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Abstract The mitochondrial rps2 gene from barley, like
that of rice, wheat, and maize, has an extended open
reading frame (ORF) at the 3’-region when compared to
that from lower plants. However, the extended portions
are variable among these cereals. Since barley and wheat
belong to the same tribe (Triticeae), it would be inter-
esting to know when and where the two types of rps2
were generated during evolution. To determine this, we
utilized the mitochondrial (mt) DNA sequence to
examine variations of the rps2 genes in the tribe Triti-
ceae. By means of the variable 3’-region, the distribution
of barley (B)-type and wheat (W)-type rps2 sequences
was studied in 19 genera of the tribe. The B-type
sequence was identified in 10 of the 19 genera, whereas
the W-type sequence was present in all 19 genera. Thus,
ten of the examined genera have both types of rps2
sequences due to the presence of two copies of the gene.
The W-type sequence was also present in the tribe
Bromeae and the B-type sequence was also found in
Aveneae and Poeae. Phylogenetic trees based on the B-
type and W-type sequences were different from those
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based on other molecular data. This suggests that the
mitochondrial genome in Triticeae has a unique evolu-
tionary history.

Introduction

Plant mitochondria have several unique characters
compared to those of the vertebrates, such as a large
genome, the presence of plasmid-like DNA, and specific
modes of gene expression (for example, RNA editing
and trans-splicing; see Binder and Brennicke 2003 for a
review). The large genome size of plant mitochondria is
due to the presence of repeated sequences and foreign
DNA. Frequent recombination events among the re-
peated sequences have further increased the complexity
of the genome, resulting in the generation of multiple
subgenomic molecules, also called a ‘“multipartite
structure”. Some genes acquire extra sequences through
structural rearrangements (see Marienfeld et al. 1997 for
an example).

In cereals, the gene for the ribosomal protein S2
(rps2) appears to have a sequence extension. The rps2
gene has been isolated from the mitochondrial genomes
of monocots such as rice, wheat, and maize (Itadani
et al. 1994; Vaitilingom et al. 1998; Perrotta et al. 2002),
whereas it seems to be absent from the mitochondrial
genomes of dicot plants, in which it is probably encoded
by the nuclear gene (Adams et al. 2002). The rps2 genes
of monocots have 3’-extensions compared to that of
liverwort (Oda et al. 1992). This 3’-extension shows no
sequence homology among rice, wheat, and maize and,
moreover, the 3’-extended region of the wheat and maize
rps2 genes has no homology to any other known
sequences (Vaitilingom et al. 1998; Perrotta et al. 2002),
whereas that of the rice rps2 gene contains a sequence
homologous to a part of the atpA4-coding region (Itadani
et al. 1994). This suggests that these regions were
acquired independently from different origins and
that they have no important role in gene expression.
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Therefore, it could be expected that the rps2 genes of
other grasses have novel extended sequences.

We previously examined the phylogeny of cultivated
barley and related wild species using nuclear and chlo-
roplast (cp)DNA (Komatsuda et al. 1999; Nishikawa
et al. 2002). The tribe Triticeae includes some of the
world’s agriculturally most important cereals such as
wheat (Triticum aestivum L.), barley (Hordeum vulgare
L.), and rye (Secale cereale L.). However, information
on the evolution of these cereals at the molecular level is
limited (see Judd et al. 1999 for a review). The objectives
of the investigation reported here were: (1) to isolate the
rps2 gene from cultivated barley mitochondria and to
see whether it has an extended sequence in the 3’-region
like that of rice, wheat, and maize, and (2) to examine
the distribution and diversity of the rps2 sequences in
other Hordeum species and in representatives of other
genera of the Triticeae.

Materials and methods
Plant materials and DNA extraction

A cultivated barley Kanto Nakate Gold, 11 wild species,
including the four basic genomes of the genus Hordeum
(Table 1), 18 species of other genera found in the Triti-
ceae, and five species representing the tribes Bromeae,
Aveneae, Poeae, Oryzeae, and Andopogoneae (Table 2)
were used in this investigation. Total DNA was isolated
from young seedlings as described previously (Komat-
suda et al. 1998). Voucher specimens and/or seeds are
kept at the Department of Crop Science, The Swedish
University of Agricultural Sciences.

Construction and screening of a mitochondrial
DNA library

A library was constructed from mitochondrial (mt)DNA
of barley, as described previously (Kadowaki et al.

Table 1 List of Hordeum species and their accession numbers used
for intrageneric analysis

Species Accession or cultivar  Genome type*
H. vulgare ssp. vulgare Kanto Nakate Gold 1
H. bulbosum H3878 1
H. murinum ssp. glaucum  H10260 Xu
H. intercedens H2310 H
H. bogdanii H9215 H
H. brachyantherum

ssp. californicum H2419 H
ssp. brachyantherum H2420 H
H. capense H334 H
H. depressum H2005 H
H. secalinum H296 H
H. marinum

Ssp. marinum HO0547 Xa
SSp. gussoneanum H2303 Xa

4Genome symbols from Wang et al. (1996)

Table 2 List of taxa analyzed, their accession numbers and result
of PCR analysis

Tribes:
Species: Accession B-type* W-type®
or cultivar
Triticeae
Aegilops tauschii H10257 — +
Agropyron cristatum H10154 — +
Australopyrum pectinatum H4202 — +
Dasypyrum villosum H3128 - +
Elymus caninus H3169 + +
Eremepyrum bonaepartis H10242 + +
Henrardia persica H5556 — +
Hordeum vulgare Kanto Nakate + +
ssp. vulgare Gold
Leymus alaicus H10272 + +
Lophopyrum nodosum H3714 +
ssp. dorudicum
Peridictyon sanctum H3841 - +
Psammopyrum athericum H3799 + +
Psathyrostachys juncea H10108 + +
Pseudoroegneria libanotica H3729 + +
Secale cereale H10207 + +
Stenostachys gracilis H10624 + +
Taeniatherum caput-medusae H10282 — +
Thinopyrum bessarabicum H6712 - +
Triticum aestivum Bando Wase  — +
Bromeae:
Bromus arvensis NGB2364 — +
Aveneae:
Avena sativa Haeibuki + -
Poeae:
Lolium multiflorum Dryann +b -
Oryzeae:
Oryza sativa ssp. japonica Nipponbare - -
Andopogoneae:
Zea mays Na23 — -

4+, PCR product detected; —, no PCR product detected
*Nucleotide sequence was not determined

1996). A 607-bp Fokl fragment of the rice rps2 gene
(Itadani et al. 1994) was used as a probe for screening.
The final washing of membranes was performed with
0.5x SSC and 0.1% sodium dodecyl sulfate (SDS) at
42°C.

Northern and RT-PCR analyses

Total RNA was extracted from etiolated seedlings of
barley, electrophoresed, and blotted onto a nylon
membrane as described previously (Kadowaki et al.
1996). The 5-portion of barley rps2 was labeled with
digoxigenin-dUTP (Roche Diagnostics, Indianapolis,
Ind.) and hybridized at 42°C overnight. The final
washing of the membrane was performed with 0.1x SSC
and 0.1% SDS at 42°C.

cDNA was synthesized from DNase I-treated RNA
as described previously (Kubo et al. 1996). Resultant
cDNAs were used for PCR amplification with primer
pairs P1/P3 and P6/P7. The amplified products were
sequenced directly.



Amplification of mtDNA fragments

Parts of the rps2-coding region were amplified by PCR
with primer pairs P2/P3, P2/P4 (specific for barley), and
P2/P5 (specific for wheat). For phylogenetic analysis,
primer pairs P1/P3, P1/P4, and P1/P5 were used to
amplify larger parts of the rps2 gene because of low
levels of sequence divergence. The reaction was per-
formed with AmpliTag GOLD DNA polymerase (Ap-
plied Biosystems, Foster City, Calif.) in a GeneAmp
9700 thermal cycler (Applied Biosystems) as follows:
pre-incubation at 95°C for 9 min followed by 45 cycles
of denaturation at 94°C for 30 s, annealing at 52°C for
1 min, and extension at 72°C for 1 min. The final
extension was performed at 72°C for 5 min. Amplified
DNA fragments were sequenced directly.

Oligonucleotide primers

The primers used in this study are as follows:

P1: -GTCTGTACTAAATTACTTTGTACGAATG-3’
P2: 5-CTTCGGTCATACTGGAAGCT-3’

P3: -TGCAAACTTAAAGGTATAGCTG-3’

P4: 5-GTTCTCATGGGGTTCAGTCT-3’

P5: 5-CGTCTTCCAAATCCAATTTCAG-3’

P6: 5-CACTCCACCTCTTCAACCCGA-3’

P7: 5-CCAACTAACTCTTCAAATGAAGAACT-3

The locations of primers P1-P4, P6, and P7 are shown in
Figs. 1 and 2a. The primer P5 was designed from the 3’-
portion of the wheat rps2 gene (positions 1,912-1,933)
(Vaitilingom et al. 1998; Fig. 2a).

DNA sequencing and data analyses

Nucleotide sequences were analyzed as described previ-
ously (Kadowaki et al. 1996). The nucleotide sequences
reported in this paper have been deposited in the DDBJ/
EMBL/GenBank nucleotide sequence databases under
the accession nos. ABI58193 (barley rps2 gene),
AB158194-AB158203 (part of B-type rps2 sequences in
Triticeae and Avena sativa), and AB158204-AB158223
(part of W-type rps2 sequences in Triticeae and Bromus
arvensis).

Phylogenetic analysis

The nucleotide sequences were aligned with using cLu-
staLx ver. 1.81 (Thompson et al. 1997). Parsimony and
bootstrapping (1,000 replications) analyses were per-
formed by using paup+ ver. 4.0b10 (Swofford 2003) with
strict conditions. The insertion-deletion characters were
not included for this analysis. Due to the size of the data
set, only a heuristic search procedure was performed.
The most parsimonious trees were computed with simple
addition sequence and the TBR branch-swapping

997

algorithm. A. sativa and B. arvensis were used as out-
groups for analyzing the barley and wheat types of rps2
sequences, respectively, based on an earlier report (Judd
et al. 1999).

Results
Isolation and characterization of the barley rps2 gene

In order to test for the presence of the rps2 gene in the
barley mitochondrial genome, Southern analysis was
performed using the rice rps2 gene as a probe. Positive
signals were obtained (data not shown), indicating the
presence of the rps2 gene in barley mitochondria. A
DNA library was constructed from barley mtDNA and
screened with the rice rps2 probe to isolate the rps2-like
sequence. Of the 392 clones made from the library, two
were positive and the sequences of these two clones
were identical. The complete nucleotide sequence is
shown in Fig. 1. The part of the sequence from posi-
tion 1,260 to position 1,915 was 98% similar to the
wheat rps2 sequence and 83% similar to the rice rps2
sequence (data not shown). Thus, we concluded that
the isolated sequence encodes the mitochondrial rps2
gene of barley.

The barley rps2 gene has a single open reading
frame (ORF) capable of encoding 562 amino acids. The
predicted amino acid sequence of the barley rps2 gene
showed 50-87% homology to RPS2 peptides from
wheat, rice, maize, and liverwort (Fig. 2b). Compared
with the liverwort rps2 sequence, the rps2 gene of barley,
like that of rice, wheat, and maize, has a C-terminal
extension. In barley, the extension corresponds to
nucleotide positions 1,872-2,951, encoding 359 amino
acids. However, the amino acid sequence of the C-ter-
minal extension was entirely different among the four
cereals (Fig. 2b). In the case of barley, a part of the
extension (nucleotide positions 1,967-2,274) showed
67% identity to an atpA—atp9 spacer region found in the
mitochondrial genomes of wheat, durum, and rye (Bégu
et al. 1989; Laser et al. 1995).

The 3’-untranslated region (UTR) of the barley rps2
gene showed 97% homology to that of the wheat rps2
gene (Fig. 2a, thick line). This homology extends to
670 bp downstream of the translational stop codon for
the barley rps2 gene. That is, the two rps2 genes have a
common sequence within the 3-UTR and 5’-portion of
the conserved region (Fig. 2a, grey zone).

Transcription and RNA editing of the barley
rps2 gene

Expression of the barley rps2 gene was analyzed by
Northern and ¢cDNA sequencing analyses. The North-
ern analysis was conducted using the 5-region of the
barley rps2 gene as a probe, and a 1.8-kb band was
detected (data not shown). The size of the transcript was
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AAGCTTAARAARACCTTAGGTTATTTGGATTCCTCGGAAACCCCCACCTACATCACCATTCAATATTTCTTGCCCTACTATAGGCCAAACTACCTGAGCACTGGGTCCAATGTGAGTAGGATCACTTAGCCATGCTTCATAATTGGAAAA
ACGGGCACCATGAAAGTACATGCCACTCAACCAAAGAAAGATAATGGAAAGTTGCCCGAAATGAGCACTAAAGACTTTTCTAGAAATCTCCTCCAAATCACCAGTATGACTATCGAAATCGTGAGCATCGGCATGTAGGTTCCAGATCCA
AGTGGTAGTATCAGGGCCCTTAGCTAGTGTTCTTGAGAAATGGCCGGGTCTGGCCCATTCCTCAAAAGATGTTTTTACAGGATCCCTATCCACAACAATTTTTACTTCTGGTTCCGGCGAACGAATAATCATTAAGTCCTCCACRAGAGC
ATATCCAAGTGGATCATCAACTGAAAAGGCAATAAATGAGAAGTTGATTCCCGTACAATTGCATTTAGTTGGTTTAAAGCGAGTTCACTTGTCCAGCTTCTTCTATATCCAATGCACTCTCAATTGGACAGAAGGATCTGCCCACATATT
GGTTAATGTAATGTTGCTGTGGAGTTTTGGTACCTACTACTATGTCCAATCAGTTCCAACTCTGAAAGTTCAGGTGAATTTGGTAACTATCTGGATACCTTTAAAGGTCATAATTGTCATGGAAGGATATCCAGACGAGTGTCCAGGGTA
GCCAAGCAAGATACCATGCGCAGTGCCTCATCGAGGATTGTTCTAGCCATCTCCACAGGGGTCCGTCCGGTTCTTCCTCAAATGGGTTGCCTCAATCTTTATCARAAGTTTTGGTATCTAGCTTATCCAGCTACAGTATAGTATACTCCTT
CCTTGCTCGATAGAGCTCTTTGAATCCGCTTCAACTAAATGCGTAAAATAGAGTAATTTCTTCAAAAGCCAGTTTCTTTCG: A AGGAGGCCCATAGCGAGTTACAATAGTGCCAGTTCTTGTATGGAAGGCCGTAATTCCGGTAA
CCTCGACTGCTCTAAGAATGATCCGGGCTAGCCGGGCACATCACATCAAAGTTAGGTCATTTGTCAAAAACATGGCAAATAGCTCAGTTGGTTTGGTAAGGGAGCTATTCTCTCACTTAAACCACTCCCATATTAGGTATCCTATCTCGT

—_— I
CTTAAAGTTCCCCCGCATTACCCATAACTTACCACCTGTATCTpCGGAACTCAAATCGCAAAATGACAATGCTTTCGATAGTCTGTACTAAATTACTTTGTACGAATGCACATCTCGGCCGTCGGGTAGCTGATCACCATTTCAAAG”CT
T M L s I v ¢ T XL L ¢ TN AHTULGI RIRV ADUHUHTF K V

ATATCCGTGG”TCAAGAAATGGAATTGCTATTCTCGATTCAGALAAGACACTGA TTGTTTACGAAACGCTCTTCATTTTATAGGATC' TTCGTCAAAAAGGCCG'
Y I R G s R N G I A I L D S DI KTUL I L RN AL HVF I G s I R Q K G R

'TCTTTTTAAAGACCAATCATTTATTTATTTATGAGA
F F L K TN HTULF I Y E

TAACGGAAGAAATY
I T E E M

GCTATTTAAGAAGCTATTTAAGAAATGTGAATTCTCATTGTTTCGATGATTCTCAATGGARGATCGGGGCGTTTTTGACCAATTCTTTTGCARATARAAAARARATTCCGTTCAAGARAGAAGAAGATCAATT
S YL RS Y LRNUVNSHTCTFDUDSQQWIXTIGA AT FTILTNSU FANIZEKI KT KT FHRSUZ RI KIZ KT KTINTN
V

—
TTGGGTTGAACCAACAACCTGATTGTGTGGT TATTC TGAATGCAGATAGAAAGTCTTCGGTCATACTGGAAGCTGATCGATCACAAATACCTAT
F GLNO QOQPDOCVVILNADA RTIKTSSTYVTITLEHA ATDT RTSTOQTITZPI

'CCTTAGTTGATTCTACGATCCCATGGGAATCCTATAAAAGAATCACTTATC
S L VvD S TTIPWES Y KU RTITY

CCATCCCAGCGAATGA!

TACAGTTCGTATATCTATTﬁI\'%TCA”GAAAACAGTGATTCTTAAACAGAATGCGATTAGTAGAGAGACACCACCATCTCTTAGCAGAGTCACTTTTAAGACGGTGTCCACTGGCATCCACT
P I P A N D

I Q F V Y L F '> M K TV IJLKQNATISURETU®P®PSULSRUVTT FI KTV ST GMH

CCACCTCTTCACCCCGAGGAAGAAAAGTGTCTCTTGTGAﬁASTQAASggﬁATgAﬁAASCGTTTCTTCGGCTGTCTTTGAATTATTAGCGGCAGCCCAGCCCTTCTTTACCAATACTACTGAGAGTCTACCCCAGCCACAAGGGGGGGCTG
S T S S PR GRIKV s L V L NPMZPRTV S S V FELLAAAQ?PTFTFTNTTESTLUPOQUPOQGG A

-
CTCAAATAGTTCAGGAGACGCCAGCCCCACAAGGGTTCACGGAGCTCCAACCTATACAAGGGCCAGCTATACCT T TAAGT TTGCAACTCGATTTTCAATCCCAAGCTCATTTTCTTGACTGTATGACAAGACATGCAATTGGGGAGAATA
A QI VQETZPAPIOQGTFTETLOQTZP?TIQ PAI PLSLOQTLTDTFTOQSQATHTF ¢C M TREATIGEN

ATATGTTTTATARAATTCCTGGTCGTCTGCATAACCCAATATTAGAAAATTATGGAGGTGCAGGTCCAAGTACTTCGACTCCACCGATATTAGAAAATTATGGAGGTGCAGGCCCAAGTACTTCGAATCCACCAATGGATTTATCTCCAA
N M F Y K I P GRULHNUPTITLENYSGGAG?®PST sSsTU®PUZPTITLZENYSGSGA ASGT?PSTSNU®PUPMDTUL S P

CCATGGATATGGATGTATCTCCTACCATTCATGTACCTCTTAGCAAAGAGCAAATCTATTTCAATTTGGTGCATCTTGATGCCACTAGGAAAACCTCGGGATTATCCCAAGAGAAGCTTATGACACTAGTAGAGATAATTTATATTAAGA
T M DMDV S P TTIHV PIL S KEQIYFNULVHLDATR RIKTSGUL S QE XKILMTTLUVETITIYTIK

AATCGTCAATACTAGCGGAGCTAATGGATAARATCTGGCCCTCAAAATTGCCACATCCTTTGGAATACGGATGGTGCTGGCAATGCCATCCGAAAAGGARACGGAGAAGAATATGATGTAAAAACCTTAAGGGAGATCCTTAAAAGTTTGC
K s s I L A ELMUDI IKS SG?POQNUCHTIULWNTUDSGAGNATIU RI KSGNGETEYUDUVI KTT LU RETITLI KSTL

GAAGTAATGAGGAATTACGTAAAAGTCATTATTTGGGGGGAATTTGGAAAAGAAGGATTTCAGACCTCCCTAAAGCCAAATTAAAACTTTTAAGAGTGGARGATATACCCGGGGGGGATATACGAGATTCTTTGACCCAGAGAATCGGGC
R s N E EL R X S HY L G G I W KR RTISDULUPI KA AIZI KT LI KU LULURUYV EDTIU®PG GG GUDTIW RUDSTULTQTRIG

SVIIT o
CTGACTGGGATAAATTAGAT Ce“TGAACCAGAAAAACCTCTGGACTGAGTGGAAAGACTTTGAGAACCCGACCAACCTCCGGAATCCCGAGGACTGGTAATGAGAGGTTCCTAGATGTGGGGAAATAAGTTCTTCATTTGAAGACT”AG
P D W DK L DI>;yM N Q9 K N L. w T E W XK D F E N P T N L R N P E *

TTGGCTGGCCTACCGGCCCGCAGATGTAGAGAGGTTGCCCCCGCCATCCTCTTGAACTGCGARATCAAAGCGATTCCTGTTGATGGAAGAAAGGCTAATTTCGTTTGATCCGATCCGCCTATGCCAGTTCGAGTCTGGCGAGTCGCTATC
ATCTGTTGCCCTAACTTTTTTCTATTAGCTCATCTTGTCCGTAGTGATATTTTGGAGAAGGAGCAATTACCGGAGTGAGAAAGGTAGAAAGAAGCAATCACGARAGCTAGTGCTAGTTGTGGCTTTTTGTACTAATCTTGTTTGTTCGGT
AGCTCGCAT GCTTTAAAAGGAATAGAAAACGAGGCTTTTTCCACCACACCAGGGGCGGGCATTACGCTCAAGCAGGGGAAGTCAATTTGACTGCTGCTCGAGAACCTGTTTGAACAAGAAGAAGTAGCATGGCTCCAGCGGGGCG
GAGCCAATTGGCTACGACATGGTGACCGAAATACAAATTTTTTCCACCACTTTGCAATTGCAAGAAAAAAGAGGAATCTGATCAAGTACTTGATGAGCGATACTGGAGATCGAATAGAAGGTAATGACTTACTCGGTGCACATATTTAGG
GCTATTTCTCTCATCTGTTTACCTCCGAGGTCCTAGCTCCAGACCCGGATGTGATTAACAAGGTGCGGGCGAGGGTCACGCAGCAGATGAATAGAGTCTCCTGGCTCCATTCACAGCAGACGAAATAAAGAAATCACTGTTCRAATATTGG
GGATTTGAGGGCCCCGGGACCAGACGGGCTTCATGCTGTATTTTTCAAGCGTTTCTGGCCGATGCTTGAGAATGACTTAGTGACTGAAGTACTCCAGGCCGTGAACACAAAACATATCTGAGGGCTGGAATGACACAGTGATCGTGCTGA
TACCAAAAGTGGAGAATGCAGAAAAGGTAACGCAATAAAGACAAGCCTATGTAACGTTATTTATAGGGTGATTAACAAAATGCTTGCCAACCGGGAATATTACCAGAGATTAATGGTGCTTCCTGAAAGAAATAATGCTTAAGATGGGGT
TTGCACCAAGATGGGTTTCTTTGATGATGGAATGTGTATCATCTGTARAGTACCTTGTTCGGTTTAATGACCATGAAACTGATAGT TTTGTACCCTCARAAGGGCTTCGCCAAGGAGACCCCCTCAGTCCGTACTTTTTCCTTTATGTGC
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Fig. 1 Nucleotide sequence of the rps2 gene from barley mito-
chondria. The deduced amino acid sequence is shown below the
nucleotide sequence. A translational stop codon is indicated by an
asterisk. RNA editing sites are indicated by low-case letters. The

large enough to cover the entire coding region of the
barley rps2 gene (1,689 nucleotides).

The cDNA sequence was analyzed by reverse
transcriptase (RT)-PCR to examine the status of RNA
editing in the barley rps2 gene. Nucleotide sequencing
of the amplified cDNA and comparison to the corre-
sponding genomic sequence identified eight C-to-
T transitions within the rps2-coding region (Fig. 1,
box), indicating the occurrence of RNA editing events
in the barley rps2 transcript. All eight editing sites
were predicted to cause amino acid changes. Of these
sites, seven (EI-EVII) were located within the 5’-con-
served region, as is the case in the wheat and rice rps2
genes (Vaitilingom et al. 1998; Notsu et al. 2002), and
one (EVIII) was located at position 2,872 within the
3’-extended region of barley rps2 gene. Five of the
editing sites in the 5-region (EII, EIV-EVII) corre-
spond to those of the maize rps2 gene (Perrotta et al.
2002).

Distribution and characterization of the rps2 sequence
in the tribe Triticeae and other tribes

To assess the nucleotide diversity of the rps2 gene within
the genus Hordeum, we amplified part of the gene by
PCR with the primer pair P2/P3 using template DNA of

amino acids altered by the editing events are hoxed and numbered
(EI-EVIII). Primers used for PCR are shown by horizontal arrows.
A chloroplast-like sequence upstream of the rps2-coding region is
shown in italics

12 Hordeum accessions (Table 1). The nucleotide se-
quences of these fragments were the same for all 12
species (data not shown), suggesting that the rps2 se-
quence is highly conserved within the genus Hordeum.
Subsequently, the same fragment was amplified from the
DNA of 19 genera within Triticeae (Table 2) in order to
determine the extent to which this sequence is conserved.
A sequence homologous to the barley rps2 gene was
found in ten genera within the Triticeae (Elymus, Ere-
mopyrum, Hordeum, Leymus, Lophopyrum, Psammopy-
rum, Psathyrostachys, Pseudoroegneria, Secale, and
Stenostachys) (Table 2). No specific product was
obtained from the remaining nine genera of Triticeae
(Aegilops, Agropyron, Australopyrum, Dasypyrum, Hen-
rardia, Peridictyon, Taeniatherum, Thinopyrum, and
Triticum) despite the testing several other primer sets
(data not shown).

Although another rps2 gene has been isolated from a
genus in Triticeae, namely Triticum (Vaitilingom et al.
1998), it is unknown whether the structure of the wheat
rps2 gene is distributed in other species of Triticeae.
Therefore, we also examined the distribution of se-
quences homologous to the wheat rps2 gene. PCR
amplification was performed with the primer pair P2/P5
using DNA samples from the 19 genera of Triticeae. The
wheat type of the rps2 sequence was amplified in all 19
genera (Table 2). These results demonstrate the presence



Fig. 2 a Schematic
representation of mitochondrial
rps2 genes from barley (this
study), wheat (Vaitilingom et al.
1998), rice (Itadani et al. 1994),
maize (Perrotta et al. 2002), and
a lower plant, liverwort (Oda
et al. 1992). An evolutionarily
conserved region of the rps2
gene is shown by a black box.
The extension specific for each
rps2 gene is shown by a
different pattern. A thick line
indicates the 3-UTR that is
homologous between barley
and wheat. Each homologous
region is highlighted by a grey
zone. Locations of primers used
for PCR analysis are indicated
by arrowheads. b Amino acid
sequence alignment of plant
rps2 genes. Amino acid residues
identical to barley RPS2 are
indicated by colons. Gaps are
shown by dashes. The total
number of amino acids is
indicated in parenthesis
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NGN: MA :

bar ley 257 LLAAAQPFFTNTTESLPOPQGGAAQ | VOETPAPOGFTELOP | 0GPA | PLSLOLDFOSQAHFLDCMTRHA | GENNMFYK | PGRLHNP | LENYGGAGPSTSTPP | LENYGGAGPSTSNPPMD
| SONSFFFVEL | TRFGP | DSESDRGVAGSHLAF AHR | EE | LEFHEKSSGSLKDL | DLKLDLEDASKREEILL

liverwort 157 :L:

wheat 255 RKKYPSGDGADADANARKAVLG :

: YFFLOKRGKVLA  (362)

rice 320 AADSELFLAVLPFL :EMPE: VWSTVEPFLST | PEGVVPTY |P: NONF | GETTTSLPGLOGEAGPSNSTGG: AAPSSS | YLAYAAEHASFLKAI SEEL YRRVGEQ! : LKSPLDEENIRNIV

maize-A 244 :P:SCWLOWYFCFFD:

maize-B
bar ley

247 | YSEGAVPGPOGRAAGVVOGTPTPARREAPLPS | VPPSCYSLT : YVEDWVACNPTFMSDALNEN : MGRGSLVHSSGF

AELFLALRKAL | GALVMWLSFLF : LLWEQSAT : GMTGGESWGSSDKLPSKVGGOKPLY : EAGEGSTQEGRKGKAPLDFEFEMEVRSAPDF | DPPLSP : EGERLS

PAASGSGPSLNPAVASTPS : SFFQGVGSALEA : AAPAEPGEEV

377 LSPTMDMDVSPT |HVPLSXEQ| YFNLVHLDATRKTSGLSGEKLMTLVE | Y 1KKSS | LAELMDKSGPGNCH | LNNTDGAGNA | RKGNGEEYDVKTLRE | LKSLRSNEELRKSHYLGE | WK
483)

rice 440 YKIMN:DFELFFDPIEDL:DWLQ: | KANPLSFODL | QFWMALAK  (

maize-A
majze-B

bar ley

maize-A 484 :EKLFSTILRSQGKEHSLENLLOL

of two types of rps2 sequences in the Triticeae, one being
a barley-type sequence and the other being a wheat-type
sequence. Therefore, we named the barley and wheat
types of the rps2 sequences B-type and W-type, respec-
tively.

We further examined other tribes of the family Poa-
ceae for the presence of B-type and W-type sequences.
For this purpose, five species belonging to different
tribes were used for PCR amplification (Table 2). In
Bromus, the primer pair P2/P5 yielded a product, but the
primer pairs P2/P3 and P2/P4 did not. Conversely, the
primer pairs P2/P4 and P2/P3 yielded products in Avena
and Lolium, respectively, but the primer pair P2/P5 did
not. In Oryza and Zea, no amplification was observed
with any of these primer pairs.

Phylogenetic analyses of Triticeae
based on rps2 DNA sequences

The nucleotide sequences of PCR products (amplified
with primer pairs P1/P3, P1/P4, and P1/P5) were
determined and aligned. The B-type sequences showed
91% homology among genera within Triticeae. The

364 PTTGPSPEGGDHP : DNTPPVAVEPAPLPETNPTRGEGSLKRHPHPY : :
367 QOGA|EALNVAALPGVPODELFGAMEQN : GTARPS: :S:GPACSSNSSRY  (416)

487 RR|SDLPKAKLKLLRVED | PGGD IRDSLTOR | GPDWDKL DSMNGKNLWTEWKDFENI
:ED:RDPAACEALRPIFRELS:KL (531)

DMDQ : LEDCRKKRKAQEWGDF | SG | ETKEKKRG | EFG | | E: NHRFYSMCCEHFRQ : MPLM | LOKESDREDN :

PTNLRNPEDW  (562)

B-type sequences of barley and Avena showed 84%
homology. The homologies of W-type sequences were
95% within Triticeae and 97% between wheat and
Bromus (the detailed data are not shown here, but
alignments of all the rps2 sequences are available from
the journal Web site as Electronic Supplementary
Material).

The data were subjected to phylogenetic analysis. In
a tree based on the B-type sequence (Fig. 3a), four
genera formed two subclades (Hordeum-Psathyrosta-
chys and Secale-Leymus). No distinct subclade was
formed because the bootstrap values were less than
50% for the other six taxa. In a tree based on the
W-type sequence (Fig. 3b), Hordeum, Psathyrostachys,
and Stenostachys formed one clade. The genera
Aegilops, Taeniatherum, Thinopyrum, and Triticum
made up a clade with Elymus and Psammopyrum as
sister groups. Leymus appeared at the most basal po-
sition in Triticeae although this position was supported
with less than a 50% bootstrap value. The remaining
genera formed an unresolved polytomy. The topologies
of the two cladograms are incongruent. Only the con-
clusion that Hordeum and Psathyrostachys are sister
groups is explicitly supported.
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Fig. 3 Phylogenetic tree of the a
genera in the Triticeae based on
mitochondrial rps2 sequences. a
A consensus tree of two equally

o[ pordeum

Psathyrostachys
Secale
Leymus

70

86

parsimonious trees based on the
B-type sequence [124 steps long,

Stenostachys
Pseudoroegneria

consistency index (CI)=0.944,

Eremopyrum

retention index (RI)=0.750]. b

Elymus

Lophopyrum

A consensus tree of 244 equally
parsimonious trees based on the

Psammopyrum

W-type sequence (75 steps long,
CI=0.636, R1=0.826). The b
numbers on the branches are
bootstrap values (>50%) from
1,000 replicates. Genera having

both types of rps2 genes are
indicated by asterisks in the W-

type cladogram

Avena

Triticum
Aegilops
Taeniatherum
Thinopyrum

56

Psammopyrum <
Elymus +*

Agropyron

Australopyrum

Dasypyrum

Henrardia

Peridictyon

Secale

*
Lophopyrum *
*

Eremopyrum

Pseudoroegneria %
Stenostachys *

59 Psathyrostachys %
———————————— Hordeum *
Leymus *

Bromus

Discussion

The mitochondrial rps2 gene sequences of monocots
analyzed to date have different 3’-extensions. Our results
revealed that the rps2 gene from barley mitochondria
has a 3’-extension and that this extension is completely
different from that of rice, wheat, and maize (Itadani
et al. 1994; Vaitilingom et al. 1998; Perrotta et al. 2002).
This suggests that the 3’-extensions were independently
acquired from different origins. Since barley and wheat
belong to the same tribe (Triticeae), the different 3’-
extensions must have been acquired in the relatively
recent past. Interestingly, the rps2 genes of barley and
wheat share the 5-region and the 3’-UTR (Fig. 2a),
suggesting that the 3’-extension was acquired by a single
recombination or insertion event. Since the B-type rps2
sequence was highly conserved within the genus Hord-
eum, this sequence would seem to be the more appro-
priate one for studying the relationship among genera or
more distantly related taxa.

We surveyed the distribution of the two types of rps2
sequences and found that all of the examined genera of
Triticeae had at least one of the two types of rps2 DNA,
and interestingly, that ten genera had both types (Ta-
ble 2). This result was confirmed by the finding that
primer pair P2/P7 resulted in amplification of both types
of rps2 products in these genera (data not shown).
However, we could not find any apparent pattern for
their distribution in the Triticeae (Fig. 3b, asterisks). In
the case of the consensus tree of Triticeae constructed by
Kellogg et al. (1996), six of the genera were shown in
the present study to have B-type sequences (Fig. 4,

Taeniatherum caput-medusae

100 — Aeg. bicor.llongis./sharon.
53| ﬂ|_;|:Aegilops searsii
71 | Aeg. com./trips./dich.

Aegilops speltoides
Crithopsis delileana
50 Thinopyrum spp.
Lophopyrum elongatum %
LI: Pseudoroegneria libanotica "
<50 Pseudoroegneria spicata
Aust. pect. ssp. pectinatum
| 75] ﬂE Aust. pect. ssp. retrofractum

Australopyrum velutinum
Agropyron spp.
< Henrardia persica
|: Secale spp. %
Dasypyrum villosum
Psathyrostachys spp. %
Critesion spp. *

Hordeum spp. %
Bromus

Fig. 4 Distribution of the B-type sequence in the consensus
phylogenetic tree of Triticeae. The consensus tree of 5S short-
spacer, 5S long-spacer, and ITS (internal transcribed spacer)
sequences (Kellogg et al. 1996) was used with a slight modification.
Genera having the B-type sequence are indicated by asterisks

asterisks). Although three of the genera (Hordeum,
Critesion (synonym of wild Hordeum species), and Psa-
thyrostachys) are located in basal positions of the tree,
each of the other three genera was in a different subc-
lade. A similar result was obtained with phylogenetic
trees based on different data sets (data not shown).
Based on the above results, we propose that the loss of



the B-type sequence from certain genera occurred at
random during the course of evolution in Triticeae.
The redundancy of the rps2 sequence owing to the
presence of the W-type sequence may have permitted
such a gene loss.

The finding of a W-type sequence in Bromus (tribe
Bromeae) and B-type sequences in Avena (tribe Ave-
neae) and Lolium (tribe Poeae) raises the question of
which is older, the B-type or the W-type sequence. Our
results suggest that the B-type sequence occurred ear-
lier than the W-type sequence because Aveneae and
Poeae form a sister group to Bromeae plus Triticeae
(Judd et al. 1999) and because the sequence homology
among B-type sequences (84-91%) is lower than that
among W-type sequences (95-97%). However, a
greater number of species in the Bromeae, Aveneae,
and Poeae will need to be examined to confirm the
above hypothesis.

The phylogeny of Triticeae has been the focus of
several studies during the last decade, and various
morphological and molecular methods have been used
for this purpose (see Catalan et al. 1997; Hsiao et al.
1995; Kellogg et al. 1996; Mason-Gamer and Kellogg
1996, 1998; Mason-Gamer et al. 1998; Petersen and
Seberg 1997, 2000, 2002; Seberg and Frederiksen
2001). The present study differs from these previous
studies in that it uses mtDNA for phylogenetic studies
of Triticeae. Our cladograms based on the B-type and
W-type sequences did not clearly show the relation-
ships among most taxa because of the paucity of
phylogenetically informative sites. However, both trees
showed a close association between the genera
Hordeum and Psathyrostachys (Fig. 3). In the studies
of Petersen and Seberg (2000, 2002) and Seberg and
Frederiksen (2001), Hordeum and Psathyrostachys also
appear as sister clades deeply embedded in the Triti-
ceae. However, in most of the reports preceding their
investigations, they appear at a basal position and
often Psathyrostachys is placed as a sister group to
Hordeum and the rest of the Triticeae. This suggests
that the mitochondrial genome in Triticeae has a un-
ique evolutionary history. In higher plants, some
rearranged mtDNA molecules, called ““sublimons™, are
present at low levels, and the molecular ratio of the
sublimons can change (Small et al. 1989). On the other
hand, horizontal gene transfer events have recently
been reported in flowering plant mitochondria (Berg-
thorsson et al. 2003). Although such events probably
occur only rarely, they might account for the dis-
crepancy between the phylogenetic analyses based on
the mitochondrial rps2 sequences and those based on
other data. To explain the discrepancy, intensive
analysis using more sequence information, ideally with
a comparison of entire mitochondrial genome se-
quences, would be helpful.

In conclusion, the present study showed structural
variation in the mitochondrial rps2 gene and how the
different types are distributed in Triticeae and other
related tribes. Our results demonstrate the presence of
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a dynamic variation in rps2 gene structure that
involves the entire 3’-region and not just nucleotide
substitutions. This diversity in quality (nucleotide dif-
ference) and quantity (occurrence or loss) of the
mitochondrial genes could cause variation in the
cytoplasm of Triticeae species. Further analyses
are required to resolve these discrepancies and to
accurately describe the evolution of nuclear and
cytoplasmic genomes of Triticeae.
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