (http://www.genedb.org/genedb/lies).

modifications observed are only 2 nt apart. Additional mapping data for 20 Nms located in four conserved rRNA domains
indicated that 95% of the modifications were conserved between L. major and T. brucei. As shown in Fig. 4A, although
the positions of the modifications were conserved, their intensities differed. It was of special interest to examine whether
there are Leishmania-specific modifications that are guided by
Leishmania-specific snoRNAs. To this end, we identified five
snoRNAs with no conserved target that are missing in T. brucei
(Lm35Cs2C2, Lm25Cs1C2, Lm36Cs2C3, Lm26Cs2C1, and
Lm20Cs1C5). We mapped the regions which are potentially
guided by these snoRNAs, but no modification was detected in
either T. brucei or L. major. It should be noted that these
snoRNAs are poorly expressed and that their modification
levels may be too low to be detected in our experiments, or
alternatively, these snoRNAs may represent pseudogenes. Another appealing possibility is that these snoRNAs are developmentally regulated and might be expressed in the amastigote
stage of the parasite.
Expression levels of snoRNAs. All of the clusters (except
one) in T. brucei were found to be expressed (24). However,
different snoRNAs present within the same cluster were not
always expressed at the same level (22). To examine whether
this was also the case for L. major, the levels of both C/D and
H/ACA RNAs within the same cluster were examined. The
results (Fig. 5A and B) demonstrate that the levels of both C/D
and H/ACA RNAs differed substantially. No correlation was
found between the level of snoRNA and the copy numbers of
the genes. The expression level of each C/D snoRNA was
determined by densitometric analysis, relative to that of
snoRNA LM33Cs1H1, and is shown in Fig. 6C. The levels of

several H/ACA RNAs were also investigated by Northern
analyses (Fig. 5B), and the levels of snoRNAs present in the
same cluster varied significantly.
The differential expression of snoRNAs encoded in the same
cluster raises the question of which factors determine the level
of snoRNAs present within a given cluster. The RNA level is
most probably not affected by transcription because of the
polycistronic nature of snoRNA transcription (11, 38, 45). Factors that can affect the steady-state level of snoRNAs include
the efficiency of processing and the half-life of the RNAs. To
this end, we examined, using mfold (http://www.bioinfo.rpi.edu
/applications/mfold/old/rna/), the potential of sequences flanking the snoRNAs to form external and internal stems (Fig.
6A). As opposed to the case in L. collosoma, in which sequences flanking the snoRNAs form extended stems (45), the
external stems flanking the L. major snoRNAs are only 6 to 20
nt long (Fig. 6A). To examine the possible correlation between
the stability of the stem and snoRNA abundance, the ⌬G
values of the extragenic stems were calculated using the mfold
program (Fig. 6C). The ⌬G values ranged from ⫺0.7 to ⫺30
kcal/mole (average of ⫺16.5 ⫾ 7.8 kcal/mol). The ⌬G values of
the external stems suggest that such stems most probably exist,
unlike the putative internal stems, whose ⌬G values are higher
(⫺3.9 ⫾ 3.4 kcal/mol) and which most probably are not formed
(Fig. 6C). Thus, we suggest that the external stem is formed
and is a real structural feature of C/D snoRNAs in trypanosomes. In contrast, the stability of the internal stem is very
weak, and this stem either does not form at all or exists only
transiently. However, no direct correlation was found between
the strength of the external stem and RNA abundance (Fig. 5A
and 6C).
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Another structural feature of the C/D snoRNAs that may
affect the expression level is the kink-turn motif (K turn),
formed by interactions between the C and D boxes located
near the ends of the RNAs (35, 40). The putative canonical
K-turn structure (32) is depicted in Fig. 6B, comparing the
consensus K turn with the potential of LM20Cs1H1 to form an

analogous structure. This motif is composed of stems I and II
(Fig. 6B). Noncanonical base pairing, such as G-A and U-U
pairs, have been shown to be important for the formation of
the K turn and to determine the binding of Snu13 to box C/D
(26). Efficiency of binding of Snu13 may affect the fate of
snoRNA and determine whether the snoRNA will assemble to
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FIG. 2. Conservation of H/ACA secondary structures between different trypanosomatid species. The proposed H/ACA-like snoRNA secondary
structure was determined by mfold, taking into consideration the complementarity with the target and the distance between AGA and ⌿. The
sequences of L. major snoRNAs are given, and differences from the L. major sequences are marked in colored circles for T. brucei (red), T. cruzi
(green), and L. infantum (yellow). Deletions are indicated by triangles. The species designations are as follows: TB, Trypanosoma brucei; TC,
Trypanosoma cruzi; LM, Leishmania major; and Linfant, Leishmania infantum. The AGA box and the conserved nucleotide upstream from stem
I are boxed. A schematic representation of the H/ACA consensus pattern is boxed, and the structural motifs are marked.
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snoRNP or be degraded by the exosome during processing (8).
We therefore examined whether there is a correlation between
the strength of conservation of the K-turn motif and the level
of the snoRNA. The potential of several snoRNAs to form a K
turn is indicated in Fig. 6A and was qualitatively assessed as
shown in Fig. 6C. Other factors that may affect snoRNA processing and binding of Snu13 are the C and D box sequences
(26, 40). To this end, we inspected the conservation of the C
and D boxes, i.e., CUGA and UGAUGA, respectively. Those
that are conserved are marked with plus signs, and those that
deviate by at least 1 nt are marked with minus signs (Fig. 6C).
We found that if the two boxes deviate from the consensus, the
snoRNA is poorly expressed. However, high conservation of
the boxes is not sufficient to ensure high expression, as in the
case of Lm35Cs2C1 (Fig. 6C). Inspection of the data in Fig. 6A
and C suggests that there is no single structural feature that
fully correlates with the abundance of the snoRNA. For in-

stance, the K turns of all molecules inspected agree with the
canonical structure mostly in stem II (A-G pairing), but there
are cases of K turns which fit closely with the consensus and yet
the snoRNAs harboring them are poorly expressed (Fig. 6C).
DISCUSSION
In this study, we expanded our understanding of the exceptionally rich repertoire of snoRNA genes in several trypanosomatid species. We used the genome collection of snoRNAs
recently described for Trypanosoma brucei to search for homologues in the Leishmania major genome. Our analysis led to
the identification of over 99 snoRNAs in this organism. The L.
major snoRNA genes identified in this study are organized into
23 clusters encoding 62 C/Ds that can potentially guide 79
methylations. In addition, 37 H/ACA-like RNAs are found in
these clusters that can potentially guide pseudouridine forma-
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FIG. 3. Sequence alignment of snoRNA clusters from different Leishmania species. Multiple alignment of the various Leishmania species was
performed using CLUSTAL W on the entire LM34Cs1 cluster. The conserved nucleotides are shown as dots, and gaps are indicated by hyphens.
The snoRNA consensus sequence is marked below in bold. The coding regions are shown in capital letters, while intragenic regions are marked
in lowercase letters. The species designations are as follows: Lmajor, Leishmania major (LmjF34.snoRNA.0003); Linfantum, Leishmania infantum
(LinJ34_20050901_V2.0); and Lbrasiliensis, Leishmania braziliensis (brazil865f07.p1k).
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tion at 30 sites, suggesting the existence of a rich repertoire of
modifications and guide RNAs. This study led to the identification of 10 novel H/ACA RNAs and 14 C/D RNAs that were
not identified in T. brucei. Mapping of Nms in rRNAs suggested the existence of trypanosomatid-specific modifications
which are 95% conserved between T. brucei and L. major. For
the most part, the snoRNA clusters are syntenious, but the
number of cluster repeats is higher in L. major than in T.
brucei. Phylogenic analysis of the individual H/ACA-like sequences identified conserved structural features among these
entire molecules.
Comparative genomics between L. major and T. brucei
snoRNA clusters. For the most part, the repertoire of snoRNA
genes is conserved between T. brucei and L. major. However,
the snoRNA sequences described here and previously described for T. brucei represent only part of the estimated repertoire. Mapping of Nms in T. brucei revealed the existence of
an additional 52 novel Nms that were found mainly in domains
already rich in modifications. These modifications were reduced in cells depleted of fibrillarin by RNA interference,
suggesting that they are guided by C/D snoRNPs (S. Barth and
S. Michaeli, unpublished data). Among these modifications are
those conserved in plants, yeast, and mammals, suggesting that
snoRNAs that guide these modifications most probably exist.
Why were these snoRNAs not detected in the entire genomes of both L. major and T. brucei? Our search for T.

brucei snoRNAs was based on the identification of repeats,
using the SnoScan program and comparative genomics with T.
cruzi (24). This suggests that our screen was biased towards the
identification of repeated snoRNAs, but snoRNAs which are
not encoded in repeated clusters may also exist.
Finding these missing snoRNAs by either experimental or
computational strategies turned out to be complicated. Examining the scores of individual snoRNAs by SnoScan (http://lowelab
.UCSC.edu/snoscan) suggested that many known snoRNAs in
trypanosomes receive low scores, explaining why it is very difficult to find additional snoRNAs by performing a genome
search using this program. The finding of novel C/D snoRNAs
using such a genome-scale search seems to be a complicated
task because the conservation of these RNAs is relatively low
and exists only in the boxes and in the regions of complementarity to the targets (24, 38). Thus, we cannot rule out the
possibility of the existence of a novel family of guide RNAs
that contain consensus boxes which strongly deviate from the
C/D consensus and guide modifications present on rRNAs. A
program to search for H/ACA-like molecules in the T. brucei
genome is being developed (I. Myslyuk, Y. Horesh, S.
Michaeli, and R. Unger, unpublished results). There is great
hope that the identification of novel H/ACA RNA-containing
clusters will reveal some of the missing C/D snoRNAs as well,
since most snoRNA genes identified so far are present in
clusters that contain both H/ACA and C/D snoRNA genes.
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FIG. 4. Conservation of modified Nm nts on T. brucei and L. major rRNAs. Total RNAs from L. major and T. brucei were subjected to primer
extension using different concentrations of dNTPs (0.05, 0.5, and 5 mM) to detect the Nm modification. The primers used for this mapping were
specific to 5⬘ LSU rRNA (A) and 3⬘ LSU rRNA (B) (using oligonucleotides 1238 and 1217, respectively). Extension products were analyzed in
a 6% polyacrylamide–7 M urea gel next to DNA sequencing products. Sequencing was performed using plasmids containing T. brucei rRNA as
a template, with the same oligonucleotides as those used for primer extension. A partial DNA sequence is given on the left, and the modified nts
are denoted by asterisks. The nts that differ in L. major from T. brucei are circled. The stops representing 1 nt before the modified nts are indicated
on the right by arrows. The positions of the modified nts in T. brucei and L. major are indicated. The names of L. major snoRNAs that potentially
guide the modification are given in parentheses.

374

LIANG ET AL.

EUKARYOT. CELL

It is interesting that some C/D and H/ACA RNAs were
identified in L. major but not in T. brucei. Among these RNAs
are two snoRNAs with no predicted targets (Lm25Cs1C4 and
Lm35Cs2C3) and three snoRNAs that can potentially guide
modifications conserved in other organisms (LM30Cs1C2,
LM33Cs3C1, and LM18Cs1C2). Seven snoRNAs with no known
targets in T. brucei (Lm14Cs1C1, Lm35Cs2C2, Lm25Cs1C2,
Lm36Cs2C3, Lm26Cs2C1, Lm20Cs1C4, and Lm20Cs1C5) were
also identified and were found to be poorly expressed. In addition, we could not detect the predicted modifications on the
rRNA. These could represent pseudogenes, very weak modifications, or alternatively, snoRNAs which are developmentally regulated.
Factors that may affect the differential abundance of snoRNAs
present in Leishmania. The data presented in Fig. 5 and 6
highlight the observation already reported that the levels of
snoRNAs expressed from the same gene cluster can vary considerably (22, 23, 24). This raises a question regarding the
factors that affect the abundance of a certain snoRNA within
the cell. The transcriptional regulation of snoRNA genes cannot be disputed at this point, since a genomic region (⬃700 bp)
upstream of a snoRNA gene cluster enhances the expression of
snoRNA genes present on a multicopy plasmid (23). However,
we could not identify consensus sequences upstream of the
snoRNA clusters in either of these organisms. A rigorous experimental approach is needed to identify such sequences.
Interestingly, we recently identified snoRNAs whose levels are
enhanced in the bloodstream form of T. brucei compared to
the procyclic state, suggesting that snoRNA gene expression
might be developmentally regulated (Barth and Michaeli, unpublished data).
The expression of a snoRNA cluster can be influenced by its
location near a “real” promoter. Recently, it was shown that

promoter-like regions exist in L. major and are located in a
strand-switching region between two long polycistronic transcripts (27). Indeed, in one special case, i.e., LM5Cs1, which
carries SLA1, the cluster is located near an inflection point.
This location enhances the transcription of SLA1 and accompanying snoRNAs, and indeed these RNAs are the most abundant snoRNAs (except for U3). It will therefore be of interest
to examine the “strength” of this “promoter-like” element and
to compare it to sequences present upstream of other snoRNA
clusters which are not present at inflection points.
Most intriguing is the differential expression of snoRNA
genes present in the same cluster, as clearly demonstrated in
this study (Fig. 5 and 6). Transcription regulation cannot explain these differences, since these snoRNAs are processed
from the same transcripts. At least two factors may influence
the levels of such snoRNAs, namely, the efficiency of processing and the strength by which these snoRNAs bind their cognate binding proteins. To date, none of the factors that mediate snoRNA processing have been identified in trypanosomes.
The only study performed with L. collosoma suggests that 10
extragenic flanking nucleotides are sufficient to govern efficient
processing of the snoRNA (23, 45). Studies from mammals and
yeast suggest that base pairing of the 5⬘-3⬘-terminal stem of the
snoRNA coding sequence is required for the processing and
accumulation of box C/D snoRNAs (7, 15, 41, 44). However,
many intron-encoded box C/D snoRNAs expressed in mammalian cells or polycistronic snoRNAs in yeast lack the canonical 5⬘-3⬘-terminal helix (8). Studies on such snoRNAs indicated that the processing of these C/D snoRNAs is supported
by external intronic stem structures that are fully or partially
degraded during exonucleolytic cleavage (8). The trypanosome
C/D snoRNAs resemble such snoRNAs, lacking the 5⬘-3⬘ stem
but having, instead, extragenic flanking helices. However, the
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FIG. 5. Expression of selected snoRNAs. (A) Levels of C/D snoRNAs. Total RNA from L. major was subjected to primer extension using
primers specific to LM14Cs1C1, LM14Cs1C2, LM20Cs1C1, LM20Cs1C2, LM20Cs1C3, LM20Cs1C4, LM20Cs1C5, LM23Cs1C1, LM23Cs1C2,
LM23Cs1C3, LM26Cs1C1, LM26Cs1C3, and LM35Cs2C1. The level of snoRNA LM33Cs1H1 was used to control the amount of RNA in each
sample. Extension products were analyzed in a 6% polyacrylamide–7 M urea gel. (B) Levels of H/ACA-like snoRNAs. Total RNA from L. major
was separated in a 10% polyacrylamide–7 M urea gel. The RNAs were electroblotted and hybridized with probes complementary to LM26Cs1H1,
LM26Cs1H4, LM26Cs1H8, LM26Cs1H9, LM33Cs1H1, and LM33Cs2H1. The level of SL RNA was used to control for equal loading. The
numbers at the bottom indicate the copy numbers of the clusters.
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FIG. 6. Relationships among predicted secondary structure, K-turn
motif, and structural features of C/D snoRNAs to their expression
level. (A) C/D snoRNA secondary structures were predicted using the
mfold program (http://www.bioinfo.rpi.edu/applications/mfold/old/rna/).
Flanking sequences appear in small letters, and coding sequences
appear in large letters. The conserved C and D sequences are boxed
and indicated. The extragenic stem, K-turn motif, and intragenic stem
are indicated by arrows on the right. Noncanonical base pairing of the
K turn is indicated by a dashed line. (B) Schematic representation of
K-turn motifs. (a) Consensus motif of rRNA; (b) consensus motif of E.
gracilis snoRNA (E.g.) (32); (c) K turn from T. brucei snoRNA; (d) K
turn from L. major snoRNA. (C) Table summarizing the structural
features of C/D snoRNAs. The degree of expression is given in relative

numbers. The ⌬G values (kcal/mol) of the duplexes (external and
internal stems) were calculated using mfold. The copy numbers of the
genes are indicated. ⫹, C/D boxes which agree with the consensus
(cited in the text); ⫺, boxes that deviate from the consensus. The
degree of resemblance to the K-turn consensus was graded as follows:
⫺, strong deviation from the consensus; ⫹, partial resemblance to the
canonical structure; and ⫹⫹, cases that fully obey the consensus.
Expression levels were calculated using densitometric analysis and are
presented in arbitrary units (1 represents the snoRNA expressed at its
lowest level).
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data presented in Fig. 5A and 6C indicate that although the
external stems are thermodynamically favorable, no significant
correlation can be found between the abundance of the
snoRNA and the stability of the external duplex. Other structural factors, such as the presence of a canonical K turn and
conserved C and D boxes, also influence snoRNA abundance.
The conclusion from our analysis suggests that efficient expression of trypanosomatid snoRNAs takes place if the extragenic
flanking sequences of the snoRNAs form an extended stem
and/or the snoRNAs can form a canonical K turn with conserved boxes. None of these factors exclusively affects snoRNA
abundance. However, it is possible that regulatory sequences
situated in the flanking sequences or other structural factors
that were overlooked in this study affect snoRNA abundance.
The level of snoRNA may be governed by combinatorial effects
of all the factors discussed.
Even less is known about factors that affect the processing
and stability of H/ACA RNAs (20). The phylogenetic analysis
in Fig. 3 highlights the most important structural features of
these RNAs, which are the conserved AGA box, the distance
between the AGA box and ⌿, and the lengths of stem I and
part of stem II. These are the structural features that were
shown to dictate the in vitro binding of CBF5 to archaeal
H/ACA RNAs (3). The differential expression of H/ACA
RNAs present in the same cluster observed in this study may
result from the differential binding of CBF5 to the H/ACA
RNA molecule. In addition, the sequences flanking the coding
region may also affect snoRNA processing.
Conservation of rRNA Nm modifications among the trypanosomatids and their biological role. For the most part, the modifications mapped in L. major coincide with the modifications
present in T. brucei rRNAs, except for a few cases where the
modification was slightly shifted. As in T. brucei, the number
of Nms in L. major is almost double the number of pseudouridines. We previously suggested that the need for a large number of Nms may help the parasite to cope with growth at an
elevated temperature in its mammalian host (37°C) compared
to 26°C in the insect host (24). Support for this role of Nms in
trypanosomes was recently obtained when we observed an elevation in the level of certain modifications in bloodstreamstage T. brucei parasites compared to the procyclic stage (Barth
and Michaeli, unpublished data). It will be interesting to examine whether the level of modification is also higher in L.
major amastigotes than in promastigotes. Large numbers of
Nms were also reported for plants, and this finding was rationalized by the fact that plants are exposed to large temperature
changes, during which the ribosomes must be produced and
remain active. Interestingly, plants (6) and Euglena gracilis (31)
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7. Cavaillé, J., and J. P. Bachellerie. 1996. Processing of fibrillarin-associated
snoRNAs from pre-mRNA introns: an exonucleolytic process exclusively
directed by the common stem-box terminal structure. Biochimie 78:443–456.
8. Darzacq, X., and T. Kiss. 2000. Processing of intron-encoded box C/D small
nucleolar RNAs lacking a 5⬘,3⬘-terminal stem structure. Mol. Cell. Biol.
20:4522–4531.
9. Decatur, W. A., and M. J. Fournier. 2003. RNA-guided nucleotide modification of ribosomal and other RNAs. J. Biol. Chem. 278:695–698.
10. Dennis, P. P., A. Omer, and T. Lowe. 2001. A guided tour: small RNA
function in archaea. Mol. Microbiol. 40:509–519.

11. Dunbar, D. A., S. Wormsley, T. M. Lowe, and S. J. Baserga. 2000. Fibrillarinassociated box C/D small nucleolar RNAs in Trypanosoma brucei. Sequence
conservation and implications for 2⬘-O-ribose methylation of rRNA. J. Biol.
Chem. 275:14767–14776.
12. El-Sayed, N. M., P. J. Myler, D. C. Bartholomeu, D. Nilsson, G. Aggarwal,
A. N. Tran, E. Ghedin, E. A. Worthey, A. L. Delcher, G. Blandin, S. J.
Westenberger, E. Caler, G. C. Cerqueira, C. Branche, B. Haas, A. Anupama,
E. Arner, L. Aslund, P. Attipoe, E. Bontempi, F. Bringaud, P. Burton, E.
Cadag, D. A. Campbell, M. Carrington, J. Crabtree, H. Darban, J. F. da
Silveira, P. de Jong, K. Edwards, P. T. Englund, G. Fazelina, T. Feldblyum,
M. Ferella, A. C. Frasch, K. Gull, D. Horn, L. Hou, Y. Huang, E. Kindlund,
M. Klingbeil, S. Kluge, H. Koo, D. Lacerda, M. J. Levin, H. Lorenzi, T.
Louie, C. R. Machado, R. McCulloch, A. McKenna, Y. Mizuno, J. C. Mottram, S. Nelson, S. Ochaya, K. Osoegawa, G. Pai, M. Parsons, M. Pentony,
U. Pettersson, M. Pop, J. L. Ramirez, J. Rinta, L. Robertson, S. L. Salzberg,
D. O. Sanchez, A. Seyler, R. Sharma, J. Shetty, A. J. Simpson, E. Sisk, M. T.
Tammi, R. Tarleton, S. Teixeira, S. Van Aken, C. Vogt, P. N. Ward, B.
Wickstead, J. Wortman, O. White, C. M. Fraser, K. D. Stuart, and B.
Andersson. 2005. The genome sequence of Trypanosoma cruzi, etiologic
agent of Chagas disease. Science 309:409–415.
13. El-Sayed, N. M., P. J. Myler, G. Blandin, M. Berriman, J. Crabtree, G.
Aggarwal, E. Caler, H. Renauld, E. A. Worthey, C. Hertz-Fowler, E. Ghedin,
C. Peacock, D. C. Bartholomeu, B. J. Haas, A. N. Tran, J. R. Wortman, U. C.
Alsmark, S. Angiuoli, A. Anupama, J. Badger, F. Bringaud, E. Cadag, J. M.
Carlton, G. C. Cerqueira, T. Creasy, A. L. Delcher, A. Djikeng, T. M.
Embley, C. Hauser, A. C. Ivens, S. K. Kummerfeld, J. B. Pereira-Leal, D.
Nilsson, J. Peterson, S. L. Salzberg, J. Shallom, J. C. Silva, J. Sundaram, S.
Westenberger, O. White, S. E. Melville, J. E. Donelson, B. Andersson, K. D.
Stuart, and N. Hall. 2005. Comparative genomics of trypanosomatid parasitic protozoa. Science 309:404–409.
14. Ganot, P., M. L. Bortolin, and T. Kiss. 1997. Site-specific pseudouridine
formation in preribosomal RNA is guided by small nucleolar RNAs. Cell
89:799–809.
15. Huang, G. M., A. Jarmolowski, J. C. Struck, and M. J. Fournier. 1992.
Accumulation of U14 small nuclear RNA in Saccharomyces cerevisiae requires box C, box D, and a 5⬘,3⬘-terminal stem. Mol. Cell. Biol. 12:4456–
4463.
16. Ivens, A. C., C. S. Peacock, E. A. Worthey, L. Murphy, G. Aggarwal, M.
Berriman, E. Sisk, M. A. Rajandream, E. Adlem, R. Aert, A. Anupama, Z.
Apostolou, P. Attipoe, N. Bason, C. Bauser, A. Beck, S. M. Beverley, G.
Bianchettin, K. Borzym, G. Bothe, C. V. Bruschi, M. Collins, E. Cadag, L.
Ciarloni, C. Clayton, R. M. Coulson, A. Cronin, A. K. Cruz, R. M. Davies, J.
De Gaudenzi, D. E. Dobson, A. Duesterhoeft, G. Fazelina, N. Fosker, A. C.
Frasch, A. Fraser, M. Fuchs, C. Gabel, A. Goble, A. Goffeau, D. Harris, C.
Hertz-Fowler, H. Hilbert, D. Horn, Y. Huang, S. Klages, A. Knights, M.
Kube, N. Larke, L. Litvin, A. Lord, T. Louie, M. Marra, D. Masuy, K.
Matthews, S. Michaeli, J. C. Mottram, S. Muller-Auer, H. Munden, S.
Nelson, H. Norbertczak, K. Oliver, S. O’Neil, M. Pentony, T. M. Pohl, C.
Price, B. Purnelle, M. A. Quail, E. Rabbinowitsch, R. Reinhardt, M. Rieger,
J. Rinta, J. Robben, L. Robertson, J. C. Ruiz, S. Rutter, D. Saunders, M.
Schafer, J. Schein, D. C. Schwartz, K. Seeger, A. Seyler, S. Sharp, H. Shin,
D. Sivam, R. Squares, S. Squares, V. Tosato, C. Vogt, G. Volckaert, R.
Wambutt, T. Warren, H. Wedler, J. Woodward, S. Zhou, W. Zimmermann,
D. F. Smith, J. M. Blackwell, K. D. Stuart, B. Barrell, and P. J. Myler. 2005.
The genome of the kinetoplastid parasite, Leishmania major. Science 309:
436–442.
17. Kiss, T. 2002. Small nucleolar RNAs: an abundant group of noncoding
RNAs with diverse cellular functions. Cell 109:145–148.
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