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† Background and Aims Expression of the mitochondrial gene orf138 causes Ogura cytoplasmic male sterility
(CMS) in Raphanus sativus, but little is known about the mechanism by which CMS takes place. A preliminary
microarray experiment revealed that several nuclear genes concerned with flavonoid biosynthesis were inhibited
in the male-sterile phenotype. In particular, a gene for one of the key enzymes for flavonoid biosynthesis, chalcone
synthase (CHS), was strongly inhibited. A few reports have suggested that the inhibition of CHS causes nuclear-
dependent male sterile expression; however, there do not appear to be any reports elucidating the effect of CHS
on CMS expression. In this study, the expression patterns of the early genes in the flavonoid biosynthesis
pathway, including CHS, were investigated in normal and male-sterile lines.
† Methods In order to determine the aberrant stage for CMS expression, the characteristics of male-sterile anthers are
observed using light and transmission electron microscopy for several stages of flower buds. The expression of CHS
and the other flavonoid biosynthetic genes in the anthers were compared between normal and male-sterile types
using real time RT-PCR.
† Key Results Among the flavonoid biosynthetic genes analysed, the expression of CHS was strongly inhibited in the
later stages of anther development in sterility cytoplasm; accumulation of putative naringenin derivatives was also
inhibited.
† Conclusions These results show that flavonoids play an important role in the development of functional pollen, not
only in nuclear-dependent male sterility, but also in CMS.
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INTRODUCTION

Cytoplasmic male sterility (CMS) is a maternally inherited
defect that only affects pollen production. Generally, CMS is
induced by specific nuclear/mitochondrial interactions,
which mainly arise from mitochondrial mutations and/or
nuclear–mitochondrial incompatibilities (Delourme and
Budar, 1999; Hanson and Bentolila, 2004; Chase, 2007;
Pelletier and Budar, 2007). The expression of CMS genes
encoded by the mitochondrial genome is under the influence
of the corresponding nuclear genes (Rf), which are able to sup-
press the mitochondrial defect and restore fertility to plants.
Hence, CMS is also called nuclear-cytoplasmic sterility.

In radish (Raphanus sativus), a stable CMS-system speci-
fied by a novel mitochondrial gene, orf138 (Bonhomme et al.,
1992) or orf125, a partial deletion of orf138 (Iwabuchi et al.,
1999), exists and is called Ogura cytoplasm. Ogura cytoplasm
was first found in male-sterile R. sativus in an escaped
radish population in Japan (Ogura, 1968), and it is now the
main CMS cytoplasm used for F1 hybrid production in
Brassicaceae across the world (Delourme and Budar, 1999).
The sequence of orf138 has an unknown origin (Bonhomme
et al., 1992). However, orf138 has recently been demon-
strated to have originated from R. raphanistrum, as shown
by studies of sequence variation in orf138 and nearby loci
in wild and cultivated radishes (Terachi et al., 2001;
Yamagishi and Terachi, 2001).

So far, CMS expression has been studied intensively with
a focus on the interaction between nuclear-coded Rf genes

and the novel mitochondrial genes (Hanson and Bentolila,
2004). In radish, one dominant Rf gene for the Ogura
CMS was cloned and it was clarified that the gene,
orf687, encodes a member of the pentatricopeptide repeat
(PPR) protein family (Koizuka et al., 2003). It has been
observed that another Rf gene other than orf687 is distribu-
ted widely in Japanese wild radishes (Yasumoto et al.,
2008). However, it is still unknown how the mitochondrial
gene participates in the CMS process without affecting
plant development. It is difficult to consider that orf138
directly controls the pollen disruption event in radish
because ORF138 protein is expressed not only in the repro-
ductive organs but also in vegetative tissues (Krishnasamy
and Makaroff, 1994; Bellaoui et al., 1999). It has been
reported that the CMS-specific protein ORF138 could
have a toxic effect on mitochondria (Duroc et al., 2005),
but there is no evidence as to why the mitochondrial dis-
function should specifically disrupt pollen development.

It is assumed that the novel mitochondrial gene/protein
acts on nuclear gene expression related to pollen develop-
ment via an unknown cytoplasm–nuclear interaction. In
order to dissect the process of Ogura cytoplasmic male
sterility, a microarray analysis was performed using an
Arabidopsis oligo microarray to screen specifically expres-
sed or suppressed nuclear genes in a CMS line of radish
containing orf138 (S. Yang et al., unpubl. res.). This analy-
sis identified several flavonoid biosynthetic genes with
reduced expression in the CMS line, including chalcone
synthase (CHS). Here we describe a detailed analysis of
the expression of this radish CHS in CMS lines of* For correspondence. E-mail hiyamagi@cc.kyoto-su.ac.jp
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Raphanus sativus in order to explore its potential role in
CMS. It is shown that expression of CHS was drastically
suppressed prior to the morphological induction of male
sterility. This is the first report that shows the possible
role of flavonoids in pollen development in CMS radish.

MATERIALS AND METHODS

Plant material

Raphanus sativus ‘MS-Gensuke’ (‘MS-G’) and ‘Uchiki-
Gensuke’ (‘UC-G’) were used in this study. Male sterile
‘MS-G’ was bred by introducing the Ogura male sterile
cytoplasm into ‘UC-G’ (M. Yamabe, Agricultural Research
Station of Ishikawa Prefecture, Japan, pers. comm.), which is
a local variety of Ishikawa prefecture, Japan. The two varieties
are alloplasmic lines, i.e. the difference is that ‘MS-G’ has the
cytoplasm that induces male sterility in radish while the back-
ground of the nuclear genome is same between these two lines.
‘UC-G’, with normal cytoplasm, produces abundant pollen
and was used as a control for the gene expression analysis of
Ogura cytoplasm. Flower buds of these two lines were har-
vested on the same day from plants grown in the greenhouse.

In addition to these two lines, other radish lines having orf138
were used to investigate the relationship between pollen fertility
restoration and gene expression. Buds of another male-sterility
variety ‘60-Wase’ (‘60-W’) with orf138 were collected and
studied. In addition, three F1 crosses whose pollen fertility
was normal because of an Rf gene derived from the pollen
parent were examined: ‘60-W’� ‘Comet’, ‘MS-G’ �’
Tomioka’ and ‘MS-G’� ‘Iwasaki’.

Determination of the aberrant anther stage

To determine the aberrant stage of anther development in
‘MS-G’, flower buds including anthers representing a series
of developmental stages were excised from ‘MS-G’ and
‘UC-G’. The buds (2–6 mm in length) were fixed in FAA
(ethanol : water : formalin : acetic acid 12 : 6 : 1 : 1, v/v)
solution and dehydrated in an ethanol gradient to absolute
ethanol. The buds were then embedded in Technovit 7100
resin (Heraeus Kulzer, Wehrheim, Germany) and sectioned
transversely at 5 mm thickness with a microtome (Leica,
RM2155, Wetzlar, Germany). Thin sections were stained
for 1 min with a toluidine blue solution (0.05 %) and
observed under a light microscope.

For transmission electron microscopy, flower buds were
fixed in 2.5 % (v/v) glutaraldehyde in 0.025 M phosphate
buffer (pH 6.8) and were de-aerated under vacuum for
3 h. Following a wash with phosphate buffer, samples
were postfixed in 1 % (v/v) osmium tetroxide for 3 h at
room temperature followed by dehydration in a graded
acetone series. Dehydrated samples were then embedded
in epoxy resin and propylene oxide. Transverse ultra-thin
sections were collected on coated grids and stained with
saturated uranyl acetate and Reynold’s lead citrate. Sections
were observed with a JEM-1200EX electron microscope
at 80 kV (Japan Electron Datum Co.).

For visualization of absorbance of UV light by anthers of
‘MS-G’ and ‘UC-G’, anthers 2–4 mm in length were put on a
cross linker (345 nm) and photographed using a digital camera.

Reverse transcription-polymerase chain reaction
(RT-PCR) analysis

Total RNA was extracted from buds with a length of
,2 mm, anthers and pistils of young buds (,3 mm in
length), and leaves and roots from young seedlings
(3-week-old plants) of ‘MS-G’ and ‘UC-G’ using an
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). More
than ten plants of each cultivar were used for RNA extrac-
tion from bud material and several plants were used for
leaves and roots. Contaminating DNA was completely
digested on a column (Qiagen). Concentration and purity
were determined by spectrophotometry and analysis of
18S and 16S ribosome bands by agarose gel electrophor-
esis. The first strands of the cDNA mixture were syn-
thesized from 2.0 mg of total RNA and 2.5 mM Oligo d(T)
primer using the SuperScriptTM First-Strand Synthesis
System (Invitrogen, USA). The total volume of the reaction
mixture was 20 mL, which was prepared according to the
manufacturer’s protocol. PCR was conducted with radish
gene-specific primers. A partial sequence of radish chal-
cone synthase (CHS) was obtained with primers designed
from Arabidopsis CHS AT4G00040.1, which was identified
by our preliminarily microarray experiment (Yang et al.,
unpubl. res.). Radish-specific CHS primers were then
designed to this partial sequence. Direct sequencing was
performed using a CEQ2000 System (Beckman Coulter,
USA) following the protocols of the supplier after the
PCR products were purified using a QIAquick PCR purifi-
cation kit (Qiagen). The primer sequences for radish CHS
were 50-AGTGAGTTCCGTTTGCCCGG (forward) and
50-TTCTTGCAGAACTCCTCTATGTTG (reverse) and the
amplified product was 402 bp in length. The radish Actin
gene was used as a control and the primer sequences were
50-ATCTTCATGCTGCTTGGTGC (forward) and 50-GAG
GCTGATGATATTCAACC (reverse). In the PCR mixture,
Ex taq (TAKARA) was used. Thirty-five cycles of PCR
(94 8C for 1 min, 50–55 8C for 2 min, 72 8C for 2 min)
were carried out. PCR products were separated by electro-
phoresis in 2 % agarose gels, stained with ethidium
bromide and visualized under UV light.

Real-time RT-PCR analysis

Real-time RT-PCR was conducted for CHS and four other
genes selected from the flavonoid biosynthetic pathway that
function before and after CHS (Harborne, 1993). Each clone-
specific primer was initially designed based on the cDNA
sequence of the corresponding gene in R. sativus or
A. thaliana and then new primer sets were designed accord-
ing to the sequence of the cloned cDNA fragments from
R. sativus. The primers used for real-time PCR were: CHS,
50-TAGCAACGAGGTGCAGAGG (forward) and 50-CGTA
AGGGCGAGCTTTGTT (reverse); cinnamate 4-hydroxylase
(C4H), 50-TGTCAAGATGTGAAAGACAGGAG (forward)
and 50-CATTTCAATCCTTCGCTCC (reverse); 4-coumarate
coA ligase (4CL), 50-AACTCGATCATGCTGTGTGG
(forward) and 50-TCTCCGTCTCCTGCGACTT (reverse);
chalcone isomerase (CHI), 50-GTCATCTCACCGGCTTCCT
(forward) and 50-TCCGTTAGTTCCTCTGTCGTT (reverse);
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and flavonol 3-hydroxylase (F3H) 50-CGTGAACGTATTT
CTCGTACCC (forward) and 50-TCTTCTCGCTGTACTCC
TC (reverse). The primers for Actin were 50-ACAACACCATG
CTCAATAGG (forward) and 50-ATCATGGTGTCATGGT
TGGG (reverse). PCR reactions were performed in a 96-well
plate with a GeneAmp 5700 sequence detection system,
using SYBR Green master mix (Toyobo, Osaka, Japan) to
monitor cDNA amplification, according to the manufacturer’s
protocol. The cDNA standard samples were diluted to 20 000,
10 000, 5000, 2000 and 1000 copiesmL21. Four replications of
quantitative assays were performed on 1 mL of each cDNA
sample. The following standard thermal profile was used:
1 min at 95 8C, followed by 40 cycles of 15 s at 95 8C and
1 min at 60 8C. Isoform specificity was ensured by analysis
of the dissociation curves of the PCR products. Data was ana-
lysed using the GeneAmp 5700 SDS software. The standard
curve method was used to evaluate quantitative variations
between replicates. For all experimental samples, target quan-
tity was determined from the standard curve and divided by
the target quantity of the calibrator, and Actin was used as an
internal control to normalize all data.

RESULTS

Detection of the abnormal stage of ‘MS-G’ anthers

Anthers of ‘MS-G’ and ‘UC-G’, representing a wide range
of developmental stages, were examined. Up to the size of
2-mm buds, microsporogenesis and tapetal development
were similar in ‘UC-G’ and ‘MS-G’, representing the
meiotic division and tetrad stages. Abnormality in the
anthers of ‘MS-G’ was first observed at the subsequent
stages (Fig. 1C, D). In ‘MS-G’, abnormal division and
vacuolization of tapetal cells were obvious from this
stage, whereas these were not observed in ‘UC-G’.
‘MS-G’ anthers contained a proliferating tapetum, which
partially occluded the anther locules (Fig. 1D) and even-
tually filled most of the locule, concomitant with abortion
of the microspores. Moreover, as was apparent from
the unstained microspores, ‘MS-G’ did not colorize as
compared to ‘UC-G’, which had already started coloration
at this stage (Fig. 1A, B). From this stage (.2 mm), ‘UC-G’
anthers strongly absorbed UV light, whereas ‘MS-G’
anthers did not (Fig. 2). The microspores of 3-mm buds
in ‘MS-G’ were substantially different from those of
‘UC-G’ (Fig. 1E, F): the exine of ‘MS-G’ microspores
was irregularly developed or partly empty, and the cyto-
plasm of the microspore showed plasmolysis. It was there-
fore concluded that the abnormal pollen development of
‘MS-G’ begins approximately at the 2-mm bud stage, in
which the anthers were at the tetrad stage or later.

Expression analysis of flavonoid biosynthetic genes
in buds of ‘MS-G’ and ‘UC-G’

The expression of five flavonoid biosynthetic genes
including CHS was investigated. Two main genes were
chosen, cinnamate 4-hydroxylase (C4H) and 4-coumarate
coA ligase (4CL), which function before CHS in flavonoid
biosynthesis, and two other genes, chalcone isomerase

(CHI) and flavonol 3-hydroxylase (F3H), that function
after CHS (Harborne, 1993). These genes were partially
cloned from R. sativus ‘UC-G’ according to database
sequences from R. sativus or Arabidopsis in order to deter-
mine the exact transcript sequences in radish.

As shown in Table 1, the expression levels of C4H, 4CL,
CHI and F3H were highly similar between early buds
(,2 mm) of ‘MS-G’ and ‘UC-G’. The expression levels of
these genes were relatively low compared to that of CHS
in ‘UC-G’ (Table 1). The expression of CHS was inhibited
significantly in ‘MS-G’ buds, in which the relative amount
of CHS mRNA was 35-fold lower than that of ‘UC-G’. In
accordance with these results, CHS is a key enzyme that is
strongly inhibited in ‘MS-G’ buds in a specific manner.

Expression analysis of chalcone synthase (CHS) between
‘MS-G’ and ‘UC-G’

From our preliminarily microarray analysis, it was found
that a large portion of genes expressed in ‘UC-G’ are
expressed similarly in the male-sterile type ‘MS-G’. The
array was conducted with flower buds smaller than 2 mm
in length in order to trace the initiation of gene expression
alterations before morphological changes in ‘MS-G’. CHS
was selected as a substantially inhibited gene in ‘MS-G’,
which showed 24-fold and 6.2-fold inhibition in two array
experiments. The sequence of the full length cDNA of
radish CHS (1407 bp) was determined and it was confirmed
that the gene is a member of the chalcone synthase family.
As shown in Fig. 3, the expression of CHS was detected
strongly in ‘UC-G’ anthers but was almost completely
inhibited in ‘MS-G’ anthers. Expression was also detected
in the pistil of ‘UC-G’ but not in the pistil of ‘MS-G’.
The expression levels of CHS were below the limit of detec-
tion in leaves and roots, confirming the inflorescence-
specificity of the isolated clones (Fig. 3). The nucleotide
sequence of the radish CHS obtained here was registered
in the DNA Data Bank of Japan (DDBJ) with the accession
number of AB436782.

CHS expression in anthers in stages ranging from 2- to
6-mm buds was also confirmed (Table 2). The observa-
tions showed that microspores in the anther of ‘MS-G’
were completely degenerated at the stage of a 6-mm bud.
Compared to the high expression levels detected in
anthers corresponding to 2- to 4-mm buds in ‘UC-G’, no
detectable levels of expression were observed in anthers
of all 2- to 6-mm buds in ‘MS-G’. In the anthers of 3- to
4-mm buds, a 430-fold lower expression was seen in
‘MS-G’ compared to ‘UC-G’. The results show that CHS
is specifically expressed in later stages of anther develop-
ment and uniquely suppressed in ‘MS-G’. CHS expression
was also inhibited in the buds of another CMS radish,
‘60-Wase’; but expression was restored in conjunction
with restoration of fertility in CMS radishes by the introduc-
tion of the Rf gene (Fig. 4).

DISCUSSION

Until now, there have been no detailed observations of the
anatomical features of Ogura cytoplasmic male sterility
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(CMS). From our anatomical observations, the degeneration
of microspores in ‘MS-G’ anthers was first detected in
flower buds of �2 mm length (Fig. 1); specifically, abnor-
mal formation of the tapetum was the first sign of male
sterility. The anatomical process of male sterility may
result from the loss of intricate biochemical communication

between the tapetum and microspores, which possibly
stimulates the tapetal cells to further divide abnormally.
The results confirmed the observations in radish made by
Ogura (1968), notably excessive vacuolization of the
tapetal cells. In many CMS types, the late steps of anther
development or pollen maturation are impaired (Linke

A

‘MS-G’ ‘UC-G’

C

E

B

D

F

FI G. 1. Aberrant stage of anthers and microspores of radish from (A, C, E) a sterile line, ‘MS-G’, and (B, D, F) a fertile line, ‘UC-G’. (A, B) Light
micrographs of ‘UC-G’ and ‘MS-G’ at the tetrad stage in 2-mm buds. Microspores of ‘MS-G’ do not colorize compared to ‘UC-G’. (C, D) Light micro-
graphs of toluidine blue-stained sections. The images are cross-sections of anthers in 2-mm buds. The shape of microspores is similar between ‘UC-G’ and
‘MS-G’; however, the tapetum is abnormal in ‘MS-G’ due to the presence of large vacuoles and has proliferated to fill the anther locule (*). (E, F)
Transmission electron micrographs of microspores in 3-mm buds. Free microspores in ‘UC-G’ have developed sporopollenin material in their exines.
In ‘MS-G’, the exines are abnormal due to irregular development and are partly empty. The cytosol of ‘MS-G’ shows plasmolysis. Scale bars: (C,D)

50 mm; (E, F) 500 nm.
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and Borner, 2005). In the CMS system induced by
‘Tokumasu’ cytoplasm in Brassica napus, degeneration of
the tapetum begins after the tetrad stage, leading to empty
exines and proliferating tapetum in the anthers (Theis and
Robbelen, 1990). The ‘Ogura’ CMS system (Gourret
et al., 1992) and ctr CMS lines (Grant and Beversdorf,
1986) of B. napus also demonstrated partial correspondence
with the current observation made in this study. In addition,
in the PET1-type of CMS in sunflower and petunia the
tapetum function is impaired, which is seen as vacuolation
or early degradation of tapetal cells (Smart et al., 1994;
Balk and Leaver, 2001).

Generally, tapetal cells play an essential role in pollen
development, producing protein, lipids and flavonols that
are secreted into the pollen sac and form part of the exine
(Goldberg et al., 1993). Moreover, several genes involved
in secondary metabolism, including CHS, are specifically
or predominantly expressed in the tapetum (Shen and
Hsu, 1992). The dysfunction of the tapetum in Ogura
CMS radish is concomitant with the inhibition of anther-
specific CHS expression; as a result, the level of flavonoids
might decrease to below the level required to generate the
pollen exine. CHS is one of the main enzymes in the flavo-
noid biosynthesis pathway, and an alteration in CHS activity
would be expected to affect the accumulation of all classes
of these compounds. As shown in Fig. 2, ‘MS-G’ anthers
did not absorb UV light and fluorescence emission was
observed, whereas ‘UC-G’ anthers strongly absorbed UV
light. These results indicate that CMS anthers do not
contain any UV-absorbing compounds, such as flavonoid
derivatives. Preliminary observations using thin-layer
chromatography and high-performance liquid chromato-
graphy analysis suggest that ‘MS-G’ anthers completely

lack naringenin derivatives (S. Yang and H. Yamagishi,
unpubl. res.), and this is considered as the reason why the
microspores of ‘MS-G’ could not colorize (Fig. 1B).
Therefore, the present results suggest that the inhibition of
CHS expression and the resulting deficiency of flavonoids
are related to pollen abortion in CMS anthers.

This study focused on the CHS gene, which was differen-
tially expressed between the Ogura-type male-sterile and
normal-type anthers of radish, prior to the morphological
pollen abortion initiated in Ogura-type anthers. It was con-
firmed that CHS, amongst several flavonoid biosynthetic
genes, is specifically inhibited in ‘MS-G’ buds (anthers;
Table 1, Fig. 3). CHS was also inhibited in the pistil of
‘MS-G’ (Fig. 3), but no morphological or functional
abnormalities could be found. In addition, it was confirmed
that another CMS radish with orf138 also had reduced CHS
expression (Fig. 4). These findings strongly suggest that the
pollen abortion mechanism in Ogura CMS is related to inhi-
bition of the biosynthesis of flavonoid compounds. It was
observed that CHS expression was increased and decreased
along with the development of anthers in normal-type
‘UC-G’ (Table 2). This suggests that CHS is essential in a
particular stage of development in the anther. It is of con-
siderable interest that CHS has been demonstrated to be
essential for pollen development in several species.
Disruptions to CHS activity in the anthers of petunia
(Taylor and Jorgensen, 1992; van der Meer et al., 1992),
maize (Coe et al., 1981; Mo et al., 1992) and tobacco
(Fischer et al., 1997; Atanassov et al., 1998) resulted in
the production of sterile pollen; however, these cases are
all nuclear types of male sterility. In addition to male steri-
lity, CHS is reported to be an important gene in the repro-
ductive process, for example as a sex-determination gene
that is expressed in male flower buds of Silene latifolia
(Ageez et al., 2005) and in male cones of Pinus radiate
(Walden et al., 1999). CHS-dependent flavonols are
required for functional pollen and are involved in the polli-
nation process in a number of species (Taylor and
Jorgensen, 1992; van der Meer et al., 1992; van Eldik
et al., 1997). Perturbation of phenylpropanoid biosynthesis
also produces anthers with decreased pollen viability
(Elkind et al., 1990). To our knowledge, this is the first
report demonstrating that CHS is involved in a CMS plant.

In general, interactions between the nucleus and mito-
chondria play a role in the exhibition of cytoplasmic male-
sterility. Until now, it was unclear how expression of the

‘MS-G’ ‘UC-G’

FI G. 2. Absorbance of UV light (345 nm) by anthers in 2–4-mm buds of
radish lines ‘UC-G’ (fertile) and ‘MS-G’ (sterile). Note that anthers of
‘UC-G’ strongly absorb UV light, compared with the emitted fluorescence

of ‘MS-G’.

TABLE 1. Real-time RT-PCR analysis of expression of flavonoid biosynthetic genes in buds of ‘MS-G’ (sterile) and ‘UC-G’
(fertile) radish lines

Relative transcript*

Cultivar C4H 4CL CHS CHI F3H

‘MS-G’ 0.56+0.06 0.42+0.03 0.10+0.05 0.46+0.01 1.17+0.06
‘UC-G’ 0.51+0.12 0.36+0.05 4.29+1.04 0.60+0.05 1.34+0.17

* The relative transcript level was calculated as target quantity divided by the quantity of a constitutive control gene, Actin.
Abbreviations: C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate coA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; and F3H, flavonol

3-hydroxylase. Each clone-specific primer set was designed from the corresponding gene in radish. Total RNA was isolated from buds (,2 mm) of
‘MS-G’ and ‘UC-G’ lines. Values are mean+ s.e. calculated from four technical replicates of a total of two independent experiments.
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mitochondrial gene orf138 induces male sterility. It is of
interest that the current results confirmed that CHS
expression was restored when pollen production was
restored in CMS radishes by the introduction of the Rf
gene, which inhibits the translation of orf138 (Fig. 4).
This result is consistent with our hypothesis that CHS
expression is under the control of orf138 and that CHS
expression regulates CMS expression. This study suggests
that flavonoids play an important role in the development
of functional pollen, not only in nuclear-dependent male
sterility but also in cytoplasmic male sterility.
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