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ABSTRACT

Ten novel small nucleolar RNA (snoRNA) gene clus-
ters, consisting of two or three snoRNA genes,
respectively, were identified from Arabidopsis thal-
iana. Twelve of the 25 snoRNA genes in these clus-
ters are homologous to those of yeast and mammals
according to the conserved antisense sequences
that guide 2’-O-ribose methylation of rRNA. The
remaining 13 snoRNA genes, including two 5.8S
rBRNA methylation guides, are new genes identified
from A.thaliana. Interestingly, seven methylated
nucleotides, predicted by novel snoRNAs Z41a-Z46,
are methylated neither in yeast nor in vertebrates.
Using primer extension at low dNTP concentration
the six methylation sites were determined as
expected. These snoRNAs were recognized as
specific guides for 2’-O-ribose methylation of plant
rRNAs. Z42, however, did not guide the expected
methylation of 25S rRNA in our assay. Thus, its func-
tion remains to be elucidated. The intergenic spacers
of the gene clusters are rich in uridine (up to 40%)
and most of them range in size from 35 to 100 nt. Lack
of a conserved promoter element in each spacer and
the determination of polycistronic transcription from
a cluster by RT-PCR assay suggest that the
snoRNAs encoded in the clusters are transcribed as
a polycistron under an upstream promoter, and
individual snoRNAs are released after processing of
the precursor. Numerous snoRNA gene clusters
identified from A.thaliana and other organisms
suggest that the snoRNA gene cluster is an ancient
gene organization existing abundantly in plants.

INTRODUCTION

Small nucleolar RNAs (snoRNAs) play an important role in
ribosome biogenesis (1). Since the 1990s, a myriad of novel
snoRNAs have been identified and characterized in the nucleolus
of eukaryotic cells and many snoRNA homologs were recently
found in some prokaryotes, such as Archaea (2—4). On the
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basis of structural features they can be divided into three main
families: C/D box snoRNAs, H/ACA box snoRNAs and
RNase MRP (5,6). Diverse functions of snoRNAs have been
determined. Six snoRNAs (e.g. snoRNAs U3, US, Ul4 and
U22) have been shown to be an essential component of the
rRNA processing machinery (1). On the other hand, a large
number of snoRNAs are involved in post-transcriptional
modification of rRNA. Most C/D box snoRNAs act as guides
for site-specific 2’-O-methylation of pre-rRNA, while the H/ACA
box snoRNA family is responsible for pseudouridylation of
pre-TRNA (7-10). Recent findings have shown that some
snoRNAs can guide the methylation of U6 snRNA and cellular
RNAs other than rRNA (11-13), demonstrating a critical role
of snoRNAs in methylation of nuclear components. Moreover,
snoRNA genes have been shown to have their own particular
genomic organization and expression. Two kinds of snoRNA
gene organization have been found. One is an independently
transcribed gene, while the other is nested in introns of protein-
encoding genes (1). The expression of intronic snoRNA
depends on transcription of its host gene and processing of pre-
mRNA. Intron-encoded snoRNAs are widespread in various
organisms, especially in mammals. Nevertheless, the majority
of snoRNA genes are independently transcribed in the yeast
Saccharomyces cerevisiae.

Up to now more than 100 snoRNA genes have been identi-
fied from various eukaryotic organisms. Most of them come
from vertebrates and yeast, whereas only a dozen snoRNAs
have been characterized from plants. Although most new
snoRNAs identified from plants appear to be homologs of
yeast or animal counterparts, the gene organization in plants
has shown characteristics different from yeast and animal
snoRNAs. Ul4 snoRNA gene clusters and their expression as
a polycistronic transcript were reported by Leader er al
(14,15). Six snoRNAs clustered in the first intron of the rice
Hsp70 gene have also been found (16; EMBL accession nos
770693, 269633, 269786, 2702297270231, Z96805-296808). It
is important to identify novel snoRNAs from plants for a better
understanding of the diversity of RNA gene structure and
function, as well as the mechanisms involved in evolution of
the snoRNA gene family. Arabidopsis thaliana is a favorite
model organism in plant molecular biology with a great part of
its DNA sequence documented owing to the Arabidopsis
thaliana Genome Project. Now a major task is to identify novel

*To whom correspondence should be addressed. Tel: +86 20 8411 2399; Fax: +86 20 8403 6551; Email: 1sbrc04 @zsu.edu.cn
+AJ010675, AJ224036, AJ240063-AJ240074, AJ240077, AJ240080, AJ242536, AJ242537, AJ276571-AJ276575, AT440078, AJ440079



1624 Nucleic Acids Research, 2001, Vol. 29, No. 7

genes from the DNA database and reveal their biological
function. Although a large number of protein-encoding genes
have been identified, only a few snoRNA genes have been
characterized from A.thaliana (17).

In this paper we report the identification of 25 snoRNA
genes, organized in 10 gene clusters, from A.thaliana. The
structure of novel snoRNAs specific to plant rRNA modifica-
tion and expression of the gene clusters are analyzed and
discussed.

MATERIALS AND METHODS

Search of the A.thaliana genomic database

The A.thaliana DNA database in the Stanford Genomic
Resource was searched for C/D box snoRNAs that exhibit
structural features of guides for rRNA ribose methylation (18).
Referring to the methylated nucleotide data from yeast and
vertebrates, a search for perfect 12 nt complementarity to a
rRNA ribose-methylated sequence immediately followed by
the sequence NCUGA was performed with the programs
BLAST (19) and FASTA (20). The DNA sequences of
snoRNA gene candidates obtained from the A.thaliana
genome were further analyzed using the PC gene 6.0 package.

RNA extraction and northern hybridization

Fresh A.thaliana seedlings for the isolation and preparation of
RNA were kindly provided by Dr Li Jayang (Genetics Institute,
Chinese Academy of Science). Total cellular RNA was
isolated and purified according to the method described by
Chomczynski et al. (21). An aliquot of 10 pg total RNA was
analyzed by electrophoresis on 8% acrylamide/7 M urea gels.
Electrotransfer onto nylon membrane (Hybond-N+; Amersham)
was followed by UV irradiation for 5 min. Hybridization with
5’-labeled probes was performed as previously described (22).

Reverse transcription analyses and mapping of ribose
methylation

Reverse transcription was carried out in a 20 pl reaction
mixture containing 10 pg total RNA and 20 ng 5’-labeled
primer in the presence of 250 UM dNTPs. After denaturation at
65°C for 5 min the mixture was cooled to 42°C for 10 min, then
200 U of MMLYV reverse transcriptase (Promega) were added
and incubated at 42°C for 60 min. The cDNA synthesized by
reverse transcription was analyzed by electrophoresis on 8%
acrylamide/7 M urea gels. Sequence analysis of cDNA was
performed after purification of full size primer extension
products on denaturing polyacrylamide gels as described
previously (18).

Ribose-methylated nucleotides of A.thaliana tTRNAs were
determined by primer extension at low dNTP concentrations as
follows. Two reverse transcription reactions, containing 5 ug
total cellular RNA and 0.1 pmol oligodeoxynucleotides labeled
at the 5”-end with P, were carried out in the presence of either
4 uM or 1 mM dNTPs. In order to map the methylation position
precisely, a rDNA sequence ladder was prepared and used as a
molecular weight marker. The rDNA fragments surrounding
the methylated nucleotide sequences of A.thaliana 5.8S, 18S
and 25S rRNA were amplified by PCR with the primer pairs
R58/LH2, 18N5/18NOR and At28Sc4F/Z44M2116, respectively,
then cloned into the Smal site of plasmid pTZ18. The plasmid

DNA insert was directly sequenced with the same primer as
used for rRNA methylation mapping and run in parallel with
the reverse transcription reaction as a molecular weight
marker.

RT-PCR experiment

Total cellular RNA was treated with DNase before reverse
transcription with the primers. About 50 g RNA in 100 pl of
DNase I buffer was incubated with 10 U of RQ1 RNase-free
DNase (Promega) and subsequently submitted to phenol/
chloroform/isoamyl alcohol (50:49:1) extraction. After reverse
transcription with a reverse primer, PCR was carried out by
adding the corresponding forward primer labeled at the 5’-end
with 32P,

Oligodeoxynucleotides

Oligonucleotides were synthesized and purified by Sangon Co.
(Shanghai, China). The sequences of oligonucleotide probes
and primers used for northern blotting and reverse transcription
were as follows: 5-ACTCAGTCCCTTAGATGTTCA-3’ (Pu25),
5’-GATCAGAATATGATGTCATTCT-3" (Pz27), 5-CCTC-
AGAATTGCAGAAGTATCA-3" (Pz37), 5-GAATCAGAA-
AGAACGTAGCGAG-3’ (Pz41), 5-CCATCAGCAACCAA-
AAGTTATC-3" (Pz42), 5-GACTCAGAATATGGGTG-
GTGA-3" (Pz43), 5-GAGTCAGAAGTAGCTGATTATA-3’
(Pz44) and 5-CCTCAGCAGTCCTAGTCAAGA-3’ (Pz45).
These oligonucleotides were complementary to the 3-end of
the U25a, Z27a, Z37a, Z4la, Z42a, Z43a, Z44a and Z45
snoRNA genes, respectively. Arabidopsis thaliana rRNA
ribose-methylated nucleotides were assayed by reverse
transcription with the following primers: 5’-CGGGATTCT-
GCAATTCACACCA-3" (R58), 5'-CATTGTTCCATCGAC-
CAGAGGC-3" (Z42M1840), 5-CGCTCCACCAACTAAGAA-
CGGC-3’ (ZA3M1263), 5-CCGCAGGGACCATCGCAATGC-3’
(Z44M2116), 5’-CAGGCTCCAGCTATCCTGAGG-3" (Z44-
M943) and 5'-CTGATCCCTGGTCGGCATCG-3" (Z45M1011).
The following oligonucleotides were used for amplification of
A.thaliana 5.8S, 18S and 25S rRNA gene fragments: 5-CGG-
GATTCTGCAATTCACACCA-3" (R58), 5-GTCGAATTC-
GTAGGTGAACCTGCGGAAGGATCATTG-3 (LH2), 5-TGG-
TGCCAGCAGCCGCGGTA-3’ (18N5), 5'-CTAAGGGCAT-
CACAGACCTG-3" (18N9R), 5-TATAGGGGCGAAAGA-
CTAATCG-3’ (At-28Sc4F) and 5'-CCGCAGGGACCATCG-
CAATGC-3" (Z44 M2116). RT-PCR experiments were
performed with the following primers: 5'-CCATCAGCAAC-
CAAAAGTTATC-3’ (Z42at) and 5-CCAATGAGGACAT-
CAGATTATA-3" (Z37aF). The probes and primers used in
northern hybridization and reverse transcription were 5'-
labeled with [y-32P]ATP (Yahui Co.) as described (23).

RESULTS
Detection of 10 C/D box snoRNA gene clusters

We have searched the A.thaliana genome database in the
Stanford Genomic Resource for antisense snoRNA genes that
possess a long sequence complementarity to rRNA. A number
of DNA sequences coding for snoRNA were obtained. When
the flanking sequences of these snoRNA genes were further
analyzed it was found, unexpectedly, that in most cases one or
two snoRNA genes, located upstream or downstream, were



linked with a previously identified snoRNA gene to form a
snoRNA gene cluster. Here we focus our attention on 10 C/D
box snoRNA gene clusters, termed A.thaliana clusters 11, 111,
IV, V, VI, VII, VIII, IX, X and XI, respectively, with reference
to the four Z2 snoRNA genes previously named A.thaliana
snoRNA gene cluster I (24). The sequences of the 10 snoRNA
gene clusters are showed in Figure 1.

Ten snoRNA gene clusters containing 25 snoRNAs are
scattered over all chromosomes of A.thaliana, especially on
chromosome 5 (see Table 1). All the snoRNA coding
sequences in the clusters exhibit the hallmark structure of C/D
box antisense snoRNA. This includes the presence of two short
conserved motifs, box C (5-UGAUGA-3") and box D (5’-CUGA-
3’), which are immediately flanked by a 4-20 bp stem
involving both termini of the RNA molecule. These features
are the key signals for both exonucleolytic processing and
nucleolar localization (25-27). Most of the snoRNA genes had
clear C’ and D’ boxes in the central region of the gene. Each
snoRNA gene had at least a 10-16 nt long complementarity to
rRNA, which is known as the functional antisense element
involved in guiding 2’-O-ribose methylation of rRNA (28).

Table 1. Localization of 10 snoRNA gene clusters

Gene cluster Chromosome snoRNA Accession no.
I 4 Z44a AJ240077
Z44b AJ440078
U24a AJ240063
11 5 Z44c AJ440079
U24b AJ224036
v 1 U59%a AJ240064
U59% AJ240065
\Y 5 U25a AJ240066
SnR38a AJ240067
745 AJ276572
VI 2 Z37a AJ240068
SnR40a AJ240069
742 AJ276571
Vil 1 ZAla AJ240071
Z27a AJO10675
VIII 5 Z41b AJ240072
7Z27b AJ240070
IX 3 743 AJ240080
SnR74 AJ240073
SnR60 AJ240074
X 2 Z37b AJ242537
SnR40b AJ242536
XI 3 U25b AJ276573
SnR38b AJ276575
746 AJ276574
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According to the relationship of antisense snoRNA structure
and function (7,8,29), rRNA/snoRNA duplexes and rRNA
methylation sites predicted by these new RNA guides were
analyzed and are described in Figure 2. About half of the
snoRNA genes from A.thaliana have two sequence comple-
mentarities to TRNA. A comparison with known snoRNA
genes from various organisms showed that 12 of 25 snoRNA
genes in the clusters were homologs of yeast or animal
snoRNAs according to the antisense element conserved among
organisms. Therefore, these snoORNA genes were named as
their counterparts, i.e. U24a, U24b, U25a, U25b, U59a, U59b,
snR38a, snR38b, snR40a, snR40b, snR60 and snR74, implying
the same function conserved in the course of evolution. Among
the 25 snoRNA genes, however, 13 snoRNA genes, named
Z27a, Z27b, Z37a, Z377b, Z41a, ZA1b, 742, 743, Z44a, Z44b,
Z44c, 745 and 746, respectively, were identified for the first
time from A.thaliana. Interestingly, six novel antisense
snoRNA species (Z41a-Z46) can form an 11-16 bp long
duplex with rRNA, but they do not match any known ribose-
methylated nucleotide of rRNA in yeast and vertebrates. Am47 in
5.8S rRNA, predicted by Z41a and Z41b, is a unique 2’-O-ribose
methylation in plants (30), however, six other potential
methylation sites have never been mapped in any organism. It
is possible, therefore, that the six novel snoRNA species
(ZA1a—746) may represent the specific snoRNAs for plant
rRNA methylation.

Positive identification of specific snoRNAs from the
clusters

Eight oligonucleotide probes and primers were designed and
synthesized according to the coding region of eight of the
novel snoRNA genes, i.e. U25, Z27a, Z37a, Z41, 742, 743,
ZA44a and Z45, which were selected from clusters II, V, VI, VII
and IX, respectively (see Fig. 1). Northern analyses were
performed with A.thaliana total cellular RNA and the labeled
oligonucleotide probes to confirm the expected snoRNAs
transcribed from the gene clusters. As shown in Figure 3A, all
the target snoRNAs were positively detected by northern
blotting. In each case a strong band was revealed under
stringent conditions of hybridization. These RNA molecules,
ranging from 66 to 109 nt, were detected as expected because
the 5’- and 3’-ends of most antisense snoRNAs were processed
within 10 nt upstream of box C and downstream of box D,
respectively. Although the snoRNAs were from different
clusters, their cellular abundance was of the same order of
magnitude according to the intensity of each band. In addition,
northern analysis of RNA isolated from partially purified
nucleoli of A.thaliana cells showed that the target snoRNAs
were enriched in the nucleus (data not shown).

To further confirm the identity of these RNA species and to
map the 5’-ends of the snoRNAs, reverse transcription
analyses of A.thaliana total cellular RNA with the same oligo-
nucleotide primers as above were carried out. A major cDNA
product was obtained for each snoRNA (Fig. 3B). Since the
primers are located on the 3’-ends of the RNA species, the
cDNA products have nearly the same size as the RNA mole-
cules detected by northern hybridization. For some snoRNAs,
such as Z44 and Z45, cDNA mini-heterogeneity (1-2 nt) could
be distinguished. This may reflect nibbling by exonucleases
during processing of the terminal nucleotide of snoRNA. The
sequences of the cDNA products from each snoRNA were
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Figure 1. The sequences of the snoRNA gene cluster from A.thaliana. snoRNA genes are in capital letters; the C/D and C’/D’ boxes are boxed by solid and dashed
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CLUSTER It

ttggttgaat attggaactt ttgtggagea gtatigatat

AAA GATTCCCT

TCTGACTCAT CATCA

TTCCTCC GGGAAACAT:

CLUSTER VIII

Lttgaaattg gte

TCTTTAGA  Z41b)

TGAAGAA TGIGATGAAA GTTGTCGATT ATGTGT!
T TACGTTCTTT CTtc

tecetttaa 120

agaaaacagt Ttfcataagl LUlgLitita gtaatttcag attcaglily tcasgtaatc 1so
saattggtga aagalaacat ct

TGGAGAAA TALGATGATA ATAATCAGTA AATATCTTAG Z27b)
CACAGTTT ACTGTGTATG AGAATGACTT GTTAATICTGA! TTCTCCATA
t a0

tcatc ataacacctt ttttgttitt cgecgattta gaaaacgttt 1so
Lttgaggtct tttatgacat tttctttgat aaatttttt
T GATGGTAMA GAIGACGHAA  Z44b|
ABAATCGTEC GGATTOCC CCCT CGOGAMGAT G AR ACCAGCTACT 500 |
TTTA CCATCA
tcga tatagalllc ccaaaataag tlccactttt gaattgittt  seo
i RATAT TTGCTACTOT TGATGAAGAA CTTTGTTCTT U2da
GTTTAC CACCAAGATC TCTGAGGCCT TA |
gttttcta ctgtttater 480
CLUSTER 1Ll
tatgaaaltg tgaaattctg tgttattgat agtggt
TGAT GGAATGGTGA GGG o 7a4c
AAMAATCATT CGGATTCCCA TCCCT TACGTACGGG ABATTATG 120
AGCTACTT ATCAT CCATCA
Ttat gtttttiggt tcltaagttt tgtttgetat 180
gtattiacta agligiltil
& GCOGGTGAG TANICAARAT ATTTGCTACT
AATTICTTCA T1TACCACCA AGATCILToA TocC
tttttg aattgttitt a0
CLUSTER IV
ggettgtgat ccaatlctit canatetget cttgttntte aatnngtgta
U59a
CCGATGATGA TCAMTCATA ACTTTCGTIC T 150
GOAGACCTGA. ACTGAGCTGA GGCARNTTC
a lealctettt tettttrgat trtacaaalt 240
atggtgtett
TTTTATCTGE GGTAA TAITGATGTIA ARACTTICGT TCTd Us9H
TTTCAATATG CIGA T GAMCTGAAAG RGTACTTATT TCTTIGAARA 60
ceettttitg © L Cttgtttteg tgactatttt cttalggtil cataaaasat 120
CLUSTER V
gatititgla taagtttttg
GAAGARCAGT GATGAGICAG T17ACAGACC TGTAATGAIT U25a
120
tlaacauctt caatttgttt trgttggtta atgrrttott gtitaatetg at
RARGAGGC 745
[TGATGARGAT TAGATATTAA TGGTTAL ATTTCAATA AGTGIIGTTGA TATACTATCT 20
gaalletaag gaattatgtt tfetcetittt 00
GAACAAATAT GAAAAMACAG TTATCCCTGT  snR38a
T TTGTAN Chean
cctt ccagtteata 420
AGAACA C TGATTAACAT 7374
i tt tritigatga gttttglill tgattagtat 120
aga
AMAGGCA GITGATGAACG AGAATGTCAT GUACCAC! CATTAGTG ClTGATAACCA snR40z
TCICIAACCC ATATTTTCTC TGARCCTTT
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tagtaalget gga
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TICTGTTT GAGMIGACA TCATATTCTG ATCITCAGTT N
aaatttettit titegtttes EC
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CLUSTER X
tagggtitag t )
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540
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lines, respectively. A bar is drawn over sequence complementary to rRNA and arrows indicate nucleotides involved in the terminal stem.
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5" —TCGGATTCCCTITTG O 5
3" —AGCCTAAGGG TTGG‘ICt}i\’I'(;A—S' 3’
255 rRNA  Am2116 255 YRNA Am943 255
U24a
20 70 -3
5’ ~~AATATTTGCTACTCITTGA--~TACCACCAAGATCT 5
3’ -~TTATAAACGATGA ATGGTGGTTCTAGA--5" 3’

255 rRNA Aml451 258 rRNA Cm1439

Nuc

Z44b
23 64 c1ca--3"
TCGGATTCCCTITGA-———AACCAGCTACTT
AGCCTAAGGG TTGGTCGATGA—5"
rRNA  Am2116 255 rRNA  AmO43
U24b
19 64 crea-3
——AATATTTGCTACTCITTGA—TACCACCAAGATCT
——TTATAAACGATGA ATGGTGGTTCTAGA——5'

25S TRNA Aml451 258 TRNA Cm1439

U59b U25a
20 59 Erea—3' 23 62 real--3
" —-AACTTTCGTTCTCCTGA-—TTGGAGACCTGAA 5" —ACAGACCTGTARTGA)-~—~-GAACATCTAAGGGA

w o
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AACCTCTGGACT—-5"
255 rRNA 61845

37

Z37a
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185 rRNA Um1445

Z37b
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o
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w
w

31
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255 TRNA Um2641
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3" —~TAGAATCCTGTGGA—5'
255 rRNA U$26/11
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Figure 2. Methylation guide duplexes between snoRNAs and rRNAs. 2’-O-ribose m

ethylation sites homologous to those of mammals and yeast are shown by filled

circles and novel methylation sites determined in this work are depicted by open circles. Arrows indicate unmethylated nucleotides. Box D and D’ motifs (boxes)
are indicated. (A) snoRNAs with two complementarities to rRNAs. (B) snoRNAs with one complementarity to rRNAs.

determined by cloning of purified cDNA bands. The sequences
determined perfectly matched the corresponding snoRNA
genes in the clusters, further confirming the identity of the
snoRNAs.

Determination of six rRNA methylation sites predicted by
the novel snoRNAs

Because the ribose methylation sites of rRNA in A.thaliana
have not yet been completely mapped, the methylated nucleo-
tides predicted by the six novel snoRNAs were verified experi-
mentally in this study. Using primer extension at low dNTP
concentrations, which causes pausing at ribose-methylated

nucleotides in the RNA template, we determined, as shown in
Figure 4, six new methylated nucleotides in A.thaliana rRNAs,
i.e. Am47 in 5.8S rRNA, Um1010, Cm1011 and Um1263 in
18S rRNA and Am943 and Am2116 in 25S rRNA. These
methylated nucleotides were predicted by Z41a, Z41b, Z43,
Z44a, 744b, 745 and Z46, respectively. However, C1840 in
25S rRNA, which was predicted by Z42, did not produce an
evident pause due to methylation, as compared with three
known methylated nucleotides nearby, in our primer extension
assay. Likewise, G1845, indicated by additional comple-
mentarity of U59, was found to be unmethylated in the same
assay.
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Figure 3. snoRNA analyses. (A) Northern blot analyses. Aliquots of 10 pg total cellular RNA were separated in each lane and hybridized with the labeled
oligonucleotide probes described in Materials and Methods. Lane M, molecular weight markers (pBR322 digested with Haelll and 5’-end-labeled with [y-?P]ATP).
(B) Reverse transcription analyses were carried out with the 5’-end-labeled primers described in Materials and Methods.
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Figure 4. Determination of rRNA methylation sites predicted by the novel
snoRNAs. Lane 1, control reaction at 1.5 mM dNTP; lane 2, primer extension
at 4 uM dNTP; lanes A, C, G and T, the rDNA sequence ladder. The sites of
ribose methylation were revealed by RT pauses at low dNTP concentrations.
Arrows indicate potential methylation sites predicted by the novel snoRNAs.

Analyses of intergenic sequences of gene clusters

All the snoRNA genes in the clusters are arranged in a head-to-tail
fashion and are closely linked. Sequence analyses showed that
the intergenic spacers which separate snoRNA genes in the
10 clusters were rich in uridine (up to 40%). Most of them were
of small size, ranging from 35 to 115 bp, with the exception of
U25b-746 from cluster XI, which lie 330 bp apart (Fig. 1). No
conserved promoter elements of plant snoRNA genes were
found within the short sequences of the intergenic spacers.
This suggests that the snoRNA genes in clusters might be
transcribed together as a polycistronic precursor from an
upstream promoter. Individual snoRNAs would be released
after processing by a nuclease(s), as reported by Leader et al.
(15).

The presence of a polycistronic transcript from cluster VI
(Z37a—snR40a—Z42) of A.thaliana was determined by RT-PCR
with pairs of primers designed to amplify regions that encom-
pass the three snoRNA gene encoding sequences and their
spacers. As shown in Figure 5, a precursor representing an
unprocessed polycistronic transcript was detected, with the
band produced by RT-PCR corresponding precisely to the size
of the product, i.e. a band of 334 bp, as expected. No product
was observed in any of the RT-PCR controls performed in the
absence of reverse transcriptase.

It is worth noting that, besides being U-rich, the sequences of
the intergenic spacers of each cluster are very different from
each other. A hairpin-like structure, predicted by the RNA
folding program, was found for most of the intergenic spacers
of the A.thaliana snoRNA gene clusters, which is reminiscent
of the processing signal recognized by nuclease(s) in yeast
snoRNA polycistronic precursors (18).

DISCUSSION

Novel snoRNA identification through comparative analyses

It has been shown that all sites of rRNA ribose methylation are
specified through the same snoRNA-guided process (28,31).
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Figure 5. Detection of a polycistronic snoRNA transcript by RT-PCR with
primer pair Z37aF/Z42at. Lane DNA, control PCR performed on the total DNA;
lane RT-PCR, PCR amplification after reverse transcription of total RNA;
lane PCR-C1, control PCR performed on total RNA without reverse transcription;
lane PCR-Co, control PCR carried out with water as template; lane M, molecular
weight marker (pBR322 digested with Haelll).

The number of these modifications varies considerably
between organisms, from 55 for yeast to 107 for human rRNA
(32), showing an increasing number of methylated sites in
multicellular organisms. Interestingly, all of the methylated
sites have been found to be located in the phylogenetically
conserved regions of rRNA and about two-thirds of rRNA
ribose-methylation sites in yeast are conserved in human. The
pattern of rRNA methylation in diverse organisms and the
mechanism(s) that produces it remain to be elucidated.
Recently, computer searches of DNA databases relying on the
presence of sequences and structural features has represented a
powerful means for detecting novel snoRNAs in some verte-
brates and the yeast S.cerevisiae (8,18,22,31). Nevertheless,
the application of this method to plant genomic sequences has
been limited or has involved complicated computations,
because the sites of rRNA ribose methylation have not been
completely mapped in any plant. Thus, we have tried to search
the A.thaliana genomic sequence, based on the known pattern
of rRNA ribose methylation of yeast and human, to identify
cognate snoRNA genes in A.thaliana. By this means we have
identified 10 novel snoRNA gene clusters containing 25
snoRNAs and a series of snoRNA gene candidates (L.H.Qu
and H.Zhou., unpublished results). An interesting phenomenon
observed in A.thaliana concerning snoRNA gene organization
is that many snoRNA genes were in clusters consisting of two
or more snoRNA genes. By analysis of the clusters we were
able to discover six novel snoRNA species that did not match
any known methylated nucleotide in yeast and human.
Together with mapping of the predicted methylated sites, five
novel snoRNA species were suggested to be specific guides of
rRNA modification in plants. However, Z42 is a typical anti-
sense snoRNA with a 12 nt complementarity to 25S rRNA, but
the target nucleotide predicted by Z42 was not methylated in
A.thaliana. Like yeast snoRNA snR190 (31), the function of
742 as a rRNA methylation guide remains to be determined.
Identification and characterization of cognate snoRNAs
through comparative analyses will contribute to a more
comprehensive pattern of 2’-O-methylation of TRNA from
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A.thaliana and make it possible to find novel snoRNA genes
characteristic of plants.

SnoRNA homologs among distant organisms

Although a large number of rRNA methylation sites have been
highly conserved during evolution, identification of snoRNA
homologs among distant eukaryotes might be problematic in
some cases. The fact that some snoRNAs share partial anti-
sense elements with their counterparts in other organisms or
possess two antisense elements homologous to two different
snoRNAs with a single antisense element suggests a more
complex definition of snoRNA homologs from different
organisms. Arabidopsis thaliana snR40, for instance, shares
only one functional element, instead of two, with its yeast
counterpart. Conversely, A.thaliana U25 and U59 have an
additional sequence complementarity to rRNA compared with
their mammalian counterparts. Yeast U24 is an example that
differs from vertebrate U24 by one of two antisense elements
at the 3’-end of the molecule (8). Arabidopsis thaliana U24,
with two sequence complementaries to 25S rRNA, is a yeast
rather than vertebrate homolog, implying an ancestor of the
U24 gene shared by these two organisms. However, A.thaliana
Z27a and Z27b, two copies of the same snoRNA species,
represent unique cognate homologs of animal snoRNA
because the methylated nucleotide Um2641 in 18S rRNA
predicted by Z27a and Z27b is not methylated in yeast. This
methylated site is conserved in vertebrates (32), but the corre-
sponding snoRNA guide has not yet been identified. More
interestingly, Z37a and Z37b represent particular snoRNA
species in plants, because they have two special sequence
complementarities, one of which is responsible for Gm79 in
5.8S rRNA, while the other is the same as snR39b. Gm79 in
5.8S rRNA is a conserved methylation site between vertebrates
and plants, but not yeast (32). In contrast, snR39b has been
identified as a methylation guide snoRNA with a single
antisense element in both yeast (32) and mouse (L.H.Qu and
H.Zhou, unpublished results). Since most members of the C/D
box antisense snoRNA family have been shown to possess a
bimodular structure with two functionally independent, but
structurally related, halves, our observations from analyses of
snoRNA homologs implies that recombination between
elementary modules in different snoRNAs might have occurred
during evolution. The results also reveal a complicated pattern of
rRNA modification in plants.

The snoRNA gene cluster is an ancient organization
existing abundantly in plants

No snoRNA gene cluster has been found in mammals,
although multiple snoRNAs may be produced simultaneously
by processing a mRNA precursor transcribed from a host gene
having numerous single snoRNA-containing introns (33,34).
In yeast, in addition to a few intron-encoded snoRNA genes,
major C/D box antisense snoRNA genes are dispersed as
independently transcribed singlets and only five antisense
snoRNA gene clusters have been identified from the yeast
genome (31). The identification of 11 snoRNA gene clusters in
A.thaliana reveals the abundance of gene clusters in plants.
The finding of snoRNA gene clusters in both plants and yeast
suggests that snoRNA gene clusters, which have developed
more complexity in plants, are an ancient gene organization
conserved through the course of evolution. This suggestion is
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supported by a recent study of snoRNA gene clusters from a
protozoan, Trypanosoma brucei (35). SnoRNA gene clusters
would represent an effective regulation of the transcriptional
unit and produce snoRNAs in stoichiometric amounts. Never-
theless, maturation of snoRNAs is required by processing of
the polycistronic transcript. It has been shown by Leader et al.
that such processing is independent of splicing and requires
endonucleolytic activity (36). Recently, RNase III, an endo-
nuclease involved in rRNA and tRNA processing, has been
shown to be a key player in the processing of polycistronic
transcripts from snoRNA gene clusters in yeast (37). Yet, its
role and recognition signal remain to be determined in plant
snoRNA processing. More detailed analyses of the A.thaliana
genomic database will provide further insights into the general
genomic organization of snoRNA genes and thereby shed light
on the mechanism of expression of snoRNAs in plants.

snoRNA sequences determined in this work have been
deposited in the EMBL sequence database; the accession
numbers are displayed in Table 1.
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