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Abstract We have identified two genes coding for
chloroplast ribosomal protein L12 encoded in the
nuclear genome of rice (Oryza sativa). These genes
were designated rpl12-1 and rpl12-2 (rpl12, ribosomal
protein L12). Northern analysis with specific probes
revealed that both genes are transcribed. The expres-
sion of each gene seems to have a different regula-
tory machinery. It is also suggested that the expression
of rpl12-1 is controlled in an organ-specific manner.
The deduced amino-acid sequences of the mature
peptide parts are more conserved than those of the
transit peptide parts in both monocotyledonous
and dicotyledonous plants. A phylogenetic tree was
constructed using the nucleotide sequences of the
transit peptide region of the rpl12s of reported plant.
The tree includes estimates of when the transit pep-
tides were acquired, and when the genes were duplic-
ated, in the course of evolution. According to our
hypothesis, the nuclear-translocated chloroplast
ribosomal protein L12 gene obtained its transit pep-
tide after the divergence of monocots and dicots, then
gene duplications occurred independently in monocots
and dicots, and subsequently rice and rye branched
apart.
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Introduction

In higher plants, approximately two-thirds of the 55—60
chloroplast ribosomal proteins are encoded in the nu-
cleus, while the genes for the remaining third are
located in the chloroplast genome (Subramanian 1993).
A similar pattern appears to occur in rice. The complete
nucleotide sequence of the chloroplast genome of rice
(Hiratsuka et al. 1989) reveals that it contains 21
ribosomal protein genes, with the remaining 30—40
chloroplast ribosomal proteins presumably encoded in
the nuclear genome. These proteins are synthesized as
high-molecular-weight precursors from poly(A)` RNA
in the cytosol by 80S ribosomes and are translocated
into chloroplasts and proteolytically processed to their
mature size (Gantt and Key 1986).

We have analyzed these nuclear-encoded chloroplast
ribosomal protein genes in rice to clarify their structure
and to determine how they were transferred from the
chloroplast to the nucleus, how the nuclear and chloro-
plast genes are expressed cooperatively, and how the
proteins are translocated into the chloroplast.

In bacteria, L12 is the only multicopy component in
the ribosome and forms a distinct structural entity (the
stalk) in the large subunit (Wittmann 1983). Together
with two other ribosomal proteins (L10 and L11) and
a domain of the 23S rRNA, L12 forms an important
functional center in the ribosome that is responsible for
binding various translational factors and catalyzing
GTP hydrolysis (Liljas et al. 1986; Möller and Maassen
1986; Egebjerg et al. 1990). In higher plants, nucleotide
sequences of the L12 gene (rpl12) have been reported
from spinach (Giese and Subramanian 1989), tobacco
(Elhag et al. 1992), its relative, Nicotiana sylvestris (Li
et al. 1992), rye (Schmidt et al. 1993), and Arabidopsis
thaliana (Weglohner and Subramanian 1994). All of
these genes are encoded in the nuclear genome, and
have a chloroplast transit peptide in the 5@ region, and
a highly conserved mature peptide in the 3@ region.



Fig. 1 Restriction-enzyme map of nuclear-encoded chloroplast
ribosomal protein genes rpl12-1 and rpl12-2 of rice. Filled boxes
indicate open reading frames. Restriction recognition sites are in-
dicated for ApaI(A), EcoRI(E), HindIII(H), KpnI(K) and XbaI(X)

Although all other reported chloroplast ribosomal
proteins are encoded by single-copy genes, some rpl12
genes are reported to be multi-copy (rye, at least two
copies; A. thaliana, three copies).

Here we describe the cloning and characterization of
two rpl12 genes (rpl12-1 and rpl12-2) encoded in the
nuclear genome of rice. Northern analysis revealed
that both genes are transcribed, and that the expres-
sion of rpl12-1 is controlled in an organ-specific
manner. A phylogenetic tree was constructed with
the nucleotide sequences of the transit peptides of
several L12 genes, and the evolutionary relationships
are discussed.

Materials and methods

RT-PCR

Total rice RNA was isolated from 10-day-old green leaves of rice
(Oryza sativa L. cv Nipponbare), by the guanidinium thiocyan-
ate/CsCl method. The poly(A)` RNA fraction was separated from
the total RNA by double purification over OligotexTM dT30 (Takara
Shuzo, Kyoto, Japan). The cDNA for RT-PCR was synthesized
from poly(A)` RNA by reverse transcriptase RAV-2 (Takara
Shuzo). PCR was carried out using a DNA amplification system
(Perkin Elmer ABD, Foster City, Calif.) with reverse-transcribed rise
cDNA. The denaturation, annealing and extension times were 1 min
at 94°C, 3 min at 50°C, and 2 min at 72°C, respectively. The cycle
was repeated 30 times. Primers used for RT-PCR were based on L12
nucleotide sequences that were highly conserved among plant spe-
cies and in the Escherichia coli homologue. The amplified fragments
were cloned to pBluescript SK (Stratagene), and sequenced to con-
firm that genuine parts of the rice ribosomal protein gene sequence
were amplified. The fragments were labelled by digoxigenin as de-
scribed in the instruction manual of the DIG-System (Boehringer
Mannheim, Germany), and used as probes.

Construction and screening of genomic DNA library

Total rice DNA was isolated from 10-day-old etiolated leaves of rice
(O. sativa), by the modified CTAB method, and partly digested by
Sau3AI. The genomic DNA library was constructed with the
Lambda FIX vector (Stratagene), following the supplier’s instruc-
tions. Screening of the positive clones was performed as described in
the instruction manual of the Lambda FIX vector kit (Stratagene),
except that probes were labelled and colorimetrically detected using
the DIG-System (Boehringer Mannheim). Plaques that gave positive
signals were further purified by two additional rounds of screening,
and lambda phage DNAs of the positive clones were isolated.

DNA sequencing and analysis

DNA sequences were determined by the dideoxynucleotide chain-
termination method with an automated DNA sequencer (model 373;
Perkin Elmer ABD). DNA sequencing data and deduced amino-
acid sequences were aligned with the CLUSTAL W algorithm
(Thompson et al. 1994).

After aligning the nucleotide sequences of the transit peptide
region, the percent divergence figures were calculated between all
pairs of the sequence. These divergence figures were then used
by the Neighbor-Joining method (Saitou and Nei 1987) to give

the phylogenetic tree. The distances are calculated without
excluding positions with gaps and without correcting for multiple
substitutions.

3@-RACE

The cDNA for 3@-RACE (rapid amplification of cDNA ends) was
synthesized from poly(A)` RNA by reverse transcriptase Super-
script II (Gibco BRL). PCRs were carried out twice using a DNA
amplification system (Perkin Elmer ABD, Foster City, Calif.) with
reverse-transcribed rice cDNA. The denaturation, annealing and
extension times were 1 min at 94°C, 2.5 min at 42°C, and 1.5 min
at 72°C, respectively. The cycle was repeated 39 times. (c) and (f )
primers were used in the 1st PCR, and (d) and (f ) or (e) and
(f ) primers were used in the 2nd PCR (see primers and text). The
primers used in this study are indicated in Fig. 2.

Primers

The following oligonucleotides were used as primers for ampli-
fication by RT-PCR: (a) 5@-GAAGACGGAGTTCGACGT-3@,
(b) 5@-CTCGAGCTGCTTCTTGGC-3@. The following oligonucleo-
tides were used as primers for 3@-RACE: (c) 5@-CAAGAAGCAG-
CTCGAGGAGG-3@; (d) 5@-GACCTCCCTGACGAACACAC-3@;
(e) 5@-CTCACCCTAATCTTGTGTAC-3@; (f ) 5@-CTCTAGAAGCT-
TTTTTTTTTTTTTTTTTTT-3@.

Results

Identification of rice rpl12 genes

A partial sequence of the rice rpl12 was amplified by
RT-PCR using primers designed from highly conserved
regions of spinach and rye [primers (a) and (b), see
Materials and methods]. The RT-PCR fragment, which
had the desired length, was cloned into plasmid vectors
and its identity was confirmed by sequencing. Then, the
fragment was labelled with digoxigen and used as
a probe. A rice genomic library was screened and ten
positive clones were isolated. They were digested with
several restriction enzymes, and two distinct restriction
maps were obtained (Fig. 1). These results indicated
that there were at least two rpl12 genes (designated as
rpl12-1 and rpl12-2) encoding the chloroplast ribosomal
protein L12 in the rice nuclear genome.
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Fig. 2a, b Nucleotide and deduced amino-acid sequences of
genomic DNA for chloroplast ribosomal protein genes rpl12-1 (a)
and rpl12-2 (b) of rice. The transit peptide regions are underlined. The
bent arrows indicate the putative first amino acid of the mature
proteins. Stop codons are denoted by asterisks. The arrows labeled a,
b, d, and e indicate the primers. The closed triangles indicate the sites
of poly(A) addition. The upper boxes indicate the probe for the
conserved region (probe c). The lower boxes indicate the region of
the rpl12-1-specific probe (probe 1) in a and that of the rpl12-2-
specific probe (probe 2) in b

A XbaI-EcoRI fragment of rpl12-1 and a ApaI-
HindIII fragment of rpl12-2 (Fig. 1) were cloned into
plasmid vectors. Sequencing these DNAs revealed that
both had open reading frames (Fig. 2). Comparing the
genomic sequences of rice and the corresponding
cDNA sequences of rye, neither of the rice sequences
has any introns. The sequence of rpl12-1 has two poten-
tial start codons in the same reading frame. These two
neighboring potential initiation codons have also been
described for other L12 cDNAs from spinach and rye
(SCL12-1) and may be useful for enhancing the efficien-
cy of translation (Giese and Subramanian 1989). For
rpl12-1 of rice, only the amino-acid sequence following
the first start codon was considered in the following

analysis. The open reading frames of rpl12-1 and rpl12-
2 encode 179 and 185 amino acids respectively.

A Southern analysis was performed on rice genomic
DNA, to determine the copy number of rpl12 genes
(Fig. 3). Using the conserved region as a probe
(probe c), two signals were detected with each of three
restriction enzymes. On the other hand, the rpl12-1-
specific probe (probe 1) and the rpl12-2-specific probe
(probe 2), described below, each hybridized with only
one of the two signals. These results indicate that rice
has two copies of the rpl12 gene and that both genes
were cloned in this study.

Expression analysis of rpl12-1 and rpl12-2
by Northern blotting

We identified the 3@ termini of rpl12-1 and rpl12-2
cDNAs by 3@-RACE, to determine whether these
genomic sequences are transcribed or not, and where
the poly(A) sequences start. Each specific primer and
conserved primer was constructed (see Materials and
methods, and Fig. 2) and the products of 3@-RACE were
cloned into plasmid vectors. After sequencing, we con-
firmed that both rpl12-1 and rpl12-2 are transcribed,
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Fig. 3 Southern blots of electrophoretic separations on 0.6%
agarose gels of fragments obtained after digestion of total DNA from
rice green leaves with HindIII, ApaI, EcoRI. The genomic DNA
fragments were hybridized with HRP-labelled probe. The probes
were a conserved region probe (c), an rpl12-1-specific probe (1) and
an rpl12-2-specific probe (2)

Fig. 4a, b Northern-blot analysis of the nuclear-encoded chloro-
plast ribosomal protein L12 genes. Lower pictures show Ethidium
bromide-stained RNA. a Equal amounts of total RNA from 10-day-
old rice leaves were separated on a 1% denaturing agarose gel and
hybridized with digoxigenin-labelled rpl12 probes. Probes (c, 1, 2)
are described in the legend of Fig. 3. b Equal amounts of total RNA
from 5-day-old rice leaves raised in light (lane 1) or dark (lane 3) and
roots raised in light (lane 2) or dark (lane 4) were separated on a 1%
denaturing agarose gel and hybridized with a digoxigen-labelled
rpl12-1-specific probe

and we determined their poly(A) sites (Fig. 2). The
products of 3@-RACE were used as rpl12-1- or rpl12-2-
specific probes in the following experiments. Each
probe produced the same signal intensity when hybrid-
ized to equal amounts of cloned DNAs (data not
shown).

Figure 4a shows the accumulation of transcripts of
rpl12 in 10-day-old rice green leaves. This indicates that
both rpl12-1 and rpl12-2 were transcribed, but that
the amounts transcribed were different, suggesting
that the expression of rpl12-1 and rpl12-2 is regulated
differently.

Figure 4b shows the accumulation of transcripts of
rpl12-1 in leaf and root of 5-day-old rice under light
and dark conditions. Using the rpl12-2-specific probe,
no signal was detected in 5-day-old rice. This figure
shows that rpl12-1 was expressed in leaves regardless of
the presence of light, but not in roots. These data
suggest that rpl12-1 was expressed in an organ-specific
manner.

Comparison of L12 amino-acid sequences
from other plants

The amino-acid sequences of rice rpl12-1 and rpl12-2
were deduced from their nucleotide sequences (Fig. 2).
A comparison with amino-acid sequences from rye and
other plants suggests that the putative cleavage sites for
the transit peptide of the L12 precursors from rice were
located between residues 46 and 47 for rpl12-1, and
between residues 50 and 51 for rpl12-2. The sequence

similarities of the putative transit peptides are lower
than those of the mature peptides (Fig. 5), but the
amino-acid compositions of the transit peptides have
characteristic features of chloroplast transit peptides,
such as high contents of threonine, serine and proline
and an absence of acidic residues, as well as absences of
tyrosine and tryptophane (Schmidt and Miskind 1986;
Keegstra et al. 1989; von Heijne et al. 1989).

In the mature protein region, sequence similarities
are very high, especially in the conserved surface of the
crystal structure of the E. coli L12 carboxyl-terminal
fragment (Fig. 5). N-terminal extension and C-terminal
extension, which are frequently found in the nuclear-
encoded chloroplast ribosomal proteins (Phua et al.
1989; Mache 1990; Johnson and Subramanian 1991;
Tsutsumi et al. 1996), are not shown in rice rpl12. These
features suggest that the characteristic structures of the
L12 gene are highly conserved in various plants, be-
cause L12 is a part of GTPase center protein which has
one of the most important functions in the chloroplast
ribosome.

Phylogenetic analysis of transit peptides

As mentioned above, the homologies of the transit
peptide sequences of L12 proteins are lower than those
of the mature protein sequences in plants. In general, it
has been thought that genes acquire transit peptides
after their transfer from the chloroplast to the nucleus
(Subramanian 1993). In order to reveal inter- and intra-
specific relationships between transit sequences of rice
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Fig. 5 Alignment and sequence comparison of L12 proteins or their
precursors from rice (this report), rye (Schmidt et al. 1993), Arabidop-
sis (Weglohner and Subramanian 1994), spinach (Giese and Sub-
ramanian 1989), tobacco (Elhag et al. 1992) and E. coli (Post et al.
1979). Identical amino-acid residues are shaded. Dashes mark gaps
that optimize sequence alignment. The bent arrow indicates the
putative first amino acid of the mature protein. Parts of the hinge
region, a-helices, and b-strands in the crystal structure of the E. coli
L12 carboxyl-terminal fragment (Liljas et al. 1986) and transit pep-
tide are indicated under the sequence

Fig. 6 Phylogenetic tree descended from the bootstrap analysis of
nucleotide sequences of the transit peptides of chloroplast L12 genes.
This tree was constructed by the neighbor-joining method (Saitou
and Nei 1987). Horizontal branches are drawn proportional to ge-
netic distances (the ratio of base differences). Numbers represent the
bootstrap value per 1000 trials. The L24 cluster was used as an
outgroup to bend the branch

rpl12 and those from other plants, we constructed a dis-
tance-based, neighbor-joining tree with the nucleotide
sequences of the transit peptide region of rpl12 genes
(Fig. 6). The transit peptides of L24s were forced to be
incorporated in this phylogenetic tree, in order to com-
pare their divergence from the transit peptides of L12.

The transit peptides were found to form three dis-
tinct clusters: a cluster of monocot L12s, a cluster of
dicot L12s, and a cluster of L24s. The distance between
the L12s of monocots and dicots are as large as the
distances between the L24s and either of the L12

clusters. The transit peptides of the monocotyledonous
L12 proteins are highly divergent from those of the
dicotyledonous L12 proteins.

On the other hand, the tree shows a one-to-one
correspondence between rice rpl12-1 and rye rpl12-1,
and between rice rpl12-2 and rye rpl12-2. This indicates
that rice rpl12-1 is phylogenetically closer to rye rpl12-1
than to rice rpl12-2, and that rice rpl12-2 is closer to rye
rpl12-2 than to rice rpl12-1.

Discussion

The preceding results demonstrated the existence of
two nuclear-encoded chloroplast ribosomal protein
genes (rpl12-1 and rpl12-2) in rice. In rice and rye, the
deduced amino-acid sequence of rpl12-1 has two neigh-
boring potential initiation codons. A similar configura-
tion of start codons in spinach has been suggested
to enhance the efficiency of translation (Giese and
Subramanian 1990).

As in the rye L12 genes, the frequencies of G or C in
the third codon position of rice rpl12-1 (96.1%) and
rpl12-2 (96.2%) are high relative to the frequencies in
L12 sequences from dicots. In addition, the numbers of
codons used in rpl12-1 (33) and rpl12-2 (32) are small. It
has been suggested that these codon biases occur in
many nuclear genes of monocots, particularly among
nuclear-encoded chloroplast protein genes (Brinkmann
et al. 1987; Campbell and Gowri 1990).

Whereas the mature peptide regions of the L12 genes
had high homologies among several plants, the transit
peptide regions had low homologies. Assuming that
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each of the nuclear-encoded chloroplast ribosomal pro-
teins acquired a transit sequence with a different origin,
the following conclusions can be drawn.

Because the genetic distances between the L12s of
monocots and dicots are as large as those between the
L12s and L24s, and L12 genes are thought to have
secured their respective transit peptides after the diver-
gence between monocots and dicots.

rpl12 is a multicopy gene in rice, rye and Arabidopsis,
but corresponding relationships of their transit pep-
tides exist only between rice and rye: rice rpl12-1 is
more similar to rye rpl12-1 than to rice rpl12-2, and rice
rpl12-2 is more similar to rye rpl12-2. The distances
among the L12s of rice and rye are close enough to
regard them as having a common origin. These features
suggest that the gene duplication event occurred after
acquisition of the transit peptides independently in
monocots and Arabidopsis, and before rice and rye
branched apart.

Based on these results, we can speculate on the order
of evolutionary events as follows: after the divergence
of monocots and dicots, (1) nuclear-translocated
chloroplast ribosomal protein L12 genes in monocots
and dicots independently obtained transit peptides, (2)
gene duplications occurred in monocots and dicots
independently, and (3) rice and rye diverged.

rpl12s are the only known multicopy genes among
the reported nuclear-encoded chloroplast ribosomal
protein genes. We have suggested that the gene-dupli-
cation events of rpl12 occurred in monocots and dicots
independently. If this is true, a possible explanation is
that a relatively large amount of L12 protein is needed,
as it is the only multicopy protein (four copies) in the
chloroplast ribosome.
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