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Abstract To study genetic relatedness of two male steril-
ity-inducing cytotypes, the phylogenetic relationship
among three cytotypes of onions (Allium cepa L.) was
assessed by analyzing polymorphisms of the mitochondrial
DNA organization and chloroplast sequences. The atp6
gene and a small open reading frame, orf22, did not differ
between the normal and CMS-T cytotypes, but two SNPs
and one 4-bp insertion were identified in CMS-S cytotype.
Partial sequences of the chloroplast ycf2 gene were inte-
grated in the upstream sequence of the cob gene via short
repeat sequence-mediated recombination. However, this
chloroplast DNA-integrated organization was detected only
in CMS-S. Interestingly, disruption of a group II intron of
cox2 was identified for the first time in this study. Like
other frans-splicing group II introns in mitochondrial
genomes, fragmentation of the intron occurred in domain
IV. Two variants of each exonl and exon2 flanking
sequences were identified. The predominant types of four
variants were identical in both the normal and the CMS-T
cytotypes. These predominant types existed as sublimons in
CMS-S cytotypes. Altogether, no differences were identi-
fied between normal and CMS-T, but significant differences
in gene organization and nucleotide sequences were
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identified in CMS-S, suggesting recent origin of CMS-T
male-sterility from the normal cytotype.
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Introduction

Plant mitochondrial genomes possess several unusual fea-
tures in contrast to their animal mitochondrial counterparts,
which are generally small (15-18 kb) and circular (Budar
et al. 2003; Hanson and Bentolila 2004; Knoop 2004; Kubo
and Newton 2008). First, plant mitochondrial genomes are
comparatively large and variable, ranging from 208 kb in
Brassica hirta (Palmer and Herbon 1987) to 2,400 kb in
Cucurbitaceae (Ward et al. 1981). Second, the precise con-
figurations of plant mitochondrial genomes are still elusive
in spite of complete sequencing of mitochondrial genomes
from many higher plant species (Unseld et al. 1997; Kubo
et al. 2000; Notsu et al. 2002; Handa 2003; Sugiyama et al.
2005). Observation of plant mitochondrial DNA (mtDNA)
using electron microscopy and pulsed-field gel electropho-
resis showed mostly linear genome structures with some
circular and branched forms (Backert et al. 1997; Olden-
burg and Bendich 2001).

The complexity of plant mitochondrial genomes is com-
plicated by multipartite structures and subgenomic mtDNA,
termed sublimons (Palmer 1988; Small et al. 1989; Albert
etal. 1998; Woloszynska and Trojanowski 2009). Subli-
mons exist at low copy numbers, sometimes less than one
copy per every 100 cells (Arrieta-Montiel etal. 2001).
Homologous recombination mediated by repeat sequences
present throughout mitochondrial genomes is responsible
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for the mtDNA multipartite structure and sublimons
(Palmer 1988; Albert et al. 1998). Repeats larger than
1-10 kb are involved in formation of the interconvertable
multipartite structures. MtDNA recombination through
short repeats of less than several hundred base pairs is
responsible for dynamic mtDNA rearrangement and pro-
duction of multiple sublimons (Small et al. 1989; Kmiec
et al. 2006).

Specific stoichiometry of subgenomic mtDNAS is main-
tained throughout generations during reproduction (Sakai
and Imamura 1993; Bellaoui et al. 1998; Janska et al. 1998;
Kim et al. 2007). However, the stoichiometry can change
due to substoichiometric shifting triggered by events, such
as tissue culture (Kanazawa et al. 1994), or nuclear genes,
such as Fr in Phaseolus vulgaris (Mackenzie and Chase
1990; Janska et al. 1998; Abdelnoor et al. 2003). In addi-
tion, nuclear genes such as Mshl (Abdelnoor et al. 2006),
RecA (Shedge et al. 2007), and OSB1 (Zaegel et al. 2006)
can suppress mtDNA recombination and maintain subli-
mon transmission. For example, transgenic tobacco and
tomato in which Mshl genes were inactivated using RNAi
displayed rearranged mtDNA molecules and male-sterility
induction (Sandhu et al. 2007).

Dynamic mitochondrial genome rearrangements pro-
duced by short repeat sequence-mediated recombination is
a driving force of plant mtDNA evolution and is responsi-
ble for the creation of chimeric open reading frames
(ORFs). Frequent mtDNA rearrangements result in highly
variable genome organizations, even within a single species
(Satoh et al. 2004; Allen et al. 2007). Chimeric ORFs can
sometimes cause phenotypic changes, such as cytoplasmic
male-sterility (CMS). CMS plants whose pollen grains are
non-viable have been commercially utilized in F; hybrid
cultivar development for many crop plants.

In onions (Allium cepa L.), two types of CMS (CMS-S
and CMS-T) have been utilized in F, hybrid development.
The CMS-S cytoplasm type (cytotype) was discovered first
(Jones and Emsweller 1936) and is more widely used. In
fact, the scheme of F, hybrid seed production using CMS
systems, which is globally used in many crops, was devel-
oped using onion CMS-S by Jones and Clarke (1943). The
fertility of CMS-S male sterility is restored by a single
restorer-of-fertility locus (Ms). Fertility restoration of
CMS-T male sterility is controlled by three independent
loci (Berninger 1965; Schweisguth 1973). Therefore, the
CMS-S system is preferable in commercial F, cultivar
breeding because of its simple inheritance of restoration of
fertility and stability of male-sterility in diverse environ-
mental conditions (Havey 2000).

However, the male-sterility phenotypes of CMS-S and
CMS-T are indistinguishable by visual examination. Fur-
thermore, it takes 4-8 years for breeders to differentiate
between the three onion cytotypes (normal, CMS-S, and
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CMS-T) by progeny tests since onion is a biennial crop. For
these reasons, several molecular markers for differentiation
between the normal and CMS-S cytotypes have been devel-
oped based on polymorphic sequences of mitochondrial
(Sato 1998) and chloroplast genomes (Havey 1995). Mean-
while, a molecular marker for differentiating CMS-S and
CMS-T was first reported by Engelke et al. (2003). We pre-
viously reported a molecular marker for differentiating
between the three onion cytotypes by one simple PCR
based on different copy numbers of the chimeric gene
orf725 (Kim et al. 2009a).

Despite several reports of molecular markers, few stud-
ies on the identification of male sterility-inducing genes and
the phylogenetic relationship among the three onion cyto-
types have been performed. To evaluate the mtDNA
sequence variation among the three onion cytotypes and to
identify additional candidate genes responsible for male-
sterility, several key genes frequently involved in creation
of chimeric ORFs causing male-sterility (Hanson and
Bentolila 2004) were selected for genome walking to
isolate their flanking sequences and non-coding sequences
of chloroplast genomes were analyzed in this study.

Materials and methods
Plant materials

Two breeding lines of each cytotype whose male-fertility
phenotypes had been confirmed in a previous study (Kim
et al. 2009a) were used as representatives of the three
onion cytotypes. The cytotypes were further confirmed by
multiple molecular markers as previously described
(Havey 1995; Kim et al. 2009a). Three-leaf stage seed-
lings were used for total genomic DNA extraction using a
commercial DNA extraction kit (DNeasy Plant Mini Kit,
QIAGEN, Valencia, CA, USA) according to the manufac-
turer’s protocol.

PCR amplification and genotyping of the cleaved amplified
polymorphic sequence (CAPS) marker for atp6-flanking
regions

PCR was performed in a 10 pL reaction mixture containing
0.05 pg template, 0.2 pLL forward primer (10 pM), 0.2 puL
reverse primer (10 uM), 0.2 pL dNTPs (10 mM each), 1 pL
10x PCR buffer, and 0.1 pL polymerase mix (Advantage 2
Polymerase Mix, Clontech, Palo Alto, CA, USA). PCR
amplifications were carried out with an initial denaturation
step at 94°C for 5 min, followed by 35 cycles of 94°C for
30s, 57-65°C for 30s, and 72°C for 90s, and a final
10 min extension at 72°C. The primer sequences used for
amplification of different mitochondrial gene organizations
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Table 1 Primer sequences used in PCR and RT-PCR analysis

Primer names Primer sequences (5'-3")

atp6-F1 CCCAAACTCTTCCCAGCCCTAACCTCA
atp6-F2 GGATCCGACAACGAACAAGGGAGGTTT
atp6-R1 TGGCTATCGAAAGAATGAGTCCGCAAA
Atpl-F1 CCCCCTTCTAGTTTCACACCTTGCCTTG
Atpl-F2 CGGGATGCGATCCTTAATAG

Atpl-F3 GTCTCAGTTGGAGATGGGATTGCACGA
Atpl-R1 CGAAAGCCAGGCGACTAGTGTTTCCAT
Atpl-R2 TGGTGAATATTGTGGTTGTTTGGGCACT
Atpl-R2 TGAAAGGGTTGTTTCTGAGGGGAACGA
cob-F1 GGCGCTGATGGGGTGAATCTTCTTTGT
cob-F2 CGGAGCGAAAAGGGTTTTCCATGAGAT
cob-R1 GCATTACGGTATGTCTGGTGGAGATCA
cob-R2 TTGTATGTATGCCCGATCCA

cox2-F1 TCTGATTTTGGTTTTCGTATCACGGATCT
cox2-F2 GCACCCTCCGCTGCTTACCAAATTCTT
cox2-R1 GGATGATCAACTCCGCAAAT

cox2-R2 CTCCTCATTGGCAGGAAATC

cox2-R3 GGCGTAAAGGCATGATTAGTTCCACGA
cox2-R4 CCTTCAGTGCGGGATTCAAGATGTTCC
cox2-R5 TTCCCATTCACGACCCATGTAACAAGC
Tubulin-F GGAAGCATGTGCCCCGTGCTATATTTG
Tubulin-R ACAATCTGGATCGTGCGCTTCGTCTTT

The positions of primers are depicted in figures

are presented in Table 1. For genotyping the CAPS markers
for atp6-flanking regions, PCR products were digested with
restriction enzyme, Apol, for 3 h at 37°C. The digested
PCR products were electrophoresed on a 1%-agarose gel.

RT-PCR and rapid amplification of cDNA ends (RACE)

Total RNA was extracted from unopened flowers using an
RNA extraction kit (RNeasy Plant Mini Kit, QIAGEN) as
per the manufacturer’s protocol. The extracted RNAs were
treated with DNase to remove residual DNA. cDNA was
synthesized from total RNA using a commercial cDNA
synthesis kit (SuperScript™ III First-Strand Synthesis Sys-
tem for RT-PCR, Invitrogen, Carlsbad, CA, USA) as per
the manufacturer’s protocol. RT-PCR amplification was
performed with an initial denaturation step at 94°C for
3 min, followed by 30 cycles of 94°C for 30 s, 65°C for
30's, and 72°C for 2 min, and a final 10 min extension at
72°C. The control reaction without RT was carried out at
the same time. Primer sequences used for RT-PCR are pre-
sented in Table 1. The sequence of onion tubulin that was
used as a control was obtained from EST sequences
(TC125) from the DFCI Allium cepa Gene Index (http://
compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/Blast/index.cgi).

RACE was carried out with a commercial RACE kit
(SMART RACE cDNA Amplification Kit; Clontech) as per
the manufacturer’s protocol.

Genome walking and sequencing of PCR products

Total genomic DNA from normal, CMS-S, and CMS-T
cytotypes were extracted from leaf tissues of three-leaf-
stage seedlings using a commercial DNA extraction kit
(DNeasy Plant Mini Kit, QIAGEN) as per the manufac-
turer’s protocol. Genome walking libraries of the three
cytotypes were constructed using the Universal Genome-
Walker Kit (Clontech) as per the manufacturer’s protocol.

PCR products were purified using the QIAquick PCR
Purification kit (QIAGEN). The purified PCR products
were either sequenced directly or after cloning into TOPO
TA cloning vector for sequencing (Invitrogen). Sequencing
reactions were carried out using Big Dye (Applied Biosys-
tems, Foster City, CA, USA) and analyzed using an ABI
3700 Genetic Analyzer (Applied Biosystems) as per the
manufacturer’s protocol. Nucleotide sequences obtained in
this study were deposited into GenBank/EMBL data librar-
ies under accession numbers from GU253298 to
GU2533009.

Construction of cladogram

Genomic sequences, including introns of cox2 genes from
other plant species, were obtained from GenBank. Align-
ments were performed by BioEdit (Hall 1999), and gaps
were removed by Gblocks software (Castresana 2000). The
cladogram was constructed using MEGA version 4 (Tamura
et al. 2007).

Results

Identification of candidate ORFs in the flanking sequences
of atp6 and Atpl genes

Partial sequences of the onion atp6 gene were isolated
using primers designed based on conserved sequences from
other plant species since few onion mtDNA sequences were
available. Approximately 3.5 kb of mtDNA sequences,
including full-length atp6 and its 5'- and 3’-flanking
regions were obtained by genome walking (Fig. 1a). Two
types of atp6-flanking sequences (atp6-typel and atp6-
type2) were isolated from the three onion cytotypes
(Fig. 1a).

There were two single nucleotide polymorphisms
(SNPs) and one 4-bp insertion between the two variants.
A CAPS marker was developed to distinguish between the
two variants. Atp6-typel was exclusively present in both
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Fig. 1 Comparison of onion atp6 and its flanking sequences among
the three onion cytotypes. a Organizations of atp6 and its flanking
sequences. Arrow-shaped boxes the 5'-3' direction. Horizontal arrows
primer-binding sites. The horizontal line under the orf22 indicates the
position of the full-length cDNA of orf22 revealed by RACE. Different
colored boxes indicate dissimilar sequences. The recognition site of

the normal and CMS-T cytotypes, whereas atp6-type2 was
detected only in the CMS-S cytotype (Fig. 1b).

A small ORF (orf22) was identified in the upstream
region of the afp6 gene. Initially, this ORF was thought to
be co-transcribed with the atp6 gene due to its close prox-
imity to the afp6 promoter region. However, orf22 was
transcribed independently, as confirmed by RACE analysis.
The position of the full-length transcript of the orf22 is
depicted in Fig. 1a. However, the transcription level of
orf22 was relatively low and was not significantly different
among the three cytotypes (Fig. 1c).

The publicly available EST sequence of the partial Atp!
gene was used as template for genome walking. Three vari-
ants of the Afpl-flanking sequences were obtained
(Fig. 2a). Similar to the atp6-flanking sequences, the vari-
ant containing the entire Afp/ and cob genes at its 5’ por-
tion (Atpl-typel) was predominantly present in both
normal and CMS-T cytotypes. The variant consisting of the
entire Afpl gene and exon2 of the nadl gene at its 5’ por-
tion (Atpl-type2) was detected only in CMS-S cytotype
(Fig. 2b). Interestingly, the third variant was a chimeric
OREF (o0rf435), which consisted of the majority of the Azp!
coding sequences and upstream sequences of the cox3 gene.
However, this chimeric ORF appeared to exist at a substoi-
chiometric level in all three cytotypes because only small
amounts of PCR products were observed in comparison to
those of normal AfpI genes (Fig. 2b).
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Apol restriction enzyme is broken by the ‘GGCA’ insertion in atp6-
type2. Sequences were deposited into GenBank under the accession
numbers of GU253298 (atp6-typel) and GU253299 (atp6-type?2).
b PCR products digested with the Apol restriction enzyme. PCR prod-
ucts were amplified using atp6-F1 and atp6-R1 primers. ¢ RT-PCR
products amplified using atp6-F2 and atp6-R1 primers

Integration of a partial sequence of the chloroplast ycf2
gene in the flanking sequence of the cob gene

The partial coding sequence of the cob gene was obtained
using primers designed from conserved sequences of cob
genes from other plant species. From this sequence, com-
plete coding and flanking sequences of the cob genes were
isolated from onion genome walking libraries. Two variant
organizations of cob-flanking sequences were obtained
(Fig. 3a). The PCR results indicated that cob-typel is pres-
ent on master chromosomes of normal and CMS-T cyto-
types, but it existed as a sublimon in CMS-S cytotype
(Fig. 3b).

The second organization (cob-type2) was shown to pos-
sess partial sequences of the chloroplast ycf2 gene at the
immediate upstream sequence of the cob gene (Fig. 3a).
PCR analysis indicated that the second variant was predom-
inant only in the CMS-S cytotype (Fig. 3b). This ycf2 gene
integration might correspond to the chloroplast sequence
integration reported by Sato (1998), though detail compari-
son was not possible due to unavailability of his sequence
information.

Comparison of the integrated ycf2 gene with complete
coding sequences of ycf2 genes from other plant species
indicated that an approximately 2.2 kb coding region within
the 3’ end was integrated (Fig. 4a). Partial sequences of the
onion chloroplast ycf2 gene were isolated using primers
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based on the conserved ycf2 coding sequences which were
not present in the integrated ycf2 region. This partial
sequence of chloroplast ycf2 gene was deposited into Gen-
Bank under the accession number of GU253309. There was
only one SNP and one 4-bp insertion within the integrated
2,189 bp and chloroplast ycf2 coding sequences, suggesting
relatively recent integration of chloroplast DNA (cpDNA)
into mitochondrial genomes. Interestingly, there were two
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cob-type1
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short repeat sequences (R1 and R2) at the breakpoint of
rearrangement ((Fig. 4a). The R1 and R2 repeats were also
identified in the chloroplast ycf2 gene, and were 94 bp away
from the breakpoint with inverted orientation (Fig. 4a).
This structural feature suggests that the integration of chlo-
roplast ycf2 might have occurred by multiple homologous
recombinations mediated by short repeat sequences, as
shown in Fig. 4b. The homologous R2 repeat sequence
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Fig. 4 Integrated partial
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(R2-h) showing 65% nucleotide identity with the chloro-
plast R2 repeat was identified at the rearrangement break-
point of the cob-typel sequence.

Identification of a frans-splicing intron of the cox2
gene in onion mitochondrial genomes

Except for a few species, such as pea in which the cox2
gene is intronless, cox2 genes in plant mitochondrial
genomes generally contain a single group II intron (Bonen
2008). These cox2 group II introns in most plant species are
less than 1.5 kb. Therefore, primers based on the conserved
exonl and exon2 sequences of cox2 genes of other plant
species were used to isolate the onion cox2 gene. However,
we failed to obtain any PCR products using multiple pairs
of primers. Thus, genome walking was carried out sepa-
rately from exonl and exon2 conserved regions. Two vari-
ants of each exonl and exon2 flanking sequences were
isolated.

Surprisingly, the group II intron was disrupted by rear-
rangements in domain IV in all of the organizations
(Fig. 5a). Since the group II intron sequences of the cox2
genes of other plant species were sufficiently conserved
around the breakpoints of the rearrangements, the exact
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positions of rearrangements in both exonl and exon2 could
be easily identified, as shown in Fig. 6a. In addition, it is
unlikely that the onion cox2 gene contained an unusually
large group II intron, since both closely related monocots
and distantly related dicotyledonous species were shown to
have relatively conserved intron sequences of which sizes
range from 794 bp in maize to 1,463 bp in sugar beet
(Fig. 6b). Therefore, these results indicate that the onion
cox2 group Il intron is probably trans-spliced. RT-PCR and
RACE analyses indicated that the cox2 transcript sequences
were identical to the genomic sequences of exonl and
exon2 (Fig. 5b), except for 17 RNA editing sites. In addi-
tion, 3" RACE analysis identified intermediary primary
transcripts, which included exonl and intron domain I-IV,
and terminated at the breakpoint. Another primary tran-
script whose transcription start site was positioned at 95 bp
upstream of the breakpoint of exon2 was identified during
5" RACE (Fig. 5a).

PCR analysis indicated that Exonl-1 and Exon2-1 orga-
nizations were present on the master chromosomes of the
normal and CMS-T cytotypes. Exonl-2 and Exon2-2 were
the predominant structures in the CMS-S cytotype, and
were present as sublimons in both normal and CMS-T cyto-
types (Fig. 5c¢).
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Fig. 5 Onion cox2 gene and its flanking sequences from the three
cytotypes. a Organizations of cox2 and its flanking sequences. Arrow-
shaped boxes the 5'-3" direction. Horizontal arrows primer-binding
sites. Different colored boxes dissimilar sequences. The horizontal
lines under the cox2 gene indicate the position of the full-length pri-
mary transcripts revealed by RACE. I-VI six conserved helical
domains of a group II intron. Sequences were deposited into GenBank

Comparison of non-coding chloroplast sequences
among the three cytotypes

Except for a previously reported chimeric gene, orf725 which
is present in the master chromosomes of both the CMS-T and

1312Dp e — — — — — - 00100

2564 bp mm - G — Exon2-1

2692Dp B - - — —— W e EXON2-2

under the accession numbers of GU253305 (Exonl-1), GU253306
(Exonl1-2), GU253307 (Exon2-1), and GU253308 (Exon2-2). b RT-PCR
products of the cox2 gene amplified with cox2-F1 and cox2-R3 prim-
ers. ¢ PCR results from four different organizations. The primer pairs
of cox2-F1 + cox2-R1, cox2-F1 + cox2-R2, cox2-F2 + cox2-R4, and
cox2-F2 + cox2-R5 were used for amplification of Exonl-1, Exonl-2,
Exon2-1, and Exon2-2, respectively

the CMS-S cytotypes, but as a sublimon in the normal cytotype
(Kim etal. 2009a), no differences between the nucleotide
sequences and stoichiometry of the variant organizations
between normal and CMS-T cytotypes were identified in this
study. To assess genetic relatedness among the three cytotypes,
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Nicotiana tabacum GCGAGAAGCAAGGGATGTCGTGAACGGTGGGAGGTCACAGA-———-GAATTGACCTATTCATAGAGTGATCC 1008
Petunia x hybrida GCGAGAAGCAAGGGATGTCGTGAACGGTGGGAGGTCACAGA————GAATTGACCTATTCATAGAGTGATCC 1007
Solanum tuberosum GCGAGAAGCAAGGGATGTCGTGAACGGTGGGAGGTCACAGA-——-GAATTGACCTAT-CATAGAGTGATCC 1037
Capsicum annuum GCGAGAAGCAAGGGATGTCGTGAACGGTGGGAGGTCACAGA————GAATTGACCTATTCATAGAGTGATCC 1038
Beta vuigaris GTGAGAAGCAAGGGATGTCGTGAACGGTGGGAGGTCACAGA-——~-GAATTGACCTATTCATAGAGTGATCC 1019
Daucus carota GCGAGAAGCAAGGGATGTCGTGAACTGTGGGAGGTCGCAGA————-GAATTGACCTATTCATAGAGCGATCC 1011
Bambusa oldhamii GCGAGAAGCAAGGGATGTTGTGAACGGTGGGAGGTCAAAGAAAGAGAATTGACCTCTGAATACAGTGATCC 1011
Triticum aesfivim GCGAGAAGCAAGGGATGTCGTGAACGGTGGGAGGTCAAAGAAAGAGAATTGACCTCTGAATACAGTGATCC 1011
Oryza sativa GCGAGAAGCAAGGGATGTCGTGAACGGTGGGAGGTCAAAGAAAGAGAATTGACCTCTGAATACAGTGATCC 1011
Sorghum bicolor GCGAGAAGCAAGGGATGTCGTGAACGGTGGGAGGTCAAAGAAAGAGAATTGACCTCTGAATACAGTGATCC 1011
Tripsacum dactyloides GCGAGAAGCAAGGGATGTCGTGAACGGTGGGAGGTCAAAGAAAGAGAATTGACCTCTGAATACAGTGATCC 1003
Zea mays GCGAGAAGCAAGGGATGTCGTGAACGGTGGGAGGTCAAAGAAAGAGAATTGACCTCTGAATACAGTGATCC 1011
Allium cepa GCGAGAAACAAGGGATGTCGTGAACGCGAAATAAAAAAAGGACAGATTTCTTTCTGATCCCAGCACTACAA 977
L 2 2 2 2 5 2 2 st d s s 2 S s ks
Nicotiana tabacum TTTTTCGAACAAAGAAGACGACTATAGGATCGAATTCGCTCTTCAAGA——AACTGCTCGTCCCATACCTTC 1475
Petunia x hybrida TTTTTCGAACAAAGAAGACGACTATAGGATCGAATTCGCTCTTCAAGA-—AACTGCTCGTCCCATACCTTC 1469
Solanum fuberosum TTTTTCGAACAAAGAAGACGACTATAGGATCGAATTCGCTCTTCAAGA——AACTGCTCGTCCCATACCTTC 1493
Davcus carota TTTATCGAACAAAGAAGACGACTATAGGATCGAATTCGCTTTCCGTGGTGAACTGGTCGTCCCATACCTTC 1468
Sorghum bicolor TTTTTAGAACAAAGAAGACTACTAAAGGATCGAATTCGCTTTCCGTGGTGAACTGGCCGTCCCATACCTTC 1376
Orpza sativa TTTTTCGAACAAAGAAGACTACTAAAGGATCGAATTCGCTTTCCGTGGTGAACTGGCCGTCCCATACCTTC 1404
Bambusa oldhamii TTTTTCGAACAAAGAAGACTACTAAAGGATCGAATTCGCTTTCCGTGGTGAACTGGCCGTCCCATACCTTC 1404
Beta vulgaris TTTATCGAACAAAGAAGACGACTATAAGATAGAATTCGCTTTTCGTGGTGAACTGGTCGTCCCATACCTTC 1469
Allium cepa CCTGCACCCT===—==— CCGCTGCTTACCAAATTCTTAGGGCCGTGGTGAACTGGTCGTCCCATACCTTC NA
* £ 2 3 * » »*
B 91 ——— Zea mays (V00712) 794 bp
100 L Tripsacum dactyloides (DQ984517) 786 bp
100 Sorghum bicolor (DQ884518) 1,247 bp
Oryza sativa (DQ167400) 1,275 bp
L 43 ——— Bambusa oldhamii (EU365401) 1,274 bp
1 o ;
83 Triticum aestivum (AP008382) 1,219 bp
Allium cepa
Beta vulgaris (BAD0O0009) 1,463 bp
Daucus carota (X63625) 1,352 bp
81— Nicotiana tabacum (BAD00042) 1,360 bp
79 1 " i
Petunia x hybrida (X17335) 1,354 bp

100 — Solanum tuberosum (DQ185064) 1,378 bp
ul—— capsicum annuum (DQ126683) 914 bp

Fig. 6 Discontinuous group II intron of the onion cox2 gene. a Align-
ment of domain IV sequences from the onion cox2 gene around break-
points created by onion mtDNA rearrangement with those from other
species. In case of breakpoint regions for the 3’ side, only nine plant
species were aligned due to lack of those regions in four plant species.
b Cladogram showing the genetic relationship of the onion cox2 gene

a total of 4.6kb of non-coding sequences of chloroplast
genomes from the three cytotypes were obtained (Table 2).
Interestingly, there were no polymorphisms between normal
and CMS-T cytotypes, while many SNPs and indels were
identified in the CMS-S cytotype, suggesting a very recent
divergence of CMS-T male-sterility from the normal cytotype.

Discussion

Identification of a trans-splicing group II intron
in the onion cox2 gene

Introns identified in all kingdoms are classified into five
categories: group I and group II introns, nuclear tRNA

@ Springer

with those from other species. Both exon and intron sequences were
used to construct the cladogram. The numbers at the nodes are the
bootstrap probability (%) with 1,000 replicates. GenBank accession
numbers are shown in parentheses. Lengths of group II introns of the
cox2 genes are shown next to the GenBank accession numbers

introns, archaeal introns, and spliceosomal mRNA introns
based on splicing mechanisms and conserved RNA-folding
patterns. Group II introns are present in chloroplast and
mitochondrial genomes of plants and some lower eukary-
otes and prokaryotes (Glanz and Kiick 2009). Group II
introns are large self-splicing ribozymes whose secondary
structure generally contains six distinct conserved helical
domains radiating from a central hub (Pyle etal. 2007;
Toor et al. 2008). Some group II introns are discontinuous,
having exons dispersed in genomes. Therefore, at least two
primary transcripts are ligated by trans-splicing. In chloro-
plasts, trans-splicing group II introns have been identified
in six genes (pbsA, petD, psaA, psaC, rbcL, and rpsi2) of
some algae and higher plants (Glanz and Kiick 2009).
Meanwhile, most group II introns in plant mitochondrial
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Table 2 Polymorphisms among non-coding sequences of chloroplast genomes from the three onion cytotypes

Positions Length (bp)* Numbers of polymorphisms among the three cytotypes®
Normal versus CMS-T Normal versus CMS-S CMS-T versus CMS-S

trnS—trnG 621 0 4 4
rbcL—accD 230 0 4 4
atpB-rbcL 325 0 2 2
trnQ—-psbK 325 0 2 2
psbK—psbl 341 0 2 2
rps16 intron 358 0 3 3
rpsl6-trnQ 819 0 6 6
trnQ—-trnS 668 0 3 3
trnK-rps16 890 0 6 6
Total 4,577 0 32 32

# Fragment lengths of the normal cytotype are given. Fragment lengths of other mitotypes are slightly different due to indels

® Insertions or deletions are counted as one polymorphic nucleotide, regardless of the length

genomes are cis-spliced. However, trans-splicing group 11
introns have been exclusively identified in genes (nadl,
nad2, nad3, and nad5) encoding subunits of the NADH
dehydrogenase complex (Bonen 2008; Glanz and Kiick
2009). To date, no other mitochondrial genes containing
trans-splicing group II introns have been reported. How-
ever, here we identified a putative trans-splice of the onion
cox2 gene, making it the first mitochondrial gene contain-
ing trans-splicing group II introns not coding for the
NADH dehydrogenase complex.

The first evidence suggesting frans-splicing of the onion
cox2 gene was that no expected PCR products could be
obtained when multiple sets of primers encompassing
exonl and exon2 were used for PCR. More than ten combi-
nations of primer pairs were used for amplification of the
expected cox2 intron without successful PCR amplification.
Kudla et al. (2002) used PCR to identify the presence of a
cox2 intron in 36 monocotyledonous species using similar
primers designed from the conserved cox2 exons. Cis-splicing
group II introns from 32 species have been identified.
Interestingly, they also found cis-splicing cox2 introns in
two onion relatives: Allium ramosum and A. sativum. This
suggests that disruption of the onion cox2 group II intron
occurred very recently in onions. All trans-splicing introns
of plant mitochondrial genes are assumed to be originally
cis-splicing, but disruption of introns has occurred multiple
times during evolution (Bonen 2008). Qiu and Palmer
(2004) showed that fracture of nadl group II intron has
occurred 15 times during angiosperm evolution. Therefore,
recent dynamic rearrangement of onion mitochondrial
genomes probably led to fragmentation of the onion cox2
intron.

The genomic sequences of onion cox2 exons were iden-
tical to the mRNA sequence of onion cox2, except for RNA
editing sites. RNA editing also proved that genomic

sequences of onion cox2 identified in this study were pres-
ent in mitochondrial genomes. In addition, PCR analysis
showed that the cox2 organizations containing the disrupted
cox2 intron were the only identified cox2 mtDNA mole-
cules (Fig. 5¢). Furthermore, the possibility of an excep-
tionally long intron can be eliminated because the entire
nad9 gene was positioned at the 3’ end of the disrupted
intron connected to exonl. Likewise, no expected exonl
sequence was identified in the 3,284 bp upstream sequence
of the disrupted intron connected to exon2. Lengths of most
cox2 introns are less than 1.5 kb, and the largest cox2 intron
identified to date is 2,659 bp from Ginkgo biloba (Bonen
2008). Therefore, it is unlikely that the onion cox2 gene
contains an intron larger than 6 kb.

Fragmentation of group II introns in plant mitochondrial
genes has occurred many times, as described above. How-
ever, the positions of fragmentations of all reported trans-
splicing mitochondrial group II introns are in the loop of
domain IV. The consensus positions of fragmentation
might be related to functional constraints of the tertiary
structure of group II introns (Bonen 2008; Glanz and Kiick
2009). As expected, the rearrangements disrupting the
onion cox2 intron were positioned in the domain IV
(Fig. 5a). Furthermore, identification of intermediary pri-
mary transcripts starting and terminating around the rear-
rangement breakpoint strongly support trans-splicing of the
onion cox2 gene.

Comparison of partial sequences of mitochondrial
and chloroplast genomes among the three onion cytotypes

To identify candidate male sterility-inducing genes and to
assess the variability of mitochondrial genomes of the three
onion cytotypes, some of the genes known to be frequently
involved in the creation of chimeric ORFs responsible for
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male-sterility in many plant species (Hanson and Bentolila
2004) were analyzed in this study. Ideally, it would be bet-
ter to compare complete mitochondrial genome sequences
from multiple cytotypes for the identification of candidate
ORFs as shown in maize (Allen et al. 2007). However, it
is difficult to obtain complete mitochondrial genome
sequences of higher plants because existence of master cir-
cles and even in vivo structures of plant mitochondrial
genomes are still controversial (Backert et al. 1997; Olden-
burg and Bendich 2001). In addition, most complete plant
mitochondrial genome sequences lack information about
substoichiometric mtDNA molecules which play a crucial
role in evolution of plant mitochondrial genomes (Small
et al. 1989).

Here, we reported various organizations of mtDNA
molecules and differential stoichiometry of these variants
among the three onion cytotypes. No highly promising
candidate ORFs causing male-sterility were identified.
However, an interesting relationship among the three
cytotypes was illustrated. No differences in the nucleotide
sequences, gene organizations, and relative copy numbers
of the isolated mtDNA were identified between normal
and CMS-T cytotypes. However, there were many poly-
morphisms in the CMS-S cytotype. These findings
strongly suggest that CMS-T male-sterility is recently
derived from the normal cytotype. This hypothesis was
further supported by comparison of highly variable non-
coding sequences of chloroplast genomes of the three
cytotypes. Likewise, no polymorphism was detected in
non-coding sequences between normal and CMS-T cyto-
types. Since mitochondria and chloroplasts are strictly
co-transmitted to the next generation in most angiosperms
(Reboud and Zeyl 1993), non-coding chloroplast genomes
have been utilized in phylogenetic studies at the intra-
specific level (Ohsako et al. 1996; Gao et al. 2007; Meng
et al. 2007; Kim et al. 2009b).

Though differences were identified between the CMS-S
cytotype and the other cytotypes, no additional differences
were uncovered between the normal and CMS-T cytotypes.
We previously reported that orf725 was not detected in the
normal cytotype, but abundant copy numbers were detected
in both CMS-T and CMS-S cytotypes (Kim et al. 2009a).
In total, these results imply that recent substoichiometric
shifting of a few substoichiometric chimeric ORFs, includ-
ing orf725, in the normal cytotype might have induced
CMS-T male-sterility. Additionally, the phylogenetic rela-
tionship between the normal and CMS-T cytotypes was too
close to produce any de novo mtDNA rearrangements or
nucleotide changes. Therefore, it would be worth studying
the function of orf725 as a male sterility-inducing gene in
CMS-T. More extensive sequencing of complete mitochon-
drial genomes is required for identification of additional
candidate chimeric ORFs.

@ Springer

In conclusion, dynamic onion mtDNA rearrangement
was shown by identification of trans-splicing intron of cox2
gene, but the fact that few polymorphisms on the mtDNA
organizations and non-coding chloroplast sequences were
identified between normal and CMS-T cytotypes implies
that CMS-T male-sterility might be induced by very recent
substoichiometric shifting of a few mtDNA molecules from
the normal cytotype. These results are informative to under-
stand the mechanism of male-sterility induction and fertil-
ity restoration in two male-sterility inducing onion
cytotypes, and to utilize male-sterility in onion F; hybrid
breeding. In addition, several molecular markers for identi-
fying polymorphic mtDNA organizations and cpDNA
sequences were developed in this study. Previously, two
novel cytotypes were found using such mtDNA-based
molecular markers from radish germplasm (Kim et al.
2007; Lee et al. 2008). Similarly, these molecular markers
can be useful for identifying novel onion cytotypes includ-
ing new forms of CMS from diverse onion germplasms.
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