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ABSTRACT

Based on the analysis of structural features and
conserved elements, 27 novel shoRNA genes have
been identified from rice. All of them belong to the
C/D box-containing snoRNA family except for one
that belongs to the H/ACA box type. The newly
found genes fall into six clusters that comprise at
least three snoRNA genes, and in one case as many
as nine genes. Interestingly, four of the six clusters
are located within the largest intron of a protein cod-
ing gene. The majority of intronic snhoRNA gene
clusters are simply formed by multiple copies of the
same species of snhoRNA gene that possess the
identical functional elements. This implies a pos-
sible mechanism of duplication for the origin of
repeating snhoRNA coding regions in one intron.
However, a few intronic shoRNA gene clusters con-
sisting of different snoRNAs species were also
observed. Polycistronic precursors from two inde-
pendently transcribed clusters were demonstrated
by RT-PCR and individual snoRNAs processed
from the polycistronic precursors were positively
determined by reverse (transcription assay.
Analyses of the intergenic spacers in the clusters
showed that, in addition to a very high AT content,
the processing signals in rice snoRNA polycistronic
transcripts might be different from those of yeast.
Our results demonstrate that, in both plants and
mammals, humerous snoRNAs can be produced
simultaneously from an mRNA precursor of a host
gene despite the different arrangements. The intro-
nic snoRNA gene cluster is a novel gene organ-
ization, which is so far unique to plants. The
conservation of intronic shoRNA gene clusters in
plants was further demonstrated by the study of a
similar snoRNA gene organization in the first
intron of a Hsp70 gene from wild rice and Zizania
caduciflora.

DDBJ/EMBL/GenBank accession nos*

INTRODUCTION

Small nucleolar RNAs (snoRNAs) play an important role in
ribosome biogenesis (1). Since the 1990s, a myriad of
snoRNA genes have been identified and characterized in a
wide range of eukaryotes, from yeast to mammals (2), and
recently snoRNA homologs have also been found in Archaea
(3-5). Besides RNase MRP, the vast majority of snoRNAs fall
into two families, which can be distinguished on the basis of
common sequence motifs and structural features (6,7). Many
snoRNAs share the conserved 5’-end C box (consensus
sequence UGAUGA) and 3’-end D (CUGA) boxes (1,3).
The rest possess a common hairpin—hinge—hairpin—tail
secondary structure in addition to the H box (AnAnnA) in
the hinge region and an ACA motif 3 nt from the 3’-end of the
molecule (6,9). As to their diverse functions, several
snoRNAs, such as U3, MRP, Ul4, U8, U22, snR10 and
snR30, have been shown to play key roles in rRNA processing,
leading to production of mature 18S, 5.8S and 28S rRNAs in
both vertebrates and yeast (10—12). The majority of C/D box
snoRNAs act as guides for site-specific 2’-O-ribose methy-
lation (7,13,14), while the H/ACA box snoRNAs are respon-
sible for pseudouridylation of rRNA (15,16). Moreover, recent
findings have indicated that some snoRNAs target snRNAs or
cellular RNAs instead of rRNAs (17-20). In addition to their
diverse potential functions, studying snoRNAs is of special
interest because of their diverse genomic organizations and the
corresponding expression modes, which vary among different
organisms. In vertebrates, most snoRNAs are intron-encoded
by protein coding genes (1,21). Although a few intronic
snoRNAs also exist in yeast, the majority of them are
independently transcribed under their own promoters; clus-
tered snoRNA genes driven by a single promoter were
reported in a couple of cases (1,22,23). In both vertebrates and
yeast, an intron of a host gene encodes, at most, a single copy
of a snoRNA. Examples of such an organization, in particular,
are vertebrate U22 host genes (UHG), which contain a
different snoRNA gene (U22 and U25-U31) in each intron,
but whose spliced mRNA lacks an open reading frame (24).
The presence of only a single snoRNA coding region per
intron is important for both vertebrate and yeast because
processing of intronic snoRNAs in these organisms is largely
splicing dependent (11,25) and involves exonucleolytic
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trimming of linearized snoRNA-containing intron lariats
(25,26). In contrast to yeast and vertebrates, a distinct feature
of snoRNA organization in plants is the prevalence of
snoRNA gene clusters (27-29) that require endonucleolytic
cleavage in a splicing-independent processing pathway (30).
The early study of five clusters in maize (27,28) first revealed
this gene organization and its expression mode, which is
further demonstrated by recent research on Arabidopsis
thaliana (29,31,32). Over 50% of the snoRNAs identified
from A.thaliana are organized in clusters and transcribed
independently from their own promoters. In contrast, as we
have previously reported, a cluster containing six snoRNAs is
nested in the first intron of the rice Hsp70 gene (33; L.-H.Qu,
L.Zhong and H.Zhou, unpublished results). Clustered
snoRNA genes in a single intron have not been reported
from yeast and mammals to date. One can therefore ask
whether this is a general phenomenon in plants or merely an
anomaly encountered by chance. Here, we have taken
advantage of our earlier observation that an intronic
snoRNA gene cluster was found in rice. With the Rice
Genome Project, a large number of rice DNA sequences have
now been documented. The relatively large, complex genome
of rice is expected to reveal more information than that of
A.thaliana. In this study, we report six novel snoRNA gene
clusters from rice. Notably, four of them were found located
within introns of protein-coding genes. The structural features
and conservation of this gene organization in plants was
analyzed and is discussed here.

MATERIALS AND METHODS
Search of the database

The Oryza sativa DNA database in GenBank and EMBL was
searched for potential C/D box snoRNAs on the basis of
structural features and functional elements in addition to
comparative analyses with the known snoRNAs in A.thaliana
and Zea mays. The flanking sequences of the candidate genes
were carefully examined for other possible snoRNA genes. All
the newly found rice snoRNA gene candidates were further
studied using the PC gene 6.0 package.

RNA and DNA preparation

RNA was isolated from rice germs, which were collected and
homogenized on ice in the presence of NIB (20 mM Tris—HCl
pH 7.4, 10 mM MgCl,, 40% glycerol, 20 mM B-mercapto-
ethanol, 0.5% Triton X-100, 0.1% bovine serum albumin, 5 vol
per 1 g tissue weight). The homogenate was centrifuged at
8000 r.p.m. (Sovall, rotor SL-50T) for 10 min at 4°C. The cell
debris was ground into a fine powder in liquid nitrogen. RNA
was then extracted and purified as described (34). DNA was
extracted from leaf tissue of Zizania caduciflora by the
improved potassium acetate method (33). After treatment with
RNase A, the DNA was further purified with glass milk or
phenol/chloroform.

Detection of polycistronic transcript

Total cellular RNA was treated with DNase I before reverse
transcription with primers. About 50 ug RNA in 100 ul of
DNase I buffer was incubated (30 min, 37°C) with 10 U RQ1
RNase-free DNase I (Promega) and submitted to phenol/
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chloroform extraction. The RNA was used for reverse
transcription with specific primers. PCR was then carried
out with the reverse primer and the corresponding forward
primer, using the following program: 30 cycles of denatur-
ation (30 s, 94°C), annealing (30 s, 55°C) and extension (1 min,
72°C), followed by a final extension (10 min, 72°C).

Reverse transcription analyses and mapping of ribose
methylation

Reverse transcription was carried out in a 20 pl reaction
mixture containing 10 wg RNA, 10 ng 5’-labeled primer and
200 uM dNTPs. After denaturation of the resulting RNA
product at 65°C for 5 min, the mixture was cooled to 42°C for
10 min. Then 200 U MMLYV reverse transcriptase (Promega)
were added and the mixture was further incubated at 42°C for
60 min. The reaction products were examined by electro-
phoresis on 10% acrylamide—8 M urea gels.
Ribose-methylated nucleotides of rice rRNA were deter-
mined by primer extension at low dNTP concentrations as
described previously (29). In brief, two reactions of reverse
transcription were performed in parallel using 5 pg total RNA
and a dNTP concentration of either 4 or 500 uM. The rice 25S
rDNA were amplified by PCR with the primer pair 25SF/
25SR, then cloned into the Smal site of plasmid pTZ18. An
rDNA sequence ladder was prepared with the same primer
used for rRNA methylation mapping and run in parallel with
the reverse transcription reaction as a molecular weight marker.

PCR, cloning and sequencing

DNA extracted from Z.caduciflora was amplified with primers
Hsp2 and Hsn, which are designed according to the sequence
of the rice Hsp70 gene. Hsp2 is located in the boundary region
covering 10 nt of exon 1 and 10 nt of intron 1 of the Hsp70
gene while Hsn is complementary to a 20 nt tract of exon 2
near the 3’-end of the intron. The 1972 bp PCR product was
cloned into the Smal site of the pTZ19 plasmid after
electrophoretic purification and the recombinant plasmid
was named pTZJB. Two fragments were obtained after
treating pTZJB with BamHI. The large one, ~3681 bp in
length, is self-ligated and formed pTZJB1. The small
fragment, ~1167 bp in length, was subcloned into the
BamHI site of pTZ19. The resulting positive clones identified
by enzyme digestion were named pTZJB2. pTZJB1 was then
sequenced using the universal sequencing primer and pTZJB2
with both universal sequencing primer and reverse sequencing
primer in a 377 sequencer.

Oligonucleotides

Oligonucleotides were synthesized and purified by Sangon
Co. (Shanghai, China). The following oligonucleotides were
used in reverse transcription of RNA: Pz102, 5’-ATAGAG-
CTAATACAATTTGAGGCCA-3"; Pz104, 5-CAAATG-
CCTCGATTGTCCCCATG-3’; Pz105, 5-GCATTCAGA-
ATGAGTAGGAGGA-3"; Pz106, 5-GAAGTATGAGTG-
CTTCATTGTAG-3"; Pz107, 5-TCAGCGGAAAAATCGG-
CATACAA-3;  Pz109, 5-GGATTCAGATGCAAAGA-
TGTGTA-3". All the above oligonucleotides are comple-
mentary to the 3’-end of the corresponding snoRNA genes.
The RT-PCR experiments were performed with the follow-
ing primers: C2101F, 5-GCAGATGAGGAGGCACAAG-
ATT-3’; C2102R, 5-ATAGAGCTAATACAATTTGAGG-
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CCA-3’; C2102F, 5’-ATTAGCTCTATCTGATCATCTTCC-
3, C2103R, 5-CATCATGGCGGCCAATCAAACC-3%;
C6107F, 5-TGGTAATATTCAAGCTCAACAGAC-3’; C6110R,
5’-CAGAAAGAAAAGCCTTCTCATTC-3’; C6110F, 5'-
AGGATGAAACCTTTTATAACAATCT-3’; C6113R, 5'-
CATCAGGCCCAAACTATCACA-3'. The following oligo-
nucleotides were used for amplification of rice 25S rDNA:
25SF, 5-TATAGGGGCGAAAGACTAATCG-3’; 25SR, 5'-
ATCTCAGTGGATCGTGGCAGCAA-3'. Rice rRNA ribose-
methylated nucleotides were assayed by reverse transcription
with the following primers: Ril386R, 5-GGCTCG-
CGCCCCGGGTTTTG-3; Ri2438R, 5-GGGCTCCCACT-
TATCCTACA-3"; Ri2948R, 5-AACTAACCTGTCTCA-
CGACGGTC-3". The following oligonucleotides were used
for amplification of the first intron of the Hsp70 gene from
Z.caduciflora: Hsp2, 5-ACACCGTCTTCGGTAACTACT-
3’; Hsn, 5-AAGGGCCAGAGCTTAATGTC-3’. The primers
used in reverse transcription, RT-PCR and rDNA sequencing
were 5’-end labeled with [y-32P]ATP (Yahui Co.) and submit-
ted to purification according to standard laboratory protocols
as described previously (23).

RESULTS

Identification of six novel snoRNA gene clusters,
including four located in introns, from Oryza sativa

Careful examination of the GenBank and EMBL DNA
database allowed us to identify 27 novel snoRNA genes
from O.sativa. The snoRNA genes fall into six clusters and
were termed rice snoRNA clusters I, II, III, IV, V and VI,
respectively. The sequences of each cluster are shown in
Figure 1. Interestingly, four of the six clusters, i.e. clusters I,
IIL, TV and V, were found located within the introns of protein
coding genes. These host genes encode RPS20, NADH
dehydrogenase, RPL30 and an unknown protein, respectively.
The host genes possess one to four introns but, in all cases,
snoRNA gene clusters were found in only one intron, whose
size is usually several-fold larger than the others. The RPL30
gene, for example, is the host gene of cluster IV, which
contains four introns of 145, 1872, 369 and 90 bp. Evidently,
the second intron was unusually large, and it turned out to
contain snoRNA genes. All of the introns in the host genes
possess the standard boundary signals, i.e. GU at the 5-end
and AG at the 3’-end of the intron, in spite of considerable
variation in their sizes (Fig. 1).

It appears that most intronic snoRNA gene clusters are
simply formed by duplication of the same species of snoORNA
gene, which possess identical functional elements. Cluster I
consists of four copies of snoRNA Z100. Likewise, clusters I11
and IV, though scattered over different chromosomes and
nested in different protein coding host genes, are both made up
of multiple copies of snoRNA Z103, four in cluster III and
three in cluster IV. However, cluster V, which contains three
different snoRNA species, is far more complex.

As for intronic snoRNAs in mammals, rice intronic
clustered snoRNAs were frequently found in introns of
genes involved in ribosome biogenesis, i.e. ribosomal proteins
or nucleolar proteins. This organization is suggested to have
evolved for coordinate expression of functionally related
genes. Interestingly, snoRNA cluster V is encoded in an intron

of a hypothetical protein-coding gene with a small ORF that is
composed of only 25 amino acids. Whether this mRNA
accumulates in the cell is not clear, although the evidence from
cDNA sequences in the EST database (GenBank accession
nos BI797167 and AU065122) supports transcription and
splicing of the mRNA precursor from the host gene.

Clusters IT and VI lie in a spacer between two protein
coding genes and appear to be independently transcribed.
Cluster II consists of genes encoding three different species of
snoRNA, including Z103, which is also found in two other
intronic clusters (clusters III and IV), as stated above. Cluster
VI is particularly large and contains as many as nine genes
corresponding to eight different snoRNA species. The clusters
may be transcribed from an upstream promoter and multiple
snoRNAs are released by processing from polycistronic
precursors. Transcription of the clusters as polycistronic
precursors was determined by RT-PCR with specific primer
pairs, as shown in Figure 2.

Predicted structure and function of the novel snoRNA
genes in each cluster

Among the 27 snoRNA genes in the clusters, 26 encode C/D
box-containing snoRNAs. They clearly exhibit the hallmark
structures of C/D box antisense snoRNAs, which include the
presence of two conserved motifs, the 5’-end C box (5'-
UGAUGA-3") and the 3’-end D box (5-CUGA-3"), immedi-
ately flanked by a 4-10 bp inverse repeat. These form the 5-3’
terminal stem structure in which the C and D boxes are in
close proximity, an important feature for the stability and
accumulation of snoRNAs as well as for snoRNA binding to
proteins (26,35,36). Two other conserved motifs, the C" and D’
boxes, can be found in the central region of most snoRNA
genes. In particular, 18 snoRNA genes have one or two
regions of complementarity to rRNAs, 10-14 nt long, which
have been shown to function in guiding 2’-O-ribose methyla-
tion of rRNA (37). However, the remaining eight snoRNA
genes of Z103, which are distributed over different chromo-
somes in both intronic and non-intronic clusters, do not show
any complementarity to rRNAs, implying that the function of
7103 may differ from those of other snoRNAs. For example, it
may interact with RNAs other than rRNAs. Based on the
known relationships between antisense snoRNA structure and
function (7,13,14,38,39), proposed 2’-O-ribose methylation
sites in rice rRNAs, complementary to the new guide RNAs,
are shown in Figure 3.

Based on the complementarity to rRNA and the corres-
ponding target sites of methylation, a comparison with known
snoRNA genes from various organisms revealed that 15 of the
26 C/D box snoRNA genes showed structural similarity to
yeast or human snoRNAs (Table 1). This may imply that their
functions have been conserved during the course of evolution.
However, some distinct structural features of plant snoRNAs
were also observed. For example, Z112 and its maize
counterpart show high homology to each other, but both
seem hardly related to their human counterpart other than the
complementarity to rRNA. Rice Z112, with extra plant-
specific regions, is more than twice the length of its vertebrate
counterpart. The four novel snoRNAs, Z101, Z102, Z104a and
7Z104b, with dual antisense elements, display a mosaic
structure as compared with their counterparts in yeast and
mammals. The two methylation sites predicted by each of
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Cluster II

ggagccaagg acaagagcett gaaggtgaag geccccgtge ggatgeccac caaggtgetc 6
cacatcacca ccaggaagtc tccttgtgga gaaggtgaca ( 70nt ) ttgtcatgtt 180
gatgatgatc

TGCTGAGCAG ATGATGTITAA ATACTAGTTG ATCACTGAGA TCTTGATCTT  7100a

CTCTAA AAAAATCCAG CTTTTTAAAA [CTGATECTTA GCA
tatcatc atcatcttca  3pp

attgtgttgt ttgttaggag ttagcattge cttgattaaa gecattttaga tgagagectga 360
gttgttagtt gt

GTTGAAGTCT CTAAAACCGA CCTTTTTARA ACTGATTECTT CGCCT

tgtaa tagcaagtgt 480
agtgtggatg gttttatggt tattgcatgg ( 130nt ) tttaatgtgg ttattgttct geo
at

GATGGGCT GGCCAAATGA TGOTAAAATA TGTTTTTGCT GAGTCTTTCT TT

ACAAAATCGA GCTTTTTAAA ACTGATGGTT GGCCTATC
ca atgcttggta attatttgte 78

caaatactga cctttttggg ttaatgactt agttgcttct tagtacttct ttgtaccatg  gso
cactactatt tttttccaca ttgcatggeca aacctgecacc tgaatgtttt aatgattgta 90
tatttctgga cat

CTTCAGC ACATCATCAT ATATTATGTT TGTACTGATT TATTTGATCT 71004
CTAAAAATCC AGCTTTTTAA AACTCATGCT CAGC

cttgaa gtaataatgt gaaccccttg 1020

(' 190nt ) caggtaccaa cacctgggat cgetttgaga tgcgggtgca caaaagegte 1260
attgatcttg tcagctctge agatgttgtc aagcagatca cctcaatcac cattgagcca 130

Cluster III

g8cC gecgegte ggaggccgge 60
gecggtegec agecgeecgg ccgagegetg gttegtttge (1 3450nt ) cgtttggttt 3560
tcagattggt tttacgeggt tgcaaatctg atgeagt
TTT CAAGTGATGA] TCCTTTCCCC  2103a
AAATTATCGA CTATGATTGT ACTGTGCGAT TTTTGCAAGC TCTTCTCTTC GGAGAAGGCT 3680
TCTAAGCCAG TAGTTCTGAT CAAR
ccgeta catttgattt geatctgatt tggtttegtt 3740
tctetgggag ttcatccact agatctgttt ctgagttatt catccgeggt gttetgattt 3800
tcgeetgttg ttttggttga gatattatat aatctt
mAAG TCCTTTCCCC ~ Z103b
AGCTGATCGA CTATGATTAT ACTGTGCGCA AATGTAATCC CTCTTCAGAG GATTCAAGCC 3920
AcAAATICTGH] TCCATC
tget attctcaaca caatttcage tttgtatttt tgttttgecag 3980
tgtttttttg cgegaccett ttttgtttgt ttgtttgttt ga
RTGCAACT GAAGATCCTT  2103c
TCCCCAGATG ATCGACTACG ATTATACTGT GCGCAAATGT AATCCCTTTT CGGAGGATTC 4100
AAGCCAGAAA CAT

acagaatgca
attttttttt ctgtacagtt tttgetegte

CTTTCCCCAG ATGATCGACT ATGATTATAC

atatttaact ttactttttg tggttttgta 4160

caattgtttg tttg

TATGCA ACTGACGAITC
AGTGCGCACA AGTGACCCCT CTTCGAGGAG

2103d
4280

GATTCCAAGC CAGAAT CATT

ttt ttatatagtt ttggtccgtt ctttgttgtt 4340
teggtctttt atttttcaga ( 2170nt ) tggtctaget ggagecccgaa cccgagecca 6560
aagcgaccga tccaaccacc cgecatccaca caccgcacca ccaaccatcg accgectcge 6620

ttgatttgat ttgttctcge tttcaaatct gtttgetttt ttttgggetg ttttgtcgat 60
gggattttgt ttgggcttga ggatgatgga t

TATGCAGAT GAGGAGGCAC AAGATTTAAT 2101
GCCTAATTTG CGTCTGAGGC ATCTCTGTGA TGTCACACCC TTTTTCACCT TGGAGATLCTG 180
[rEcatc
tac aaatcttctg ccttcttttt ttttcctcga ttaactttta ttttctttta 240
aaaagttttc ctctattagc cottgttctt ttagtctttc gaagaaaaga aaaaacgctg 300
gggatt
TATG ATATGATCAT CAAATTTGAT TCCCTATICC TTTGATTGGC CGCCATGATC) 2102
[ccTcAAATT CTATTAGCTC TATCTGATCA TC
ttcctcca catttttett gtttcatttt 420
ttcectectg gatctttetg ctgttttttt ( 190nt ) aatttatttg gtgctgetta 660
ata
TCCAGAX TAMTCATGATC CTTTCCCCAG ATGATCGACA ATGAACATAC TGAGCGCTAT 2103

TATTTCTCCT TTGAGAACCA AGCCAGTATT TGATTCTCC A

aatattatg caggcatttc 780

cttctatttt gagcaagcag tggttgtttc ctagagtatg atggatgtat tgatatgttc 840

Cluster IV

caacaagctg cagctcgtga tgaagagcgg caagtacacg ctcggctaca agaccgtcct 60
caggaccctc aggaactcca agggtaagat ( 370nt ) ttattgcctg tatgttgtat 480
tgetgtgtge tgttgtctac attttagett tggatatgte catacg
TACC ATATGATGAT ~ Z103e
CCTTTCCCCA GATGATCGAC AATGAACATA CCGTGCGATT GTTTTCTCTT AGGAGATAAT 600
CAAGCCAGAA A CT C
gaattttaa tgtagagttt ttttttctga aagatttcct 660
ttatcttcaa atgagttggt ( 370nt ) tttatttagt tttggttgaa ttggtag
TCC  Z103f
MTA CCTTTCC CCAGATGATC GACGATGAGC ATAATGTGCG CTATTGTTCT 1140
CTTAAGAGAT AATCAAGCCA GAACT TCTCCA
aatt taatgcagtc tcttttgetg 1200
aaagatttgt tttatctgaa aatgtactga tttgtggtta atttcattgt getgectatt 1260
tttcctgatt cttttagecat gttgtggtga aattttattt ggtgetgett aata
TGCAGA  Z103g
TT CCTTTCCCCA GATGATCGAC AATGAACATA CTGAGCGCTA TTATTTCTCT 1380
TTTGAGAACC AAGCCAGTAT ' CTC CA
aatcttat gcaggcattt ccttttattt 1440
tgagcaagca gtggttgttt ( 490nt ) acagcgaagc tagtgatcat ttctaacaac 1980
tgceccacctc ttcggaagtc agaaattgag tactacgcta tgttggccaa ggtcaccgtc 2040

these snoRNAs are targeted by two different individual
snoRNAs in yeast and mammals (Table 1). Based on
complementarity to Z102, we predict a novel site of
methylation in rice rRNAs, although this snoRNA shares
another antisense element with human U44. The putative
target sites of Z108 and Z110 are conserved between plants
and vertebrates, but not yeast, and only the cognate of Z108
has been identified from mouse (GenBank accession no.
AJ278763). Three snoRNA genes, Z105, Z107 and Z109, can
form a 13—-14 bp long duplex with rice rRNAs at sites that do
not match any known ribose-methylated nucleotide of rRNAs

in yeast and vertebrates. Thus, it is possible that there may be
plant-specific methylation of rRNA. Recently, the counter-
parts of these three snoRNAs have also been reported in
A.thaliana, but the methylation site predicted by the snoRNAs
was not experimentally mapped (32). Using primer extension
at low dNTP concentrations, we determined three new
methylated nucleotides in rice 25S rRNA (Fig. 4), i.e.
Am1364, Um2396 and Am2902, which were targeted by
7105, Z107 and Z109, respectively. However, A2925 in 25S
rRNA, a methylation site predicted by Z102, was found to be
unmethylated in our experiment (Fig. 4).
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Cluster V

cgectccaca aat tc cgagtgettc 60

geecgtececcg ccgecgegat gagggccaag gttegttace (1 190nt ) gttgttggtt 300
tattttgtgg cttgeg
ATTC TCCGTGATGA| CGAACACAGA TGACGAGT
ATTCCATTAA ACCATGGGGA} CAATCGACGC ATTTCTCTGA CRCAAT
tgca ttgegtgteg 420
cgettgegeg atttaacttt cttcttetge tactactget atatagetgt aaaaatgttt 480
ctttcgetag caatcttecgt gtgtactata ggagtaggtg ttctaaattg ttatatttct 540
geatgcy
GTT CTCCTITGATG AACACACKGA TCACGAGTCC GATCTAATCC ATTCCATTAA  Z104b

Z104a

attt tatttatttt cttgeegatt 660
ttcctttgtt ctgtatgtga ttcttcttta tgatactgta
TTCGCAMGAT GAGGAAACCT 7105
GATAAAT TCCTCCTACT CATTCTGANT GCCAA
atcct 780
gtacatttgt ttctttcttt tcatatgtac gttagtcagt acgttagtgt tctgettget 840
aaatcatgaa catgattcag tcaaggctct atgetgtatg actaccacaa aattaatcgt 900
ttta
TGGAAC ATGATGAAGA ACCATTGGTC CGTGTTTCTG ATCATCTCGT GATGAAACTA 2106

CAATGAAGCA CTCATACTTC TGAfTCCA

aa acttttatcc tcatgagata gattacttct 1020

atccacacga ( 90nt ) taatctgcag tggaagaaga agagaatgag gaggctcaag 1160
tgag tcc aagtagtcgt tatcagtagt gtggatgtct 1220

Cluster VI
tgttttatta tgcaagegat gcgatGGEAG

[TCACGAICCTG GTAATATTCA AGCTCAACAG 2107
120

TTTCCGCTGA ACCGAGCCAT
TTTRGC Tettttttct ( 70nt ) tctttgeact 240

TCAGCAGTCT ATTGCGATGA| GGATATTRAT CTCCCTCITC TGAAGGCATT GAGGACACTC 2108
GCTGGCAGAA TCGAACCAAT TAACAAAGCC ACCACTGAGT AACTTGAAAT CCTCC
ttcaa 360

tttgttctge tatgtttttt ctgttgtttt tcttagatct gt

TTGGATTG [TGAGGAGGTA 2109

ATTGATGCAT AATCCAACAC TTCATCAGAG GACGGCTTCT GTCGTCCATG TGACGTTACA 480
CATCTTTGCA TCTGARTCCA A
tcacagaac agatcttatc gtttatggtt ttatgtggat 540
tttttac
ACT ATCACAIGAT GAMACCTTAT AACARTCTTA GCACACCITC TGACACAGTC — Z110
CTATAACACT GTGAATGAGA AGGCTTTTCT T AT GCT
ttaaaga tcatttttat 660
attcttttct ttaaatcttg cgtgttctat aattttttct ccttcctata tctacgattt 720
t
XAGCUTATTG_ATGATTTAGCA TATTGTTGGA ATTACCGTC
TCTCTCGCAT CCTGATRCTT

tataatccag taatattgta gtgtataaag atctagattt 840

7111

tgttcatgta ttatgagttg caatc
TAGTC CCAGITGAGGA TTCTATGACC ATAGGAAGTC 2112
TCGTATGACA CTTTAAACAG CAGCTGCTTT TCTCATTTGC AAGTGTCCAT CCTTCGACCA 960
TAACCTTTGT GGTTTGGTCT GGGATGGAGT ACCCATTTGC AATTGGTTAA TTCAGCTGTG 1020
TGTGTGATTT TAAACGGGTC TCTTGATECA TTA
tgcgaag ctgtctcata ataatataga 1080
atttgtatct gttattttgt gat
AGTTTGG GCCTGATGCC ACGTCACCTG TAGCTACGGC 2113
TTTGACCGGT GATGCTTTGA TTAGGCCAAA ACAGAGTTGG TTTCCTACGT TTCACATGTT 1200
GATAGGAACC TGGGACTGCA TCTCCATCGG TCTACAGAGC CCGTATCTGT CATTACATTT 1260
gatttatttg aattaacaac cttttttgtt ttgcttttat ttttttggtc ccttgattat 1320
ATGGCAATGA TGATAAATTT AAGGCTTGTT TCTCATARCA TTCGCAGTTG CCGCCTAAGA  Z114a
GCTTTCGCCC TGCCAGGCTT GAGAGCTAAT GCTGTTAATT CCTTCCTTCC ATCTCTOART 1440
TAT

tttcttc atgcaagttt atttgttgtt cttctgtaaa ttggtgate

T GCATGGCAAA  Z114b
_AGACCTTTCG 1560
1620

[TGATGCTAAA AGCAAGGCTT GTTTCTCATA ACATTCGCAG TTGCCGCE:C

acaccaactg tattctcttt aaattattgt tttgccactt ctataattaa tgtttactga 1680

Figure 1. (Previous page and above) The sequences of the snoRNA gene clusters from rice. snoRNA genes are in capital letters; sequences of exons are in
bold and italic; boxes C/D and C’/D” are boxed with solid and dashed lines, respectively. A bar is drawn over sequences complementary to rRNA and arrows

indicate nucleotides involved in the terminal stem.

7113 is the only H/ACA box snoRNA found in the clusters.
It appears homologous to maize snoR2 by comparative
analysis. In maize, snoR2 is accompanied by two other C/D
box snoRNAs, U49 and Ul4, and this clustering has been
found several times (28). Intriguingly, rice Z113 is positioned
in a similar genomic context, with Z112 (the cognate gene of
U49) upstream and Z114 (the homolog of U14) downstream,
but there are also other different genes within the cluster.

Positive identification of specific snoRNAs from the
clusters

To confirm that the expected snoRNAs were transcribed from
the gene clusters and processed from a polycistronic precursor,
reverse transcription analyses were carried out with RNA
isolated from partially purified nuclei from O.sativa cells.
These experiments employed six oligonucleotide primers,
designed and synthesized to pair with the coding regions of six
novel snoRNA genes, Z102, Z104, 72105, Z106, Z107 and
7109, which were selected from clusters II, V and VI,

respectively. As shown in Figure 5, a major cDNA product
consistent with the expected size was observed in each case.
The snoRNAs yielded signals of different intensities under the
same experimental conditions, possibly reflecting different
cellular abundances. These appear to correlate with gene
number. For example, in cluster V, two nearly identical copies
of Z104 are present, while only one copy of Z106 is present,
and the band representing the cDNA product of Z104 is
stronger than that representing Z106. Intriguingly, the signal
due to Z105 does not accumulate at the same level as that due
to Z106, and is even stronger than that due to Z104, suggesting
that other copies of Z105 might exist in the rice genome. In
fact, we have found another copy of the Z105 snoRNA gene
on rice chromosome I by searching the growing rice DNA
database (our unpublished result). Another possible explan-
ation for the different signal levels of snoRNAs is differences
among snoRNA gene promoters. However, at present little is
known concerning plant snoRNA gene promoters and differ-
ential expression.
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Figure 2. Detection of snoRNA polycistronic precursors by RT-PCR. (A) Schematic representations of clusters II and IV. The coding regions of snoRNAs
are shown as black boxes. Arrowheads represent primer pairs used for the detection of the precursors by RT-PCR. The lengths of the expected products are
given. (B) Detection of polycistronic precursors. Lane DNA, positive control PCR performed on rice total DNA; lane RT-PCR, PCR amplification after
reverse transcription of rice total RNA; lane PCR-Co, control PCR performed on rice total RNA without reverse transcription; lane M, molecular weight
marker (pBR322 digested with Haelll and 5'-end labeled with [y-32P]ATP). PCR amplification products exhibiting the expected size are indicated by arrows.

Analyses of the intergenic sequences in the gene clusters

All of the snoRNA genes in the clusters are arranged in a head-
to-tail fashion and are closely linked. The sizes of the
intergenic regions range from 46 to 456 bp. Sequence analyses
have shown that all of them are rich in uridine, with >40% and
even as high as 61% in one case (the spacer between Z108 and
7109 in cluster VI). This phenomenon is similar to the one
observation for the snoRNA gene clusters from A.thaliana
(29). However, in addition to being U-rich, the sequences of
the intergenic spacers of each cluster are very different from
each other. Although hairpin-like structures can be deduced
for the spacers with long sequences with the RNA folding
program, some small spacers in the cluster (for example the
spacer between Z109 and Z110) do not tend to form any stable
secondary structure. Moreover, no conserved motif was found
among the folded spacers. Thus, unlike the hairpin secondary
structure with a tetranucleotide loop that is recognized by
RNase IIT in yeast (23), the spacers in rice snoRNA gene

clusters may adopt other structures that contribute to the signal
for processing of the polycistronic transcripts. In addition,
since the polycistronic transcript of plant snoRNAs can be
efficiently processed from both intronic and non-intronic
contexts, the intergenic regions of the clusters in both contexts
may share a common processing mechanism that remains to
be elucidated.

An intronic snoRNA gene cluster is conserved in
Gramineae

Five intronic snoRNA gene clusters have been identified from
rice so far, together with our previous report of a snoRNA
gene cluster in the first intron of the rice Hsp70 gene, which
contains four C/D box and two H/ACA box snoRNAs (33; our
unpublished results). To demonstrate the conservation of
intronic snoRNA gene clusters in plants, we have systematic-
ally studied the first intron of the Hsp70 gene, a well conserved
protein coding gene in plants, from two subspecies of rice, i.e.
O.sativa ssp. indica and O.sativa ssp. japonica, and the wild
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Figure 3. Predicted methylation guide duplexes between snoRNAs and rRNAs. 2’-O-ribose methylation sites homologous to those of yeast or vertebrates are
shown by filled circles and novel methylation sites predicted from the present work are depicted by open circles. Boxes D and/or D’ are indicated.
(A) snoRNAs with one complementarity to rRNAs; (B) snoRNAs with two complementarities to rRNAs.

rice (Oryza rufipogan). The results showed that both the
sequences and the order of the six snoRNA genes in the cluster
are highly conserved (data not shown). To further study the
divergence and distribution of the cluster, the first intron of the
Hsp70 gene from Z.caduciflora (Gramineae) was cloned and
sequenced (Fig. 6). The sequence similarity of the first introns
of the Hsp70 genes between O.sativa and Z.caduciflora is
66%. Five snoRNA genes can be easily spotted from the
sequence of the first intron of the Z.caduciflora Hsp70 gene.
All of them exhibit extensive homology to their counterparts
in O.sativa and are organized in a similar order in spite of
extensive divergence of the intergenic sequences. However, in
the region where D1 was expected, only the 3’-half of the
snoRNA gene is found, while the 5’-half, including one of the
two key motifs, the C box, and the 5” terminal repeat, is
completely missing. Therefore, the partial sequence of D1 in
Z.caduciflora may be a pseudogene. This result demonstrates
that the intronic snoRNA gene cluster in the first intron of the
Hsp70 gene is conserved between rice and Z.caduciflora and
may extend to all plants of the Gramineae family.

DISCUSSION

Intronic snoRNA gene clusters most likely predominate
in the genome of rice

Rice, after A.thaliana, is the second plant whose genome has
been chosen to be fully sequenced. The rapid progress of the
rice genome project will certainly provide a solid base for
further studies of rice and other crop grasses. In addition to the

sequence itself, rice has already become a good source for the
identification of new genes. In this study, we took advantage
of the growing rice DNA database in an effort to shed new
light on snoRNA gene organization. So far, seven clusters
including 33 snoRNA genes have been identified, and a novel
gene organization, i.e. intronic snoRNA gene clusters, was
first revealed in rice. Indeed, among the seven clusters, five are
located within introns of protein-coding genes. This relatively
high proportion of intronic snoRNA gene clusters suggests
that this novel gene organization may be prevalent in the rice
genome. Our results also reveal that the intronic snoRNA gene
cluster in the Hsp70 gene is conserved among rice, wild rice
and Z.caduciflora, and probably in many other plants of the
Gramineae family. On the other hand, we have identified 35
snoRNA gene clusters from the complete genome of
A.thaliana, among which three are intronic snoRNA gene
clusters (40; our unpublished results). To our knowledge, no
intronic snoRNA gene cluster has been found in yeast or
animals so far. Therefore, this gene organization may be
unique to plants. The relative scarcity of intronic snoRNA
gene clusters in the dicotyledon A.thaliana may reflect a
genome that is particularly small and compact. Most introns in
A.thaliana are of small size (~170 bp on average) (41), which
is merely long enough to accommodate a single snoRNA gene
at most. Conversely, the rice genome, estimated to be 430 Mb,
is more than three times larger than that of A.thaliana
(~120 Mb). Thus, it is not surprising that a large number of
intronic snoRNAs in clusters are found in rice and other crops
with large genome sizes.



Table 1. Localization and constitution of the six snoRNA gene clusters
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Cluster Chromosome snoRNA Modification (homology) Location Acccesion no.
I 6 Z100a SSU Am623 (yeast snR47) 2nd intron of rpS20 gene AJ320255
Z100b AJ320256
Z100c AJ307912
7100d AJ307913
I 1 7101 SSU Am440 (human U16) Spacer between two protein coding genes AJ307914
LSU Cm1849 (human U39)
7102 LSU Am2925 (at snoR18)
SSU Am162 (human U44) AJ307915
Z103h No complementarity (at snoR28) AJ307916
III 3 Z103a 2nd intron of NADH dehydrogenase gene AJ307917
Z103b AJ307918
Z103c AJ307919
7103d AJ307920
v 1 Z103e 2nd intron of rpL30 gene AJ307921
Z103f AJ307922
Z103g AJ307923
v 3 Z104a LSU Gm2275 (yeast snR75) Intron of an unknown protein AJ307924
Z104b LSU Am2268 (human U15) AJ307925
7105 LSU Am1364 (at snoR7) AJ307926
7106 LSU Am625 (human U18) AJ307927
VI 2 7107 LSU Um2396 (at R87) Spacer between two protein coding genes AJ307928
7108 SSU Gm392 (mouse Z51) AJ307929
7109 LSU Am2902 (at snoR31) AJ307930
Z110 LSU Um2641 (at Z27) AJ307931
Z111 SSU Um582 (yeast snR77) AJ307932
Z112 LSU Cm2869 (human U49) AJ320263
Z113 (maize snoR2) AJ320264
Z114a SSU Cm418 (human U14) AJ315478
Z114b AJ315479
Some features of the intronic snoRNA gene clusters 7105 7107 71092102
There are usually multiple copies of each snoRNA gene in $is:-2 g
plants (29,31,32). Although snoRNA genes can be found both 13 ’ =z [ W
in independently transcribed and intronic clusters, the ge_"z2= — =
sequences from different copies of a snoRNA gene are very 12 22 (ot -+ = ==
conserved in spite of their different locations. However, - e TR, = 2
compared with the richness of components in non-intronic moa-+g s o =
. . . . . - - —
clusters, the constitution of most rice intronic snoRNA clusters ki ® — o= =
is relatively monotonous. All three intronic snoRNA gene
clusters in A.thaliana are also made up of multiple copies of a
single species of snoRNA gene (our unpublished results). This e T E——

implies that frequent duplication has occurred within introns
during the evolution of the plant genome. However, rice
snoRNA cluster V contains two additional species of snoRNA
genes besides isoforms of one species, and the snoRNA cluster
located in the first intron of the Hsp70 gene consists of six
snoRNAs, which belong not only to different species but also
to different types, C/D box and H/ACA box. This shows that
the structure of intronic snoRNA gene clusters can be more
complex than initially thought. Leader et al. (28) have
successfully expressed an independently transcribed cluster
of maize from both non-intronic and intronic contexts in
tobacco protoplasts. This result demonstrates that the pro-
cessing of snoRNA polycistronic transcripts is independent of
splicing (28,30). However, the processing signals in poly-
cistronic transcripts that are recognized by endonucleases and
exonucleases in plants have not yet been elucidated. The
discovery of different kinds of intronic snoRNA gene clusters
provides impetus for further studies of the expression and
processing of intronic snoRNA in plant.

Figure 4. Determination of rRNA methylation sites predicted by the novel
snoRNAs. Lane 1, control reaction at 500 mM dNTP; lane 2, primer exten-
sion at 4 UM dNTP; lanes A, C, G and T, the rDNA sequence ladder. The
sites of ribose methylation in rRNA were revealed by RT pauses at low
dNTP concentrations. Arrows indicate potential methylation sites predicted
by the novel snoRNAs.
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123- ol =
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Figure 5. Reverse transcription analyses of snoRNAs. The experiments
were carried out with 10 pg rice RNA and 5’-end labeled primers specific to
candidate snoRNAs, as described in Materials and Methods. Lane M,
molecular weight markers (pBR322 digested with Haelll and 5’-end labeled
with [y-*?P]ATP).
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A Hsp70 intron I
Exonl / \ Exon2
O. sativa -—/\/—E}——D—E*D——D—l:}—-
Cc2 D2 F2 Cl D1 F1
Exonl Exon2
Z. caduciflora -J\/—EI—D—l:J—D —+—-.
Cc2 D2 F2 Cl D1* F1 100bp

B O.sativa ACCGTCTTCG gtaactactt attcccttet cctcagtect ctectetttet *ctctctcee cecttagate 59
Z.caduciflora ~ —————————— ————————= * —c-—ttge—— -tg-tc——— tca-tgc—gt c————— tg- —t—gccatcg 59
O.sativa tcatctctaa ggtcttegac gtegtegtat ( 431bp ) aaacattctt agtttcgagg HAGAAGTGAT]
Z.caduciflora  -—t-aaa-ct -tagcatt—— —*acg-a-—— ( 419bp ) -gc-t-aaac tt—-ggk—— g-—G-———( a2
O.sativa IGATGTCTTAT CCATACCACA TGTCTGCATC TCATATGATG ATTAATCTAC ATCATGCACT ACCATCTGAT] 619
Z.caduciflora  |-——T-T-—— —C: —G -—C—A— 606
O.sativa CTCCTCTA(Qc tcatacagct tttaacaagt taggcgatag atgttt*gct acaaakcagt caactggatt 687
Z.caduciflora |[--TT*——C#* c-——tg-aa— ——c——*-——— ——tttatggc —-tagag—— ——— a———— tt——t——- 663
O.sativa tipdorkkkge ttkktcttga aakkgaaaaa aatgaaccgt gttgtttgCA ACCTGTGATG TAAATTAACQ
Z.caduciflora  -ttgaaagg- ——at--——at ttct—————— tt-tt-——c- -c-cca—— G———————— C—C—— D2
O.sativa ICATTTAC*TG AACTAACGTTG ATTATTTCAG TAAAATCACC ATCTTTCGGC TGAGGTTGCA tgctt¥agtt 814
Z.caduciflora  [-———— GTA—— AA— G R 803
O.sativa attatatttt taccaatgat gattttgtta *kk¥kktata gccagat*at actgtacttt c*****ﬁm
Zcaduciflora ~ ——-g-g-gck ¥k*k—-—-cta tcak——-—-t taaaacc—— t-a-g--t-g -g-t-—a-gc agttttd-A-] F2
O.sativa [TGCCATTTGG TATCTGACTC ATTGTCTACT TTTGTGACTA TGTGTCTTGA AATATGGCAT ATAATAAGGG| 941
Z.caduciflora G-G——-T-— ——————— CA———— C— A 938
O.sativa IGGAACGGATC TTGCGACATT GATGGCTCCT GTATGAGCCT CCAATTACTA TATAGCCGTT TACATGTtct 1011
Z.caduciflora G— ~GG*———— TA TC —G -TA te 1007
O.sativa tatcatgtta ctt*ttccaa ( 268bp ) gcctaatgek tttagggtgg gAGAAGTGAT GATACTTAAT]
Z.caduciflora  ac-tk————— —— g—#*k—— ( 262bp ) ——— gaa—a ———**-—aa- ——C-——G ——GT--T— c1
O.sativa CCATACCATA TTTCTGCATC TCAGATGATG ATCAATCTAC ATCATGCACT ACCATCTGAT CTCCCATCAt 1407
Z.caduciflora T-C- -C T B e — Fok—f— 1402
O.sativa acaatttttt attttgtitt gttggattat ataactttaa catttgataa agtgccaaca gatttttata 1477
Z.caduciflora  Fkkxkkkrk— ——skokk———kok sokk——g——k— t—kkokkokkk— 1417
O.sativa cacaatttgt tatagatatt accatgacag cttgcAGCCT GTGATGCAAA AGGACCCATG AAACTGAATT)
Z.caduciflora  —*—t————%% *———GAG*——| D1
O.sativa ACACTGAATT AATTCCAAAC AAATCACCAT CTTTCGGGCT GAGGTTGGEt ttgettgttt aaaattatga 1617
Zcaduciflora  |T-G-T-%-—— %———A-——A *————G———— A-—G#*T-— ——A———Ca- g——t*k—c——* *——g————— g 1494
O.sativa atgcttcttg cacaaccatt taggackttc ggtagtttgt AATGGCCATT TGGTATCTGA CACATGGTCT)
Z.caduciflora g a g c———g-a a c— |—C¥—~ —TG F1
O.sativa GCTCTTGTGA CTATTAGTCT CGAAATATGG CATAAAACAA GGGGGAACGG ATCTTGCGAC ATTGGTGGTT 1756
Zcaduciflora |T-—-T-———-- —G—T-—-~ —————nrme T CA 1633
O.sativa CCTCTATGAT CCTCCAATTA CTATATAGCC GTTTACAATT|tgttaagtta ( 131bp ) gcagATG*CC 1940
Z.caduciflora | A A —T TG-|-aa-gct—g ( 124bp ) t—tcTCTA—- 1810

Figure 6. Sequence comparison of the first intron of the Hsp70 genes from O.sativa and Z.caduciflora. (A) Schematic diagrams of gene organization. The
relative positions of the genes are drawn to scale with the exception of the region between exon 1 and C2, which is shown by a wavy line. Exons are shown
as black boxes and snoRNA genes as open boxes with solid lines. The open box with dashed lines indicates the D1 pseudogene. (B) Alignment of the two
sequences. snoRNA genes are in capital letters and boxed and the name of each gene is shown. Sequences of exons are in bold capital letters. Nucleotide
identities are indicated by hyphens and those absent in either sequence by asterisks. The size of each intron is given.

The introns that contain a snoRNA gene cluster are
exceptionally large as compared with other introns in the
same host gene, even if the sequence of the snoRNA gene is
not considered. It therefore seems that it is not simply the
internal snoRNA cluster that makes an intron large. It remains
to be elucidated whether there is a length threshold for an
intron to contain a snoRNA gene cluster or whether introns
without snoRNA gene clusters have become smaller during
evolution.

Diversity of snoRNA gene organization

One main goal of studying snoRNAs is to elucidate their
diverse modes of gene organization in various organisms.
Earlier studies focused mainly on yeast and vertebrates and
revealed two distinct genomic organizations (1). In yeast, a
majority of snoRNA genes are dispersed as independently
transcribed singlets, while in vertebrates, most snoRNA genes
are located within introns. The latter organization was later



also found in yeast, but in only a few cases (1,22). The
discovery of clustered snoRNAs, which are transcribed under
an upstream promoter, in yeast and plants adds a third mode,
i.e. sSnoRNA gene clusters, to the diversity of snoRNA gene
organization. This gene organization implies the transcription
of snoRNAs as polycistronic precursors and a splicing-
independent processing pathway involving endonucleolytic
cleavage as well as exonucleolytic trimming to release
individual snoRNAs (23,30,42). In this study we report
intronic snoRNA gene clusters as a novel polycistronic
organization. In contrast to independently transcribed clusters,
the biosynthesis of multiple snoRNAs from an intronic
polycistron depends absolutely on transcription from the
promoter of a protein-coding gene and processing of the
mRNA precursor.

snoRNA gene clusters, either non-intronic or intronic,
permit the coordinated expression of multiple or different
snoRNAs at high efficiency. The latter further permits
coordinated regulation of the expression of snoRNAs and
the host gene. Interestingly, in both plants and mammals,
numerous SnoRNAs can be produced simultaneously from a
mRNA precursor of a host gene despite the different
arrangements. We notice that in plants, usually only one
intron of a host gene encodes multiple snoRNAs, whereas in
mammals a host gene may contain numerous SnoRNA
sequences, but never more than one snoRNA per intron
(1,42). The adoption of two different modes of snoRNA gene
organization may reflect intrinsic differences in gene expres-
sion and evolution between plants and vertebrates.

The finding of snoRNA gene clusters in various organisms
suggests an ancient origin of this gene organization (29). It is
not yet clear whether this is also true of intronic snoRNA gene
clusters, which are so far unique to plants. More detailed
analyses of the rice genome and comparative studies using
data from other organisms may provide answers to this
important question.
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