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The tRNA and rRNA Genes in the Oryza sativa Genome
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Abstract In the recently assembled genomes of rice Oryza sativa ssp. indica and japonica we identified 564
and 519 tRNA genes respectively. The modified wobble hypothesis namely at least 46 tRNA species must
present in order to decode all 61 possible anticodons is perfectly observed in both subspecies. Among the 46
tRNA species indica and japonica have many identical ones in sequence. There are 18 rice tRNA species that
have identical counterparts in Arabidopsis. In the indica superscaffold dataset 384 5S rRNA genes dozens of
17S and 5. 8S rRNA genes and one 25S rRNA gene were discovered. The incompleteness of observed rRNA
genes is mainly caused by the fact that the rRNA genes always exist as tandem arrays in heterochromatic re-
gions that are not successfully sequenced in a whole-genome shotgun approach.
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Non-coding RNA genes consist of tRNA
rBRNA snRNA snoRNA and other small RNA
genes. Although they account for only a small
fraction of all genes in a genome they play indis-
pensable role in biological activities. The tRNA
and rRNA genes take part in synthesizing the pro-
tein both constitutionally and functionally. Transfer
RNAs bridge the information flow from mRNA to
protein acting as an adaptor of high fidelity. There
are hundreds of sometimes even more than one
thousand tRNA genes in an organism’ s nuclear
genome. Francis Crick stated in 1966 that less
than 61 species of tRNA genes are needed in an
organism through non-Watson-Crick base-pairing
rules ' . This is the well-known wobble hypothe-
sis. In 1982 Guthrie and Abelson revised the wob-
ble hypothesis ? . They showed that 46 tRNA spe-
cies would be enough in Eukaryotes via the modi-
fied base-pairing rules.

The collection of tRNA genes in the se-
quenced genome of several Eukaryotes has been
analyzed ° . This includes yeast worm Arabidop-
sis and human ®* . The modified wobble hypothe-
sis is almost perfectly obeyed though 1 to 3 spe-
cies in excess of 46 which might be pseudo-
genes were found in those genomes. These were
tabulated in our tRNA study ° on the indica draft
sequence not yet assembled into chromosomes.
We found then 592 tRNA genes in the indica ge-
nome and the modified wobble hypothesis was
perfectly followed. In the japonica genome a group
of 85 tRNA genes were found in chromosome
1° 70 tRNA genes were found in chromosome
47 including 46 nuclear and 24 chloroplast-de-
rived tRNA genes. The japonica chromosome 10
sequencing consortium found 67 tRNA genes in-
cluding 28 nuclear and 39 chloroplast-derived
tRNA genes ° .

Most of the 17S 5.8S 25S rRNA genes re-
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side in the NORs nucleolar organization regions

and several NORs can cluster into a nucleolus ° .
A 17S rBRNA a 5.8S rRNA and a 25S rRNA form
a structure unit and hundreds of these structure u-
nits repeat as tandem arrays with spacers be-
tween the rRNA genes. These rRNAs are tran-
scribed by polymerase | and the mature products
after base modifications construct the ribosomes
together with dozens of proteins. Another kind of
rBNA taking part in constructing ribosomes is 5S
rBRNA. Hundreds of 5S rRNA genes cluster togeth-
er to form several regions in genome and are tran-
scribed by RNA polymerase |[ll. The 5S rRNA
which

are indispensable and sufficient for the gene’ s

gene has internal control regions ICRs

transcription. Any base deletion in ICRs dimishes
transcript. In the 3'-flanking region there is an oli-
go-T string serving as a terminator ° . The highly
conserved segments of tRNA and rRNA genes a-
rouse great concern on how they evolve. To inter-
pret the evolution of rRNA genes many evolution
models have been proposed. However the prob-
lem is still open. A few complementary regions be-
tween these rRNAs and tRNAs were revealed in
E. coli. The possible interactions implied by the
complementary regions are predicted to be essen-
tial in constructing ribosomes and synthesizing
proteins.

With several rice genome sequencing pro-
jects approaching the finishing stage it makes
sense to refine and deepen the study of tRNA and
rRNA genes in the assembled chromosome se-
quences and compare the results with what have
been reported before.

1 Materials and Methods

We have searched and analyzed the tRNA
and rBRNA genes in the BGI indica and Syngenta
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japonica superscaffolds assembled from whole-
genome shotgun reads. These sequences have
been uploaded to DDBJ/EMBL/GenBank with
project accession numbers AAAA02000000 and
AACV01000000 which will be available soon in
the above databases and via the BGI-RIS ' sys-
tem when the paper on the finished rice genomes
sees the light. In order to compare the RNA genes
in the monocotyledon and dicotyledon genomes
we have downloaded from GenBank the Arabidop-
sis genomic sequences with the accession num-
bers NC_003070 ~71 and NC_003074 ~76 and
the tRNA and rRNA genes were obtained by us
independently from the original annotation.

To locate the tRNA genes we run the
tRNAscan-SE "' to find the candidate tRNA genes
and manual inspection is then performed with the
help of BLAST * to obtain the creditable tRNA
datasets. The rRNA genes were found using
BLAST with known rRNA genes in rice and other
species as queries. To find possible interaction
sites in rRNA sequences BLAST and the EN-
BOSS " programs WATER and MATCHER are
used to make local alignments.

2 Results

A total of 564 and 519 tRNA genes were
identified in the currently assembled chromosome
sequences of indica and japonica. The tRNA
genes are dispersed throughout all 12 chromo-
somes in each of the rice subspecies Table 1

Table 1 The number of tRNA genes in

each chromosome found

Chromosome Indica Japonica ||Chromosome Indica Japonica
Chr01 85 71 Chr07 34 35
Chr02 57 59 Chr08 45 42
Chr03 79 68 Chr09 34 32
Chr04 45 41 Chr10 28 23
Chr05 58 56 Chr11 23 24
Chr06 38 32 Chr12 38 36

Different from the situation in the human ge-
nome few clusters could be found in the rice ge-
nome. According to the tRNA datasets obtained in
indica and japonica 46 tRNA gene species are
found in both rice subspecies and the modified
wobble hypothesis is perfectly followed see Table
2.In Table 2 we show amino acids their corre-
sponding codons and tRNA anticodons together

Table 2 The tRNA genes and the modified wobble hypothesis in Oryza sativa L. ssp. indica and japonica

Ph uuu AAA O O ~UCuU AGA It 10
e : ;
[ vuc GAA 15 14 ucc GGA 0 0
Ser
- UUA UAA 4 4 UCA UGA 7 6
uuG CAA 10 7 LUCG cGA 77
Leu CuUu 7 AAG 17 17 ~CCU 7 AGG 14 14
cuc GAG 0 © ccce GGG 0 o0
Pro
CUA UAG 6 6 CCA uGgG 8 7
L CUG CAG 8 8 LCCG CGG 9 8
r AUU AAU 20 19 ~ACU AGU 12 11
Ile { AUC : GAU 0 O ACC : GGU o0 0
Thr
L AUA UAU 6 5 ACA UGy 6 6
Met - AUG CAU 28 33 LACG cGU s 4
- GUU AAC 22 19 ~GCU AGC 23 21
GUC : GAC 0 © GCC : GGC 0 0
Val Ala
GUA UAC 4 3 GCA uGgc 11 9
L GUG CAC 10 11 LGCG CGC 11 10

UAU AUA 0 O uGuU ACA 0 O
Tyr [ Cys [
UAC GUA 14 13 uGc GCA 11 9
T |:UAA UUA 0 O Ter -UGA UCA 0 ©
er
UAG cua o0 0 Trp -UGG CCA 16 14
Hi CAU AUG 0 © CcGuU ACG 14 12
is > ;
[CAC GUG 12 11 CGC GCG 0 O
Arg
c CAA uuG 14 13 CGA ucG s 3
In [
CAG CUG 10 10 CGG CCG 7 6
AAU AUU 0 © AGU ACU 0 0
Asn I: : Ser [ :
AAC GUU 19 IS5 AGC GCU 10 9
AAA uou 9 9 AGA ucu 9 7
Lys [ Arg [
AAG Cuu 19 19 AGG ccu 1t 9
GAU AUC 0 0 GGU ACC 0 o0
Asp [ : :
GAC GUC 26 24 G GGC GCC 24 22
ly
GAA uuc 1o GGA ucc 12 10
Glu [
GAG cuc 27 25 GGG cCc 10 9

Note For each of the 20 amino acids we show its corresponding codon anticodon the copy number of the corresponding tRNA gene in

indica and japonica respectively. The wobble hypothesis is displayed by slanting lines between codons and anticodons.
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with the cognate tRNA gene numbers in indica
and japonica. The lines in Table 2 show the modi-
fied wobble base-pairing rules between codons
and their corresponding anticodons. The tRNA
genes in japonica are like those in indica in almost
all aspects. The only difference might be the num-
ber of tRNA genes which is partly caused by the
smaller size of japonica chromosomes assembled
so far. Two species of tRNA genes have an in-
tron. Among the 28 trnM genes in indica 16 of
them related to elongation of polypeptides have an
intron 11 ~ 16 bases long while the other 12
genes related to the initiation of translation have
no intron. The trnY-GUA genes also contain an in-
tron about 14 bases long. Bases are highly even
perfectly conserved between rice tRNA genes and
their A. thaliana counterparts. Among 46 tRNA
species 18 species of rice tRNA genes have iden-
tical counterparts in A. thaliana. There is 1 or 2 or
seldom more point mutations in the other tRNA
species. There are about 100 copies of chloroplast
and mitochondrion tRNA genes found in the cur-
rent indica genome sequences. All of them are not
included in the final set of tRNA genes.

Only three 5.8S rRNA genes located on
chromosome 1 6 and 12 respectively and one
17S rRNA gene located on chromosome 1 were
found in current indica genome sequence. An 128
base intergenic spacer separates the 17S rRNA
gene and the 5. 8S rRNA gene on chromosome
1. One 5. 8S rRNA gene and one 17S rRNA gene
are obtained in chromosome 3 of japonica ge-
nome sequence. The length of the intergenic
spacer between these two genes is 731 bases.
The 25S rRNA gene was not found in currently
assembled chromosomes of both subspecies.
However in the dataset of indica scaffolds some of
which are not assembled into chromosomes we
recovered one 8 kb 17S-5. 8S-25S rRNA structure
unit fifty 5.8S rRNA genes and seventeen 17S
rRNA genes. The lengths of 17S 5.8S and 25S
rBRNA genes are 1751 283 and 3 307 bases re-
spectively.

We also discovered 71 and 15 5S rRNA
genes in the indica and japonica chromosome se-
quences respectively. The number is surely far
smaller than expected by about one thousand.
The 5S rRNA genes in indica are located on 3
chromosomes forty-nine in two clusters on chro-
mosome 4 twenty in one cluster on chromosome
3 and two on chromosome 2 while the 5S rRNA
genes in japonica are all located on chromosome
6. On the other chromosomes only small seg-
ments of 5S rRNA genes were found. The differ-
ent distribution on chromosomes between the two
genomes may be due to the smaller dataset of 5S
rRNA genes. We see that the 5S rRNA genes are
mostly clustered on chromosome 4 3 6 and 2. In
the indica scaffolds dataset we obtained 384 cop-
ies of 5S rRNA genes. The transcribed regions of
all the 5S rRNA genes are typically 120 base long
with a non-transcribed intergenic spacer about 203
bases long. They have an oligo-T tail at their 3'-
flanking region which is the signal to terminate
transcription.

Based on sequence comparison to the 5S
rRNA in Arabidopsis the transcription controls re-
gions of rice 5S rRNA were revealed Fig.1 .The
transcription unit is 120 bases long. The internal
control regions are conserved between the rice
and Arabidopsis and the 9 mutation sites are all
non-essential ones as the Arabidopsis experi-
ments ° indicate. The major difference between
the two species is that they have very different 5'-
flanking regions. The Arabidopsis has a TATA-box
string which was proved to be an important ele-
ment for re-initiation of transcription while in rice
no trace of any TATA-box-like string has been
seen. The 5'-flanking regions are highly conserved
among the rice 5S rRNA genes which implies
possible existence of different control elements for
re-initiation of transcription in rice. A GC element
exists in the two species 5S rRNA at -11 ~ 12
bases upstream in Arabidopsis and -12 ~13 ba-
ses upstream in rice which is important for tran-
scription efficiency. The transcription region ends
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with a C in Arabidopsis while with two Cs in rice.
Though experiments suggested four Ts are e-
nough to terminate transcription almost all rice 5S
rRNA genes terminate with a stretch of five Ts.
Another two stretch of four Ts are found in 5'-flan-
which we infer

=30 ) -10 11 10

king region not shown in Fig. 1

may serve to affirm the terminating the transcrip-
tion of the last gene unit and beginning transcrip-
tion of the next gene unit that is to say the cor-
rect termination of the last gene unit may be sig-
nificant for starting the transcription of the next u-
nit.

20 X 40 20 60

AMCAMTACAIIATGACCCCAMOCATGIC GRATGOGATCATACCAGCACTAAACCAOCATOCCATCAGAMCTOCGAAGT TAAGCGTG
AAGAATAGATACGATIGCATI(I}ATGTPGTAA C GRATCOATCATAGCAGCACTAATOCAOCAGATOCCATAAGAMCTOCCCAGI TAAGIGIG

Hk sk iiciileleiek
70 80 90 100

% % * * *

110 120

CTTCACAGAGTAGTACTACGATOAG TGACCTOCTACGAAGTOCTAG TGTTACATCOCT CCTTTTT
CTTCACAGAGTAGTACTACATOAG TCACCTOCOGGAAAGTOCTAGTGT TTCATCOCT G-TTTTT

x 3k

Fig. 1

An asterisk =

The 25S 5. 8S and 5S mature rRNAs consti-
tute the larger ribosomal subunit and the 17S ma-
ture rRNA constitutes the small ribosomal subunit.
They are predicted to be essential both constitu-
tionally and functionally in translation of the infor-

X*

Sequence comparison of typical 5S rRNA in rice upper and Arabidopsis lower

marks the sites different in indica and japonica 5S rRNA genes.

mation stored in mRNA to direct the synthesis of
peptides. In order to recover whether there are in-
teraction sites between rRNAs their sequences
are locally aligned to find possible complementary
interaction sites Table 3 .

Table 3 Possible interaction sites in the rRNA sequences

55 TRNA 55-AGCGTGCTTGGGCGAGAGTAGTACTAGGATGGGTGACCTCCTG—GGAAGTCCTCGTG 110

5.85 rRNA 282- TCGCAGAAATCCGCACT——GCGGGTCCGTCCGCACGGGAGCCGGCCTACCGGAGCCC 228

55 rRNA 37- ATCAGAACTCCGAAGTTA—54

255 rRNA 1912- TAGGAATAGGGCTTCAAT 1895

5S TRNA 14-CCAGCACTAAAGCACCGGA-TCC-35

17S rRNA 922-GGTTGTGTTATCCTGGCCTTAGG-900

5.8S rRNA 218- GCAAGTTGCGCCCGAGGCCATCCGGCCGAGGGCACGCCTGCC 259

255 rRNA 1968—CGTCGGACGAGGGTTCCGC-AGGCGGGTTCCGGGTTGCACGG-1928

5.85 rRNA 59— GGTCGGCCCTGGCCGTCCGGCGGCGCGGC—87

17S rRNA 663~CCAGCCACGAGCGGCACTCCGCCTGGCCG 635

255 rRNA 2214~ AACTATGACTCTCTTAAGGTAGCCAAATGCCTCGTCA—-——TCTAATTAGTG———AC--GCGCATGAATGGATTAA-2280
178 rRNA 97-TTGATATTGACTAAATTAC- TCGGTAAGCGTCAAAGTGTCAAGCTTAATCAAGTATGAACGTCTACGTACCGAATT -23

The possible interaction sites listed are the
best matched complimentary regions between the
corresponding rRNA sequences. Other interaction
regions may also exist. Using BLAST we found

another complementary string between 25S rRNA
2288-cccactgtcecctat-2301  and 17S rRNA  860-
. We can see that the 5S
rBRNA has well matched segments complementary

ccgactgtccctat-847
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with 17S 25S and 5.88S rRNAs and the segments
follow one another immediately. The length of 5S
rBRNA is 120nt in rice so it appears that most part
of the 5S rRNA sequence including the ICR re-
gions serves as a thread linking all the other
rRNAs together. The 17S rRNA comprising the
small ribosomal subunit has complementary seg-
ments with all three rRNAs comprising the large ri-
bosomal subunit. All the four kinds of rRNA genes
interact with each other as Table 3 suggests. The
interactions between these rRNAs may be very
extensive and we infer the extensive interactions
between these rRNAs are the crucial base of ribo-
somal function. The possible interaction regions
found may help to predict the 3-D structure of the
ribosome and understand how the ribosome
works. Interaction sites between rRNAs and tR-
NAs were searched by local alignment however
the interaction sites between rRNAs and different
tRNA species are so diverse that they are suspi-
cious to play any role.

3 Discussion

As we indicated above the modified wobble
hypothesis is perfectly followed in the two rice
subspecies. A careful study carried out by us on
A. thaliana suggests the modified wobble hypothe-
sis may also be perfectly obeyed in this dicotyle-
don. The fact that the modified base-pairing rules
hold in the model organisms of both monocotyle-
don and dicotyledon hints on that the modified
rules may be perfectly obeyed in all land plants.
The few exceptional tRNA genes in excess of 46
in yeast and human might be possible pseudo-
genes. Therefore Guthrie and Abelson’ s hypoth-
esis that 46 species of tRNAs are enough in Eu-
karyotes is nearly to be verified.

It is evident that the absence or small number
of rRNA genes in the current chromosome se-
quences is caused by the difficulty in assembling
highly repetitious regions. The NORs where 17S
5.8S and 25S rRNAs reside are highly hetero-

chromatized that makes it much more difficult to
obtain full set of these RNA genes and incorporate
them into chromosome sequences. The assemb-
ling of highly heterochromatic repetitious regions is
a hard job not only for the whole genome shotgun
approach but also for the traditional clone-by-
clone approach adopted by the Human Genome
Consortium and the Arabidopsis project. The Hu-
man Genome Consortium found few rRNA genes
not a single 17S-5.8S-25S rRNA gene unit at
all * and the Celera report did not say a word on
rRNA ' . The Arabidopsis genome project did not
sequence the 17S-5.8S-25S rRNA regions ' .
Being different from rRNA genes most tRNA
genes are successfully assembled into chromo-
somes. The tRNA genes disperse in the whole ge-
nome not only reside in the heterochromatic re-
gion. They are shorter than rRNA forming only
small clusters most of them having less than 20
copies in each tRNA species. This will not handi-
cap the assembling. Each kind of rRNA genes are
highly conserved for concerted evolution. For the
tRNA genes things are further complicated by the
presence of dozens of different species. The find-
ings in rice and other Eukaryotes show that
though the nuclear tRNA genes are distantly loca-
ted on different chromosomes the genes from the
same tRNA species are highly conserved even
identical. This may also imply the possibility of
concerted evolution. However the tRNA evolution
mechanism may not be the same as that of rRNA
genes.
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