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The high degree of rRNA pseudouridylation in Drosophila melanogaster
provides a good model for studying the genomic organization, structural
and functional diversity of box H/ACA small nucleolar RNAs
(snoRNAs). Accounting for both conserved sequence motifs and second-
ary structures, we have developed a computer-assisted method for box
H/ACA snoRNA searching. Ten snoRNA clusters containing 42 box
H/ACA snoRNAs were identified from D. melanogaster. Strikingly, they
are located in the introns of eight protein-coding genes. In contrast to the
mode of one snoRNA per intron so far observed in all animals, our results
demonstrate for the first time a novel polycistronic organization that
implies a different expression strategy for a box H/ACA snoRNA gene
when compared to box C/D snoRNAs in D. melanogaster. Mutiple iso-
forms of the box H/ACA snoRNAs, from which most clusters are
made up, were observed in D. melanogaster. The degree of sequence simi-
larity between the isoforms varies from 99% to 70%, implying duplication
events in different periods and a trend of enlarging the intronic snoRNA
clusters. The variation in the functional elements of the isoforms could
lead to partial alternation of snoRNA’s function in loss or gain of rRNA
complementary sequences and probably contributes to the great diversity
of rRNA pseudouridylation in D. melanogaster.
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Introduction

In eukaryotes, a myriad of small nucleolar RNAs
(snoRNAs) are enriched in the nucleoli in the form
of small nucleolar ribonucleoprotein particles
(snoRNPs).1,2 Except for RNase MRP, all snoRNAs
fall into two major families, i.e. box C/D and box
H/ACA snoRNAs, on the basis of common
sequence motifs and structural features.3 A large
number of snoRNAs characterized so far are box
C/D snoRNAs that share two conserved motifs,
the 50 end box C (RUGAUGA) and the 30 end box
D (CUGA); whereas the box H/ACA snoRNAs
exhibit a common hairpin-hinge-hairpin-tail
secondary structure with the H (ANANNA) motif

in the hinge region and an ACA triplet that is
always three nucleotides from the 30 end of the
molecule.4 Several snoRNAs, such as U3, snR30
and RNase MRP, are required for specific cleavage
of pre-rRNAs.1 However, the majority of box C/D
snoRNAs function as guides for site-specific 20-O-
ribose methylation and most box H/ACA snoRNAs
as guides for pseudouridylation in the post-
transcriptional processing of diverse RNAs, such
as rRNAs,5,6 snRNAs1,7 and even tRNA.8

During the last decade, research on snoRNAs
has provided new, often quite unexpected, infor-
mation about their genomic locations that has
challenged some established principles on eukary-
otic gene organization and expression. So far as
we know, the genomic organization of snoRNAs
has shown greatest diversity among eukaryotes.
In the budding yeast Sacharomyces cerevisiae,
most snoRNAs are independently transcribed as a
monocistronic unit from their own promoters.9
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However, the vast majority of animal snoRNAs, as
well as a small fraction of yeast snoRNAs, are
nested within introns of protein-coding genes,10,11

demonstrating an alternative pathway of matu-
ration of snoRNAs and showing the important
role of the introns in the expression of genetic
information. This observation has been further
emphasized by the characterization of some non-
coding RNA genes that are exclusively transcribed
for the expression of intronic snoRNAs.11,12

Another genomic organization is the snoRNA
gene cluster that was first discovered in plants13,14

and then, intronic snoRNA clusters were found
in prevalence in the rice genome.15,16 Although
the snoRNA cluster has also been found in
yeasts9,17 and protozoa,18 this polycistronic
organization of snoRNA has never been reported
in metazoa.

The degree of rRNA pseudouridylation in
Drosophila melanogaster is the highest among all

Table 1. The 47 box H/ACA snoRNAs in the introns of eight host genes from D. melanogaster

snoRNA Len (nt) Chr
rRNA target

Location Host gene
50 Hairpin 30 Hairpin

C28S-1135a 148 X 28 S C1135 2nd Intron snoRNA host gene I
C28S-1135b 145 28 S C1135 (ribosomal protein S5 gene)
C28S-1135c 143 28 S C1135
C28S-1135d 142 28 S C483 28 S C1135
C28S-1135e 151 28 S C1135
C28S-1135f 151 28 S C1135
C18S-1854a 139 18 S C1854 18 S C1937
C18S-1854b 139 18 S C1854 18 S C1937
C18S-1854c 140 18 S C1854 18 S C1937
C28S-2876(snoR825) 140 28 S U2876 3rd Intron
C28S-1192a 140 28 S C1192 28 S C2533 4th Intron
C28S-1192b 138 28 S C1192
C28S-1192c 134 28 S C1192
C28S-1192d 135 28 S C1192

C28S-2626 142 3R 28 S C2626 3rd Intron snoRNA host gene II
C18S-1377a(snoR328) 139 18 S C1279 18 S C1377 (ribosomal protein S7 gene)
C18S-1377b 138 18 S C1279 18 S C1377
C18S-1377c 137 18 S C1279 18 S C1377
C18S-1377d 136 18 S C1279 18 S C1377
C18S-1377e 137 18 S C1279 18 S C1377
C28S-2149(snoR143) 144 28 S U2149

C28S-3316a 132 2R 28 S C3316 4th Intron snoRNA host gene III
C28S-3316b 141 28 S C3316 (Dom gene)
C18S-841a(snoR66) 144 18 S C841
C28S-3378 150 28 S C3378 6th Intron
C28S-3316c 133 28 S C3316 7th Intron
C28S-3316d 132 28 S C3316 28 S U584
C28S-3316e 132 28 S C3316 28 S U584
C18S-841b 138 18 S C841
C18S-841c 133 18 S C841
C18S-841d 138 18 S C841

C28S-1232 141 X 28 S U1232 1st Intron snoRNA host gene IV
C28S-1060 150 28 S C1060 2nd Intron (ribosomal protein L17 gene)
C28S-3436a(snoR708) 141 28 S C3436
C28S-3436b(snoR75) 143 28 S C3436

C28S-1837a(snoR14) 137 3L 28 S C1837 28 S C3801 4th Intron snoRNA host gene V
C28S-1837b 137 28 S C1837 28 S C2938 (proliferation-associated protein gene)
C28S-1837c 139 28 S C1837 28 S C2938
C18S-1397 141 18 S C1397 6th Intron

C18S-1347a 137 2R 18 S C1347 28 S C1313 2nd Intron snoRNA host gene VI
C18S-1347b 143 18 S C1347 (poly(A)-binding protein gene)
C18S-1347c(snoR203) 146 18 S C1347 28 S C1313

C28S-3327a 140 3L 28 S C3327 18 S U1920 4th Intron snoRNA host gene VII
C28S-3327b 140 28 S C3327 18 S U1920 (ribosomal protein S4 gene)
C28S-3327c(snoR586) 140 28 S C3327 18 S U1920 5th Intron

C28S-2719(snoR734) 145 X 28 S C2719 2nd Intron snoRNA host gene VIII
C18S-531 152 18 S C531 28 S C1850 (ribosomal protein L22 gene)

All snoRNAs are named after the coordination of their rRNA pseudouridylation sites, and the isoforms of each snoRNA are
denoted by a, b, c, etc. snoRNAs previously identified by Yuan et al.20 are indicated by their names in parentheses. C represents
rRNA pseudouridine sites that are conserved in S. cerevisiae and/or mammals,22 and the known rRNA pseudouridine bases deter-
mined previously19 or mapped here. U denotes a predicted pseudouridine site that has not been confirmed experimentally.

670 Intronic Box H/ACA snoRNA Gene Clusters



Figure 1 (gene I) (legend on p.675)
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organisms,19 which provides a good model for
studying the diversity of box H/ACA snoRNAs
and their genomic organization. A recent study
of experimental RNomics in D. melanogaster has
identified 20 box H/ACA snoRNAs that were
predicted for about 30 pseudouridylation sites in
rRNAs and snRNAs.20 However, it seems that
about 100 pseudouridylation sites are located in
D. melanogaster rRNAs, and more than half of the
box H/ACA snoRNAs remain to be found in this
organism. Here, we searched for box H/ACA
snoRNAs in D. melanogaster with a computer-
assisted method, and subsequently identified ten
novel box H/ACA snoRNAs with their numerous
isoforms. Interestingly, a novel polycistronic
organization of the box H/ACA snoRNAs was
discovered. The results demonstrate the utilization
of different strategies for the expression of two
classes of snoRNA genes in D. melanogaster.

Results

Identification of ten intronic box H/ACA
snoRNA gene clusters from D. melanogaster

Accounting for the conserved secondary struc-

tures, we have developed a computer-assisted
method for box H/ACA snoRNA searching. The
program searches for the candidates, ranging
in size from 120 to 160 nt, that exhibit the
hairpin-hinge-hairpin-tail structure with a box H
(ANANNA) in the hinge region and box ACA
(ACA or AUA) in the tail, and display an rRNA
complementarity of at least 9 nt in the internal
loop of the hairpin domain. The analytical
approach was applied to all the intron sequences
of eight protein-coding genes of D. melanogaster,
from which ten box H/ACA snoRNA genes had
been identified.20 To our surprise, in addition to
known snoRNAs, many new box H/ACA snoRNA
candidates were also discovered in these introns.
After sequence analyses, a total of 47 snoRNA
coding regions corresponding to 19 different
box H/ACA snoRNAs were identified from 15
introns of the host genes, respectively (Table 1 and
Figure 1). Among the 19 snoRNAs, ten novel
snoRNAs with 24 isoforms were first identified
here. Notably, ten intronic clusters containing 42
snoRNA variants were characteristic of the genomic
organization of the box H/ACA snoRNAs in
D. melanogaster. The clusters are mainly formed by
isoforms of the same snoRNA species, while the
gene content of the clusters varies largely from

Figure 1 (geneII) (legend on p.675)
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two to nine snoRNAs. Probably because of modest
intron sizes in the fly, the clusters appear very com-
pact. Intergenic spacers between the snoRNA
genes are usually 20–40 nt but in some cases the
short ones are less than ten nucleotides and a long
spacer of 700 nt is also observed in host gene VIII.
Among the eight host genes, five are ribosomal
protein genes. All introns of snoRNA hosts possess
standard boundary signals, i.e. GU at the 50 end
and AG at the 30 end. The distance from the last
snoRNA genes in the clusters to the 30 end of the
introns is at least 55 nt, slightly different from the
71–80 nt that is important for the processing of
intronic snoRNAs in mammals.21 On the other
hand, the sequences between the first snoRNA

gene in the cluster and the 50 end of the intron are
relatively short, many are less than 50 nt.

Positive detection of the ten novel H/
ACA snoRNAs

Ten oligonucleotides were designed and synthe-
sized according to the coding regions of ten
corresponding snoRNAs, i.e. C28S-2626, C28S-
3316, C28S-1060, C28S-1135, C18S-531, C18S-1854,
C28S-1192, C18S-1397, C28S-3378 and C28S-1232,
which were newly identified in this analysis. As
shown in Figure 2A, all the target snoRNAs were
positively detected by Northern blotting with the
labeled probes. In each case, a unique and strong

Figure 1 (gene III) (legend on p.675)
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band was revealed under stringent conditions of
hybridization and the size of each snoRNA was
satisfactorily detected as expected. The 50 end of
the snoRNAs was further mapped by reverse
transcription assays with the same labeled oligo-
nucleotide. In most cases, a major cDNA product
was obtained for each snoRNA (Figure 2B). The 50

end of each snoRNA is essentially homogenous
and is at the position predicted. Particularly in the
case of C28S-1135, the mapping assay revealed
two bands that correspond in fact to two isoforms
varying in length as expected for 151 nt and
142 nt, respectively.

To investigate the expression of different iso-
forms in the same intron, four oligonucleotides
specific to C28S-1192a, C28S-1192b, C28S-1192c
and C28S-1192d were designed and used to
identify each isoform in total cellular RNA. The
results of reverse transcription demonstrated
that the polycistronic precursor from host gene IV
was correctly processed to release four
individual snoRNAs as expected (Figure 2C). In
some cases, higher molecular mass bands corre-
sponding to the polycistronic precursor were
observed in the reverse transcription of snoRNAs
(Figure 2D).

Figure 1 (genes IV and V) (legend opposite)
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Analysis of pseudouridylation sites predicted
by the novel box H/ACA snoRNAs

In addition to nine snoRNAs whose functions
have been described,20 ten novel box H/ACA
snoRNAs were predicted to guide 15 pseudo-
uridylation sites (Figure 3) according to the
relationship between the structure and function of
this snoRNA gene family.4 Among the 15 pseudo-
uridylation sites, seven, i.e. C1060, C1135, C1192,

C2533, C2626, C3316 and C3378 in 28 S rRNA
have been experimentally verified by Ofengand
et al.19 In addition, two pseudouridylation sites,
C531 and C1397 in 18 S rRNA, are conserved
in the yeast Saccharomyces cerevisiae and/or
mammals.22 Furthermore, the isoforms of nine
known snoRNAs were further analyzed and pre-
dicted to guide four novel pseudouridylation sites
based on their functional elements that are absent
from other isoforms (Figure 3B).

Figure 1. The sequences of ten
intronic box H/ACA snoRNA gene
clusters from D. melanogaster. Exons
are in capital letters; introns are
in lower case. The coding regions
for snoRNAs are shaded, and box
H/ACA are boxed.
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Figure 2. Positive detection and mapping of 50 end of novel snoRNAs. A, Northern blot analyses. Aliquots of 30 mg
of total cellular RNA were separated in each lane and hybridized with the labeled oligonucleotide probes described
in Materials and Methods. Lane M, molecular mass markers (pBR322 digested with HaeIII and 50-end-labeled with
[g-32P]ATP). B, Reverse transcription analyses of ten novel snoRNAs with the same primers as Northern blots.
C, Reverse transcription analyses of the expression of four isoforms C28S-1192 in the intron 4 of snoRNA host gene I
by primers specific to each isoform. These primers are complementary to the divergent regions of 30 end of each
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CMC-alkali-treated D. menalogaster RNA was
applied to determine the new rRNA pseudouridyl-
ation sites. Six sites, C1854, C1937 in 18 S rRNA
and C483, C1837, C1850, C2938 in 28 S rRNA,
were precisely mapped (Figure 4). However,
U1232 in 28 S rRNA, a pseudouridylation site pre-
dicted by C28S-1232, was found to be unmodified
while two known pseudouridylation sites, C1227,
C1240, were clearly shown in the same assay
(Figure 4E). In addition, two pseudouridylations,
C1347 in 18 S rRNA and C3801 in 28 S rRNA, pre-
dicted by Yuan et al.20 were also determined in the
primer extension. For some unknown reason, the
extension of primer Dm28S584, which was applied
to analyze C584 in 28 S rRNA, failed to show any
results (data not shown).

Large number of box H/ACA snoRNA isoforms
in D. menalogaster

Multiple isoforms of the box H/ACA snoRNA
genes were identified from the D. menalogaster
genome. Of the 19 different box H/ACA snoRNA
genes, ten have at least one variant (Table 1). For
example, C18S-1377 has five isoforms in the same
intron, while five isoforms of C28S-3316 are distri-
buted in the two introns of host gene III. Evidently,
multiple isoforms of one snoRNA gene are fre-
quently found within one intron, suggesting the
important role of local duplications for the cluster
formation. The sequence alignment of six C28S-
1135 isoforms and three C18S-1854 isoforms clearly
demonstrates the duplication of the two snoRNA
genes, especially in the three regions. They all
consist of different isoforms of C28S-1135 and
C18S-1854, in the second intron of host gene I
(Figure 5). The degree of sequence similarity
between the isoforms varies from 99% to 70%,
implying the duplication events in different
periods and a trend of enlarging the intronic
snoRNA clusters.

In many cases, although mutations including
insertions or deletions had occurred frequently,
the secondary structures of the isoforms remained
unchanged and the isoforms kept in common at
least one functional element. Interestingly, the
accumulation of mutation in the isoforms would
lead to partial alternation of snoRNA’s function in
loss or gain of rRNA complementary sequences.
For example, the variations in the 50-hairpin of
28 SC1135d and 30-hairpin of 28 SC1192a result in
novel complementary sequences for 28 S rRNA at
U483 and U2533 pseudouridylation, respectively.
On the other hand, the sequence variation among

the isoforms can also cause the loss or change of
the guide sequence for rRNA pseudouridylation,
such as the 30-hairpin of 18 SC1347b and
28 SC1837a (see Table 1).

Discussion

Ten intronic snoRNA gene clusters were identi-
fied from D. melanogaster in this study, demon-
strating for the first time a novel polycistronic
organization of snoRNA genes in animals. In fact,
all intronic snoRNA gene clusters identified so far
from plants consist of homogeneous box C/D
snoRNA genes with few exceptions, such as the
rice hsp70 gene where two box H/ACA snoRNA
genes are mixed with four other box C/D snoRNA
genes in the first intron of the host.15 Here, we
show homogeneous box H/ACA snoRNA gene
clusters without any intervening box C/D
snoRNA. Therefore, the intronic box H/ACA
snoRNA gene clusters are first demonstrated not
only in D. melanogaster but also in eukaryotes.
Up to now, more than 30 box C/D snoRNA gene

variants including three methylation guides for
snRNA and five orphan guides with unknown
target have been identified from D. melanogaster
(GenBank accession number U40615 for Z1 and
AJ010684 for Z5 sno(RNA)).20,23 Similar to
mammals, all the methylation guide snoRNAs
characterized so far in D. melanogaster are intron-
encoded and arranged strictly in the mode of one
snoRNA per intron. For example, DUHG1, a
human UHG-like non-coding RNA gene in
D. melanogaster, encodes 16 box C/D snoRNAs
in their 16 introns, respectively (Figure 6),
representing an outstanding gene organization
and expression strategy for the C/D snoRNA gene
family in D. melanogaster.24 Interestingly, we
have shown that box H/ACA snoRNAs in
D. melanogaster possess a different genomic organ-
ization, that is, intronic gene clusters. A typical
case is snoRNA host gene I, in which 14 box
H/ACA snoRNA genes are nested within three
introns of a ribosomal protein gene RpS5. Among
47 snoRNAs analyzed here, 42 were found in
the intronic clusters. The high proportion of box
H/ACA snoRNAs in the intronic clusters suggests
that this kind of gene organization may be preva-
lent in the D. melanogaster genome. The polycistronic
snoRNAs in an intron imply a processing mecha-
nism that involves both endonucleolytic and
exonucleolytic cleavages, substantially different
from processing a singleton of intronic snoRNA

isoform, respectively. The sequence of the primer for C28S-1192a is completely different from the three others, and
there are at least six nucleotide differences among the primers for C28S-1192b, C28S-1192c and C28S-1192d. D, Detec-
tion of a polycistronic snoRNA precursor in the reverse transcription of total RNA. Lane P, reverse transcription with
primer PC28S-1837b, which is specific antisense to the 30 end of C28S-1837b. Lane M, molecular mass markers. I1
and I2 indicate cDNA bands from mature C28S-1837b and the precursor containing two box H/ACA snoRNAs,
respectively, as illustrated below.
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Figure 3. Predicted pseudouridylation guide duplex between snoRNAs and rRNAs. The snoRNA sequences in a 50

to 30 orientation are shown in the upper strands, while rRNA sequences in a 30 to 50 orientation are shown in the
lower strands. The two sequence motifs are boxed and the upper parts of the hairpins are represented by continuous
lines. The positions of pseudouridine bases are indicated by numbers. C represents rRNA pseudouridine sites that
are conserved in S. cerevisiae and/or mammals,22 and the known rRNA pseudouridine bases determined previously19

or mapped here. U denotes a predicted pseudouridine site that has not been confirmed experimentally. Only one iso-
form is shown if the snoRNA has more isoforms. A, Pseudouridylation sites predicted by novel snoRNAs. B, Four
novel sites predicted from isoforms of snoRNAs identified previously.
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(Figure 6).14,17 The adoption of different organiz-
ations and expression strategies for the snoRNA
genes may reflect intrinsic differences in gene regu-
lation and functional evolution between the two
classes of snoRNAs in D. melanogaster. It is worth
noting that most intronic snoRNAs are produced by
a splicing-dependent processing pathway involving
exonucleolytic trimming of the debranched lariat.25

However, another minor, splicing-independent
mode for intron-encoded box C/D snoRNAs has
been found in yeast and mammals,26–28 suggesting
the complexity of intronic snoRNA biogenesis in
eukaryotes. In Figure 6, we describe a splicing-

dependent pathway for snoRNA release from host
introns, but the possibility that the pre-mRNA is a
substrate of endonucleolytic cleavage, particularly,
when the splicing efficiency is reduced in the
organism, cannot be ruled out.
Although endonucleolytic activity is absolutely

necessary for processing the polycistronic tran-
script of snoRNAs, diverse endonuclease(s) may
be involved in the maturation of the snoRNA.
Endonuclease RNase III that recognizes a strong
potential secondary structure has been proved to
play a key role for processing the polycistronic
transcript of snoRNAs in the budding yeast.17,29

Figure 4. Mapping of rRNA pseudouridylation sites predicted by the novel snoRNAs. Lane 1, reverse transcription
with CMC-treated total RNA; lane 2, reverse transcription reaction with CMC-untreated total RNA. Lanes A, C, G
and T, the rDNA sequence ladder; positions of pseudouridine residues are indicated by arrows. Pseudouridylation
sites boxed are predicted in this work, and those without boxes were previously identified by Ofengand and Bakin.19
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Recently, dicistronic tsnoRNA, a heterogeneous
cluster consisting of a box C/D snoRNA and
tRNA, was found in plants.30 Dicistronic precur-
sors transcribed from the cluster were processed
by endonuclease RNase Z that specifically recog-
nizes 30 ends of tRNAs, instead of intergenic
sequences which were less than ten nucleotides
between the two RNAs.30 Intergenic spacers
between the box H/ACA snoRNA genes in
D. melanogaster are remarkably short and rich in A
and T, so they can hardly form secondary struc-
tures similar to those that are involved in RNase

III cleavage. Furthermore, the analysis of
sequences reveals no conserved element among 33
intergenic spacers from the snoRNA genes. It is
very likely that the processing signals recognized
by endonuclease are not in the intergenic spacer
regions but in box H/ACA snoRNAs, especially
in the high structure of the snoRNAs. Endo-
nuclease that is involved in the processing of
polycistronic transcripts of box H/ACA snoRNAs
may contribute to the amplification of intronic
clusters of this snoRNA family and the high diver-
sity of rRNA pseudouridylation in D. melanogaster.

Figure 5. Duplication of snoRNA-coding region in the second intron of snoRNA host gene I. A, snoRNA genes are
represented by boxes. Three duplication regions for two snoRNA genes are indicated. B, Sequence alignment of the
duplication regions. snoRNA genes are in upper-case letters and indicated by arrowheads. Nucleotide identities are
denoted by hyphens and those absent from either sequence by asterisks.
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Materials and Methods

Computational search for box H/ACA in the
D. melanogaster genomic database

Complete sequences of eight D. melanogaster genes,
CG8922, CG1883, CG9696, CG3203, CG10576, CG5119,
CG11276 and CG7434, were obtained from the
Flybase.31 All the intron sequences in the genes were
analyzed by using our computer program that takes
into account both the sequence motifs and secondary
structures in box H/ACA snoRNAs. The search for
isoforms of the snoRNAs in the D. melanogaster gen-
ome was performed by using BLAST32 and FASTA33

programs. Sequence alignments and comparison of
snoRNAs were performed by using Clustal X 1.8
and DNAstar packages.

RNA extraction and analyses

Fresh wild-type D. melanogaster larva were cultured
and collected for the RNA extraction. Total cellular
RNA was isolated and purified according to the method

of guanidine thiocyanate/phenol/chloroform.34 An
aliquot of 30 mg of total RNAs was analyzed by electro-
phoresis on 8% (w/v) acrylamide/7 M urea gels.
Electrotransfer onto nylon membrane (Hybond-N þ ;
Amersham) was followed by UV irradiation for five
minutes. Hybridization with 50-labeled probes was per-
formed as described.23 Reverse transcription was carried
out in a 20 ml reaction mixture containing 20 mg of
D. melanogaster total RNA and 20 ng of 50-labeled primer
in the presence of 500 mM dNTPs. After denaturation at
65 8C for five minutes, the mixture was cooled to 42 8C
for ten minutes, and then 200 units of MMLV reverse
transcriptase (Promega) was added and incubated at
42 8C for 60 minutes. The cDNA synthesized by reverse
transcription was analyzed by electrophoresis on 8%
acrylamide/7 M urea gels.

Mapping of ribose pseudouridylation by CMC-primer
extension method

Mapping of D. melanogaster ribosomal pseudouridines
was performed essentially as described by Bakin and
Ofengand.35 The D. melanogaster 28 S and 18 S rDNA

  

 

 

  

Figure 6. Different gene organizations and expression strategies for the two classes of snoRNAs in D. melanogaster.
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were amplified by PCR with the primer pairs Dm28SL1/
Dm28SR1, Dm28SL2/Dm28SR2 and Dm18SL/Dm18SR,
then cloned into the SmaI site of plasmid pUC18. An
rDNA sequence ladder was prepared with the same
primer used for rRNA pseudouridylation mapping and
run in parallel with the reverse transcription reaction as a
molecular mass marker.

Oligodeoxynucleotides

Oligonucleotides were synthesized and purified by
Sangon Co. (Shanghai, China). The sequences of oligo-
nucleotide probes and primers used for Northern
blotting and reverse transcription were as follows:
50-GCAGGACCGCAATGGCTTCT-30 (PC28S-2626); 50-GCT
ATTGTGAGGATTGATTTTGC-30 (PC28S-3316); 50-GCG
AGATTTTAGAAGA GGGCGTC-30 (PC28S-1060);
50-TTAAATTCCAGGAGAGCGGG-30 (PC28S-1135);
50-TAGAACAGAGAGCCCAAATAAAGAA-30 (PC18S-
531); 50-TTTATTAAGGTTGCAT TTTTGAGG-30 (PC18S-
1854); 50-TTTCTCGTGTGCATTAGACTGAT-30 (PC28S-
1192c); 50-CCACACTGAGGCAACTGCTGAA-30 (PC18S-
1397); 50-GCTCTGGTTTAGTATGC GGC-30 (PC28S-3378);
50-CGAAATCCATTGAAAACTGTCTAA-30 (PC28S-1232);
50-TTCACGAAATTGACACAGTTTCTA-30 (PC28S-1837b).
The following oligonucleotides were used for identifi-
cation of C28S-1192 isoforms: 50-GTCACTAGAAGGAA
GAAA AGAGC-30 (PC28S-1192a); 50-GTGTGCATAGG
ACA GTTAAGTGG-30 (PC28S-1192b); 50-TTTCTCGTGT
GC ATTA GACTGAT-30 (PC28S-1192c); 50-CTCATGTGC
AT TGAACTAAGCAAT-30 (PC28S-1192d). Primers used
for rRNA pseudouridylation mapping were as follows:
50-AACCAGACAAATCGCTCCAC-30 (Dm18S1347); 50-AA
ACAACCGTAACACGCAAGG-30 (Dm18S1854); 50-TGA
TCCTTC CGCAGGTTCACC-30 (Dm18S1937); 50-CAAT
GTCCTTATATGGAAAAAATGC-30 (Dm28S483); 50-CAC
TGTAATCATATAAATCTATCAGCACTT-30 (Dm28S584);
50-GATCT TCATATCAAGAAAGTTAAGGTTC-30

(Dm28S1232); 50-TTTATGGTCGTTCCTGTTG CC-30

(Dm28S1850); 50-CGTTTTATTAAAGAATTTGTTTGCG-
30 (Dm28S2938); 50-ACCACTTACAACACCTTGCCTG-30

(Dm28S3801). Primers used for PCR of D. melanogaster
28 S and 18 S rDNA were: 50-GGTTATGTTATTATTCTT
CGTTGGTT-30 (Dm28SL1); 50-AATTCGCTTTGTTTATAT
AGTTAGGC-30 (Dm28SR1); 50-GCCTAACTA TATAAAC
AAAGCGAATT-30 (Dm28SL2); 50-AATTGATGACGAG
CTGTTTGG-30 (Dm28 SR2); 50-TGGTTGATCCTGCCAG
TAGTTAT-30 (Dm18SL); 50-AACCCATCTTCGTTTTA
TTTTGA-30 (Dm18SR). The primers and probes used
in reverse transcription and rDNA sequencing were 50-
end-labeled with [g-32P]ATP (Yahui Co.) and submitted
to purification according to standard laboratory proto-
cols as described.36

Database accession codes

All snoRNA gene sequences identified in this study
have been deposited in the EMBL database under
accession numbers from AJ629193 to AJ629216 and from
AJ629256 to AJ629278.
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