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Abstract The wheat mitochondrial genome contains
only partial coding sequences for the L2 and S19 rib-
osomal proteins, unlike in rice or liverwort mitochon-
dria, where these genes are functional and have a
bacterial-type linkage. A single-copy stretch correspon-
ding to the extreme 3’ terminus of the wheat rpl2 gene is
co-transcribed with the trans-splicing nadl exon 4; and,
at another unique location, the rps/9 segment lacking
the 5’ coding region is co-transcribed with the down-
stream nad4L gene. In both cases, the 5" termini of these
transcripts map to promoter consensus motifs acquired
through genomic reorganization, enabling continued
expression of essential downstream genes. In both wheat
and rice, the rpl2 and rpsl9 genomic regions differ in
their RNA profiles between germinating embryos and
seedlings. The absence of intact rp/2 and rpsl19 genes in
wheat mitochondria is consistent with their inactivation
through DNA rearrangement/deletion after the succ-
essful transfer of functional copies to the nucleus.

Keywords Mitochondria - Ribosomal protein -
Rice - Wheat

Introduction

The mitochondrial genomes of different eukaryotes vary
with respect to the number of ribosomal proteins they
encode. Those of fungi and animals have very few or no
ribosomal protein genes, whereas certain protists have a
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relatively large number, notably 27 in Reclinomonas
americana mitochondria (reviewed in Lang et al. 1999).
Because mitochondrial ribosomes are expected to con-
tain 80 or more proteins (reviewed in Graack and
Wittmann-Liebold 1998), the rest are predicted to be
nuclear-encoded and imported into the mitochondrion.
In flowering plants so far, sequences homologous to 14
mitochondrial ribosomal protein genes have been iden-
tified in different species, namely ones encoding S1, S2,
S3, S4, S7, S9, S10, S11, S12, S13, and S19 of the small
subunit and L2, L5, and L16 of the large subunit (re-
viewed in Schuster and Brennicke 1994). These genes
comprise a subset of the 16 ribosomal protein genes
located in the mitochondrial genome of the liverwort,
Marchantia polymorpha (Takemura et al. 1992). Fur-
thermore, the number of mitochondrial-encoded ribos-
omal protein genes varies among flowering plants; and
in some cases truncated rather than intact gene copies
are present. For example, the completely sequenced
mitochondrial genome of Arabidopsis (Unseld et al.
1997) contains only seven potentially functional ribos-
omal protein genes, namely rps3, rps4, rps7, rpsl2, rpl2,
rpl5, and rpll6 (although it should be noted that rp/2
lacks the carboxy-terminal coding region) and there are
truncated pseudogenes for rpsi4 and rpsl9. Functional
copies of these latter two genes have been identified in
the Arabidopsis nucleus (Sanchez et al. 1996; Figueroa
et al. 1999a), as has an rps/0 gene (Wischmann and
Schuster 1995). Similarly, several other nuclear-located
genes for mitochondrial ribosomal proteins have been
characterized, including rpsi2 in Oenothera (Grohmann
et al. 1992), rpsii, rpsi4, and rpsi0 in rice (Kadowaki
et al. 1996; Kubo et al. 1999, 2000), and rpsi4 in maize
(Figueroa et al. 1999b). Such movement of genes illus-
trates the dynamic nature of genetic information in
plants, with the successful transfer of a functional copy
to the nucleus usually being followed by inactivation or
complete loss of the mitochondrial-encoded copy
(reviewed in Blanchard and Lynch 2000; Palmer et al.
2000). Such events have been studied in detail for cox2
(Adams et al. 1999) and a survey of other mitochondrial



genes in a broad range of flowering plants suggests that
ribosomal protein genes undergo loss from the mitoc-
hondrion much more frequently than do respiratory
chain genes (Palmer et al. 2000).

In the mitochondrial genome of Marchantia poly-
morpha, ribosomal protein genes are for the most part
clustered in the same (ancestral) gene order as in bacteria
(Takemura et al. 1992), whereas in flowering plants they
are often dispersed and differ in gene organization
among species. Of particular focus in the present study
are the rpl2 and rps19 genes. In Marchantia mitochon-
dria, they are closely linked and followed by the rps3
gene, whereas in rice mitochondria, although the rpl2
and rpsl9 genes are separated by 3 bp and are co-tran-
scribed (Kubo et al. 1996), they are not physically close
to rps3. No other monocot rp/2 or rps19 genes have been
reported. In the dicots Oenothera and Arabidopsis,
mitochondrial rp/2 sequences (Sunkel et al. 1994; Unseld
et al. 1997) lack the extreme 3’ terminal region and are
physically distant from rps/9. The latter is non-func-
tional because of 5" truncation in Arabidopsis (Unseld
et al. 1997) and a nonsense mutation in Oenothera
(Schuster and Brennicke 1991); and in both cases these
pseudogenes are located immediately upstream of rps3.
A similar arrangement is seen in petunia mitochondria,
but in this case rpsi9 is functional (Conklin and Hanson
1991). In Arabidopsis, the nuclear-located rpsi9 copy
contains a 5 terminal extension with homology to
RNA-binding domains and it has been proposed that
this domain may serve as a functional substitute for the
S13 ribosomal protein, because a corresponding rpsi3
gene is absent from Arabidopsis mitochondrial DNA
(Sanchez et al. 1996). Sequences homologous to parts of
the rpl2 gene are also present in mitochondrial DNA
regions characterized in potato somatic hybrids (Loessl
etal. 1999) and tobacco male sterile mutants (Vitart et al.
1992), but rice has the only documented, full-length
mitochondrial rp/2 gene, which is 3 kb and contains a
single group II intron (Kubo et al. 1996). Both the L2
and S19 proteins perform important functions in the
ribosome (reviewed in Uhlein et al. 1998; Culver and
Noller 1999); and homologues of these proteins have
been identified in eubacterial, archaeal, and eukaryotic
cytosol ribosomes, so it is anticipated that plant mito-
chondrial ribosomes will also have functional counter-
parts.

We have examined the status of the rp/2 and rpsi9
genes in wheat mitochondria. Although sequences ho-
mologous to both genes are found as single genomic
copies, neither comprises a fully intact gene. The rp/2
segment is located upstream of the trans-splicing nadl
exon 4, distant from the rps/9 fragment, which is up-
stream of the nad4L gene. However, both are expressed
as co-transcripts with downstream genes and are pre-
ceded by promoter motifs, so that it appears that DNA
rearrangements causing disruption of the structural
genes also led to the recruitment of promoter sequences
for the continued expression of the physically linked
downstream genes.
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Materials and methods

Isolation, cloning, and sequencing of plant mitochondrial DNA
and RNA

Mitochondrial DNA and RNA were isolated from 24-h-old, ger-
minating embryos and 6-day-old, etiolated seedlings of wheat
(Triticum aestivum var. Frederick) and rice (Oryza sativa var. v20B)
as previously described (Bonen 1987). After cloning regions of in-
terest into pUC or M13 vectors, sequencing was carried out by the
dideoxynucleotide chain termination method using Sequenase
ver. 2.0 (US Biochemicals). RNA-editing sites were determined by
direct sequencing of gel-purified reverse transcriptase (RT)-PCR
products as previously described (Carrillo and Bonen 1997).

RNA blot analysis

Northern hybridization experiments were performed using
standard procedures (Sambrook et al. 1989). Gel loading was
standardized, relative to equivalent amounts of mitochondrial
ribosomal RNA from germinating embryos and etiolated seedlings.
Hybridization probes were either DNA fragments which had been
radiolabelled by random priming with Klenow polymerase and
[2->*P] dATP or synthetic oligomers radiolabelled with [y-32P] ATP
and T4 polynucleotide kinase.

Primer extension analysis

Synthetic oligomers which had been radiolabelled at the 5" termini
were annealed with approximately 25 pg mitochondrial RNA at
70 °C for 3 min. Extension was performed with Superscript II RT
(Gibco BRL), accordingly to supplier’s specifications; and products
were resolved on denaturing sequencing gels. The sequences of the
oligomers used were 5 CACCATGAGGATGATCCACTGG 3’
for the wheat rp/2 segment, 5" AATTCCTCCCTGCGGATCTTC
3’ for rice rpl2, 5 AGCAAACTCTCCAAATTTATGACC 3’ for
the wheat rps19 segment, and 5 TGTATTTGGTAACTCTCCTG
3’ for rice and wheat nad4L. Size ladders were generated from
sequencing reactions using the same oligomers with mitochondrial
DNA as template.

Results

A single-copy rpl2 segment in wheat mitochondria
is co-transcribed with the fourth exon
of the trans-splicing nadl gene

We determined that a short stretch homologous to the
bacterial-type ribosomal protein L2 gene, is located ap-
proximately 1.1 kb upstream of the trans-splicing nadld
exon, which in turn is located upstream of the nad6 gene
(Fig. 1A). Both of the latter encode components of the
NADH dehydrogenase complex and have previously
been demonstrated to be co-transcribed in wheat mito-
chondria (Haouazine et al. 1993). The rp/2-related seg-
ment, which is present as a single genomic copy (based on
Southern blot analysis), shares 94% nucleotide identity
with the rice mitochondrial counterpart (Kubo et al.
1996), but it comprises only 165 bp at the extreme 3’
terminus of the gene (Fig. 1B), or about 10% of the
entire coding sequence found in rice mitochondria.

The wheat rpl2 segment does not have an initiation
codon (or ACG codon which could be converted to
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Fig. 1 A-C Genomic organization and nucleotide sequence of the
wheat mitochondrial rp/2 (3" segment), rpsi9 (3’ segment), and
nad4L regions, and their comparison to rice mitochondrial
homologues. A Restriction maps of the rice and wheat mitochon-
drial 3" rpl2 (grey), 3’ rpsi19 (black), and nad4L (light grey) regions,
with other genes and chloroplast (c¢p)-derived sequences shown in
white. Selected restriction sites are shown as: B BamHI, E EcoRI,
H Hindlll, K Kpnl, N Narl, S Sall, X Xbal. B, C Nucleotide and
amino acid sequences of wheat 3’ rpl2 (B) and wheat 3’ rpsl9—
nad4L (C) aligned with rice counterparts. Editing sites are shown
by lower case letters and include the rice rp/2-rps19 sites previously
determined by Kubo et al. (1996). Amino acid substitutions are
blocked, breakpoints in homology are indicated by vertical broken
lines, and the positions of 5 termini of transcripts in wheat are
marked by open triangles. The highly-conserved amino-terminal
S19 residues missing from wheat (see Results) are in bold italics in
the rice sequence. Positions of oligomers used for primer extension
analysis are underlined. In B, the 5" end of the rice rpsl9 gene is
shown in uppercase italics and in [C] the chloroplast-derived ndhB
3’ flanking sequence downstream of wheat nad4L is shown in lower
case. The wheat mitochondrial 3" rp/2 region and 3’ rpsi9-nad4L
sequences are deposited under accession numbers AJ295995
and AJ295996, respectively. The rice mitochondrial nad4L gene
sequence (AJ295997) is adjacent to that previously determined for
rpl2 and rps19 (Kubo et al. 1996; D78336)

AUG by RNA editing) and there is an in-frame termi-
nation codon 13 bp upstream of the homologous stretch
(Fig. 1B, bold). Of the ten nucleotide substitutions
between the wheat and rice rp/2 sequences, eight are
non-synonymous and their nature is consistent with a
lack of functional constraint in the former. Sequences
corresponding to the rest of the rp/2 gene were not
detected elsewhere in the wheat mitochondrial genome,
using various rice mitochondrial rp/2 probes in Southern
blot analysis (data not shown), although it cannot be
completely excluded that either very divergent or very
short sequences might escape detection. However, se-
quence analysis of approximately 4 kb upstream of the
rpl2 segment did not reveal any homology to rp/2-coding
sequences or to structures/sequences diagnostic of group
IT introns, except for a 26 bp out of 27 bp match with
the 5" part of domain 5 of nadl intron 1 (Chapdelaine
and Bonen 1991). However, this directly precedes the
rpl2 segment (Fig. 1B, positions 104-130) rather than
being associated with the other half of domain 5 and
domain 6, as in group II introns. Furthermore, RT-PCR
analysis did not provide any evidence for rp/2 mRNA
generated by splicing in cis or in trans; and PCR ex-
periments using oligomers designed from conserved rp/2
regions did not reveal the presence of any low-level
forms of mitochondrial DNA containing a complete
gene.

The rpl2-homologous region of the wheat mito-
chondrial genome gives rise to low levels of large het-
erogeneous transcripts, as judged by RNA blot analysis
(Fig. 2A, lanes 3, 4). They range in size from about
1.5 kb to 4 kb and are much more abundant in germi-
nating (24 h) wheat embryos than in etiolated (6 day)
seedlings, when standardized for mitochondrial riboso-
mal RNA levels. Similarly, mitochondrial RNA isolated
from etiolated wheat seedlings show only very low levels
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of transcripts hybridizing to nadld probes (Haouazine
et al. 1993), in contrast to RNA from callus tissue where
transcripts of 2.1, 3.4, and 5.6 kb are detected with
nadld and nad6 probes. The nad6 gene also shows an
abundant mature mRNA of approximately 1.2 kb in
wheat embryos (Fig. 2A, lane 5), seedlings (Fig. 2A
lane 6; Haouzaine et al. 1992), and callus tissue
(Haouzaine et al. 1993). In contrast, using the rp/2
upstream region as probe, only very faint signals at the
positions of the cellular ribosomal RNAs are observed
(Fig. 2, lanes 1, 2), suggesting that rp/2-containing
transcripts do not have long 5" extensions. The regions
further upstream for at least 4 kb also lack abundant
stable transcripts (data not shown).

Primer extension analysis using an rp/2-specific olig-
omer (Fig. 1B, underlined) identifies the 5 terminus of
the major transcript in wheat embryos as a doublet
positioned about 60 nt upstream of the rp/2 homologous
sequences (Fig. 2C, open triangle). It maps to the motif
GAGAATTAGCATATAGAAAGAA (position of 5
termini underlined; Figs. 1B, 2C, open triangles) and
this conforms to the monocot mitochondrial promoter
consensus motif, in having a CRTA element preceded by
a purine rich stretch (reviewed in Fey and Marechal-
Drouard 1999), as shown blocked in Fig. 2A. This is
consistent with transcripts of 1.5 kb or larger containing
both the rpl2 and nadld regions, and those 3.2 kb or
larger containing the whole rpl2-nadld-nad6 region.
This extends the observations of Haouazine et al. (1993),
where co-transcripts of approximately 3.5-5.6 kb were
detected in callus tissue, using nadld or nad6 probes.
Taking these observations together, we conclude that
this wheat mitochondrial rp/2 segment is a truncated
pseudogene and that there is no intact rp/2 gene in wheat
mitochondria. Nevertheless, transcription of this region
enables expression of the downstream nadld-coding and
intronic sequences, which must undergo trans-splicing to
generate the mature nadl mRNA (Chapdelaine and
Bonen 1991).

The single-copy, truncated rps/9-homologous
sequences are co-transcribed with nad4L
in wheat mitochondria

The region immediately downstream of the wheat
mitochondrial rpl2 segment does not contain the rpsi/9
gene, as in rice where there is an intergenic spacer of only
3 bp (Kubo et al. 1996). However, rpsl9 sequences have
been identified by hybridization analysis to be located at
a single site in the wheat mitochondrial genome, about
1 kb upstream of the nad4L gene (Fig. 1A). Sequence
analysis has established that a stretch of 213 bp shares
98% nucleotide identity with the rice rps/9 gene of
279 bp. However, the 5" terminal section with the initi-
ation codon is missing (Fig. 1C) . The open reading
frame extends for 69 bp upstream of the rps/9 segment,
but within that region there is no in-frame potential
initiation codon; and the single ACG which could be
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edited to AUG lies upstream of the 5’ terminus of the
major transcript (see below). The missing part corre-
sponds to a conservative region of the S19 protein, with
seven residues being invariant among rice, petunia, and
liverwort mitochondrial, and Escherichia coli S19 pro-
teins (Fig. 1C, bold italics for residues in rice). The
wheat DNA sequence has two deletions of 9 bp and two
non-synonymous nucleotide substitutions, compared to
its rice counterpart. In addition, differences in RNA
editing alter the specificity of a third codon (see below).

The homology between wheat and rice sequences
extends about 1,260 bp downstream of the rpsi9 ter-

Fig. 2 A—C Transcript analysis of the mitochondrial 3" rp/2 and 3’
rpsl19-nad4L regions in wheat embryos and seedlings. A, B
Northern blot analysis of 3’ rpl2 region (A) and 3" rpsI9 region
(B), with schematics showing probe positions. RNA from germi-
nating wheat embryos (lanes 1, 3, 5) or etiolated seedlings (lanes 2,
4, 6) was hybridized with probes as shown. Probes I and 2 in panel
B are synthetic oligomers. Lanes were standardized for equivalent
amounts of mitochondrial ribosomal RNA. Restriction sites are as
in Fig. 1. C Primer extension data mapping the 5’ termini of
transcripts for the rpl2 segment, rps19 segment, and nad4L from
wheat embryos. Primer positions are shown by open triangles on
the schematics in A-C and are underlined in Fig. 1B, C.
Sequencing ladders were generated using the same oligomers. Open
triangles show the positions of the transcript termini and these
sequences are shown on the schematic, with consensus promoter
motifs blocked

mination codon and includes the nad4L gene (Fig. 1A,
C). Beyond the nad4L gene, conservation between the
two monocot sequences continues for only 64 bp, at
which point there are chloroplast-derived ndhB 3’
flanking sequences present in the wheat but not in the
rice mitochondrial genome (Fig. 1C, nucleotides in
lower case). Various hybridization and PCR-based ex-
periments (similar to those described above for rpl2)
were conducted to search for the missing rps/9 piece, but
we found no evidence for its presence elsewhere in the
genome; and we conclude that there is unlikely to be a
functional rps/9 gene in wheat mitochondria.

The wheat rpsi9-homologous region gives rise to an
abundant transcript of approximately 1.5 kb, detected
with probes specific to rpsl9 or nad4L in germinating
embryos (Fig. 2B, lanes 1, 3). This RNA is not abun-
dant in wheat seedlings (Fig. 2B, lanes 2, 4), whereas
short nad4L-specific RNAs are prominent in both stages
of development (Fig. 2B, lanes 3, 4), although with
somewhat differing profiles, ranging in size from about
0.25 kb to 0.65 kb. The 5 terminus of the 1.5 kb
cotranscript has been mapped by primer extension
analysis to a position 3 nt downstream of the breakpoint
in homology between wheat and rice, i.e., within the
rps19-homologous region (Fig. 2C). It is preceded
by the sequence GAAAAAAGGCATAGTAGAGAA
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(position of 5" terminus underlined), which fits the con-
sensus promoter motif. It therefore appears that DNA
rearrangements have resulted in the acquisition of reg-
ulatory sequences which allow co-transcription of the
rps19 segment and nad4L.

The 5’ terminus of the most abundant RNA species
containing the complete nad4l coding sequence is
located 11 nt upstream of the nad4L initiation codon in
both wheat embryos and seedlings (Fig. 2C). The non-
translated leader of this mRNA is therefore exceptionally
short, and its 5 terminus maps to the sequence
TCTCTGACATTCCATGTTT (5 terminal nucleotide
underlined). A consensus promoter motif is lacking, so
these transcripts may arise through processing events;
however, it is worth noting that not all monocot mito-
chondrial promoters conform to the consensus sequence
(Fey and Marechal-Drouard 1999). Within the wheat
nad4L-coding region, there are 11 C-to-U RNA editing
sites (Fig. 1C), including one which creates the initiation
codon. All of these editing events lead to changes in the
amino acid sequence and increase its similarity with those
from other organisms. We observed a similar editing
pattern in rice nad4 L, but with one less edit where there is
a genomically-encoded T (Fig. 1C). Thus the wheat and
rice nad4L sequences are identical at the RNA level.
Within the wheat rps/9-homologous region of the 1.5-kb
transcript, there was one edit observed in both embryos
and seedlings (Fig. 1C; P> L, blocked) and another ob-
served only in seedlings (Fig. 1C; S> L, blocked). These
comprise two of the three predicted editing sites, based
on those observed in the functional rpsi9-coding se-
quences of rice (Kubo et al. 1996) and petunia (Conklin
and Hanson 1991). Their presence also indicates that
although the truncated rps/9 is non-functional, the RNA
editing machinery is still present and can recognize these
sites in their new genomic context.

Developmentally-specific differences in RNA profiles
of the rpl2—rps19-nad4L region of rice mitochondria

In rice mitochondria, the nad4L gene is located down-
stream of the rp/2-rps19 genes, both of which are intact;
and the RNA profile of this genomic region shows a
complex set of transcripts, which differ between the
embryo and seedling stages of development, relative to
constant ribosomal RNA levels (Fig. 3A). It has previ-
ously been shown that in young rice seedlings, the rp/2
and rpsl9 genes are co-transcribed as RNA species of
approximately 2.5, 2.9, and 3.8 kb (Kubo et al. 1996).
We observe comparable species (designated as 2.6, 3.0,
and 3.5 kb) in seedlings, although their relative abun-
dance differs in embryos. For example, with a rp/l2 cDNA
probe, the 3.5-kb species is more prominent in embryos
than in seedlings, whereas it is the reverse for the 2.6-kb
species (Fig. 3A, lanes 7 vs 8). In addition, a 5.0-kb
species, which is abundant in embryos, is detected with
rpl2, rps19, and nad4 L probes (Fig. 3A, lanes 3,7, 9, 11),
consistent with co-transcription of this entire region. The
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rpl2 intron probe detects a 1.5-kb species, which corre-
sponds to the excised group II intron and is present at
much higher levels in embryos than in seedlings (Fig. 3A,
lanes 5 vs 6, asterisk). This is similar to observations
made for certain wheat mitochondrial introns (cf. Car-
rillo and Bonen 1997).The rp/2 intron probe also detects
a prominent 3-kb species in both developmental stages
and its size is consistent with a splicing intermediate in
which only the first transesterification step has occurred,
so that the intron is still attached to the downstream
exon. In keeping with this interpretation, the rp/2 exon 1
probe does not give a strong 3-kb signal in embryos
(Fig. 3A, lane 3). However, because there is a co-mi-
grating, 3-kb hybridizing species detectable in seedlings
(Fig. 3A, lane 4), it can be deduced that the putative 2.9-
kb mRNA is present at much reduced levels in embryos
compared to seedlings. Consequently, the predominant
mRNA for rpl2 and rps19 in rice embryos is predicted to
be the 3.5-kb species.

The 5’ termini of transcripts extending upstream from
the initiation codons for rp/2 and nad4L were deter-
mined by primer extension experiments using oligomers
mapping within their coding sequences (Fig. 3B). The
former maps to a position 290 nt upstream of the rpl2
initiation codon, located within the chloroplast-derived
rpoB 5 flanking sequences (Kubo et al. 1996). That se-
quence (AAAATTCCATTATCAG:; with the 5 terminal
nucleotide underlined) does not conform to the con-
sensus promoter motif. The major 5" terminus for nad4L
maps to the same position as in wheat (Fig. 3B), so that
it too has a 5’ leader of only 11 nt. It can also be seen
that the processing pathways differ between the two
stages of development with respect to nad4L-containing
transcripts (Fig. 3A, lanes 11 vs 12). Several large spe-
cies are more abundant in embryos (5.0 kb and 3.5 kb),
whereas other, smaller ones (2.6 kb and 1.5 kb) are more
abundant in seedlings. The profiles are consistent with
co-transcription of the rpl2-rps19-nad4L region as 5-kb
and larger transcripts, followed by complex processing
events which generate smaller, discrete transcripts, in-
cluding ones which are developmentally-specific. In both
stages, the most abundant nad4L transcripts are the
monocistronic ones of approximately 0.45 kb (Fig. 3A,
lanes 11, 12).

Discussion

The mitochondrial rpl2 and rps19 genes have a markedly
different status in rice and wheat. In rice, they are intact
and closely linked, whereas in wheat both genes are
truncated and the residual segments are far apart in the
mitochondrial genome. The degeneration of these two
wheat ribosomal protein genes indicates an absence of
functional constraint, but because L2- and S19-type
proteins perform essential roles in all other ribosomes
(in organelles, eubacteria, eukaryotes, and archaea), it is
anticipated that plant mitochondrial ribosomes also
have functional homologues. The simplest explanation is
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Fig. 3 A,B Transcript analysis of the mitochondrial rp/2-rpsi9—
nad4L region in rice embryos and seedlings. A Northern blot
analysis of RNAs isolated from germinating rice embryos (lanes 1,
3,5,7,9, 11) and etiolated seedlings (lanes 2, 4, 6, 8, 10, 12) and
hybridized with probes as indicated on the schematic (numbers
inside circles). Probe 1 consists of rpl2 exon 1 and probe 3 is a rpl2
cDNA containing both exons. The asterisk shows the position of
the rpl2 excised intron. Restriction sites are as in Fig. 1. B Primer
extension data mapping the 5 termini of rp/2 and nad4L transcripts
from rice embryos. Sequencing ladders were generated using the
same oligomers. Open triangles show the positions of the transcript
termini and these sequences are shown on the schematic in A

that active copies of these two ribosomal protein genes
have been translocated to the nucleus in the lineage
leading to wheat. Assuming that the nuclear-located
copies are appropriately expressed and the proteins are
targeted back to the mitochondrion, then the mito-
chondrial copies are redundant and could be lost. Indeed
in the case of rp/2, we have identified actively transcribed
rpl2 homologues in the wheat nuclear genome (S.
Subramanian and L. Bonen, unpublished observations).
Recent large-scale studies indicate that functional gene
transfer to the nucleus within the flowering plant lineage
occurs at a remarkably high frequency (Palmer et al.
2000) and it might be expected that events influencing
rpl2 and rps19 in monocot lineages are independent from
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those in dicots. Indeed comparisons of the nuclear-
located mitochondrial rps/9 sequences from two dicots,
Arabidopsis and soybean, has led to the suggestion of
separate activation events and probably also indepen-
dent transfer events in these two lineages (Palmer et al.
2000). Interestingly in Arabidopsis, an expressed rpl2-
homologous sequence corresponding to the 3’ terminal
region (which is missing from the mitochondrial-located
copy) has been identified in the nuclear genome (W.
Schuster, X82556).

The wheat mitochondrial rp/2 and rpsl9 genes have
both been inactivated through DNA deletion; however
the truncated segments are still co-transcribed with
downstream genes, nadld and nad4L respectively. Their
5’ termini map to monocot mitochondrial promoter
motifs, so it appears that rearrangements have brought
new promoter elements into context, to ensure continued
expression of downstream functional genes. In fact,
without the recruitment of new promoters, such recom-
bination events would presumably have been lethal. In
both plants, the RNA profiles differ between embryos
and seedlings; and in rice, two of the three co-transcripts
(2.9 kb and 2.5 kb) identified as potential mRNAs for
rpl2 and rps19 (Kubo et al. 1996) are present at very low
levels in rice embryos. The rice expression signals
are provided by chloroplast-derived rpoB 5 flanking



sequences, which again illustrates the dynamic and chi-
meric nature of plant mitochondrial genomes.

Wheat and rice are estimated to have shared a com-
mon ancestor about 60 million years ago but, because of
the low rate of nucleotide substitution in plant mito-
chondrial DNA (Wolfe et al. 1987) and the added con-
servative effect of RNA editing, their protein-coding
sequences typically show very high similarity. This is il-
lustrated by the rice and wheat nad4L genes, which share
100% nucleotide identity at the RNA level. In contrast,
the remnants of the wheat rp/2 and rps19 genes show 94%
and 98% nucleotide identity, respectively, with their rice
counterparts. Because the wheat mitochondrial rp/2
pseudogene has accumulated more mutations than rpsi9,
it might be argued that its inactivation preceded that of
rps19. Whether this might also reflect independent
transfer to the nucleus is unknown, because the length of
time of co-existence of functional copies in both com-
partments may vary. Even if transfer occurred at the same
time (through an edited co-transcript), separate activa-
tion events would be necessary for both genes to acquire
appropriate expression signals. This study illustrates the
plasticity of flowering plant mitochondrial genome or-
ganization and gene location; and it will be of interest to
learn more about the timing, frequency, and mode of
these events during the evolutionary history of the cereals.
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