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Abstract DNA from different male sterility-inducing
sunflower cytoplasms was investigated in order to deter-
mine whether the cytoplasmic male sterility-inducing
insertion of the PET1 mitochondrial DNA (mtDNA) is
present in other cytoplasms. In one of these cytoplasms
(MAX1) the mtDNA shows 93% sequence homology to
the orf H522 of the PET1 mtDNA, which is probably
responsible for cytoplasmic male sterility (cms) in
the latter cytoplasm. In contrast to the situation in the
PET1 mitochondrial genome, no transcription of the
orf H522-related sequence could be detected in lines
with the MAX1 cytoplasm. The organization of the
MAX1 mtDNA and the mtDNA of a fertile line is shown
to be widely different. In the study described here,
homology to the mtDNA insertion was also detected in
a fertile Helianthus maximiliani population, whereas
DNA of four other H. maximiliani populations showed
no hybridization signals.

Key words Sunflower « cms * orf H522 -
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Introduction

Male sterility is characterized by the inability of a plant
to produce viable pollen while being female fertile. The
male-sterile phenotype is inherited cither as a Men-
delian or a cytoplasmic trait. Male-sterile cytoplasm has
long been of interest for its usefulness in hybrid seed
production in a number of important crop species such
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as maize, sorghum, and sunflower. In sunflower, the first
reliable cytoplasmic male-sterile (cms) system (PET1)
was reported by Leclerq (1969) in descendants of an
interspecific hybrid between Helianthus petiolaris Nutt.
and the cultivated sunflower (H. annuus L.). This is still
the only male-sterile cytoplasm commetcially used in
sunflower hybrid production world-wide (Friedt 1992).
In the meantime other sources of cms have been found in
the progenies of interspecific crosses, intraspecific cros-
ses, or spontaneously in natural wild sunflower popu-
lations (Crouzillat et al. 1991). There is considerable
evidence suggesting that cms is encoded by mitochon-
drial genes and controlled by nuclear dominant restorer
genes (reviewed by Hanson 1991; Horn et al. 1993). The
most thoroughly investigated cms type in sunflower is
the PET1 cytoplasm. Mapping studies of mitochondrial
DNAs (mtDNAs) from isonuclear fertile and PET1 lines
have revealed that there is a much greater similarity
between the two mtDNAs than has been observed in
comparisons of fertile and cms lines of other plant
species (Siculella and Palmer 1988). In the former 94%
of the mtDNAs are colinear, and detectable alterations
are restricted to a mtDNA region of about 16kb-a
11-kb inversion and a 5-kb insertion —immediately
downstream of the atpA gene (Kohler et al. 1991; Laver
¢t al.1991). The rearrangements seem to be the result of
recombination events within an inverted repeat of 261
bp resulting in the creation of a new open reading frame
(orfH522) that is cotranscribed with atpA in sterile
sunflower (Kohler et al. 1991; Laver et al. 1991). The
predicted translation product of orf H522 possibly en-
codes a 16-kD a protein linked with cms in PET1 (Horn
et al. 1991).

To investigate whether the molecular origin of cms in
other cytoplasms is alike, we used parts of the mtDNA
insertion of the PET1 cytoplasm as probes against the
mtDNA of other sources of cms in sunflower and detect-
ed one cytoplasm (MAX1) with a homology to this
insertion. The correlation of this homologous mtDNA
sequence with cms in the MAX1 cytoplasm and the
origin of the insertion are discussed.
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Materials and methods
Plant material

The genetic constitution of the lines investigated is illustrated in
Table 1. Lines with different cms cytoplasms were kindly provided by
Dr. H. Serieys INRA Breeding Station, Chemin de Mezouls, 34130
Mauguio, France). Fresh leaf material from H. maximiliani popula-
tions MAX30, MAX40, MAX42, MAX44, and MAX1674, grown at
the research station of Rauischholzhausen near Giessen, was used.

DNA analysis

Total DNA of etiolated seedlings and green leaves was isolated using
the slightly modified CTAB method. Aliquots of 2-4g of plant
material were homogenized in 1 pl extraction buffer per milligram
plant material in a potter for 2—3 min at 1200 rpm and incubated for
5min at 60°C. Further isolation procedures were as described by
Rogers and Bendich (1985, 1988). Restriction endonuclease-digested
DNA was separated on 0.8% agarose gels. Mitochondria were
purified according to Horn et al. (1991). Subsequent mtDNA isola-
tion was performed as described by Crouzillat et al. (1987). MtDNA
of sterile plants with the cytoplasm MAX1 was digested with Sall and
cloned in pUC18 according to Maniatis et al. (1982). Colony hybrid-
ization was performed with digoxigenin-labelled probes as described
by Diiring (1991). Plasmid isolation, electrophoresis, and Southern
blotting were done as described by Maniatis et al. (1982). The DNA
was fixed by UV cross-linking. Gene probes were labelled by random
priming using a-[**P] dJATP (NEN) or digoxigenin (Boehringer) or
were directly labelled using the ECL kit of Amersham. Hybridi-
zations were done according to the manufacturers’ instructions.
MtDNA regions of interest were sequenced using the “T7 Sequencing
Kit’ of Pharmacia.

RNA analysis

Total RNA was isolated using the guanidin extraction method de-
scribed by Herdenberger et al. (1990). Formaldehyde gel electropho-
resis was performed according to Davis et al. (1986). The RNA was
transferred onto nitrocellulose (Schleicher and Schuell) or nylon
membranes (Quiabrane) by capillary blot using 20 x SSC and fixed
either by heat (80°C, 2h) or by UV cross-linking. Hybridization and
subsequent washing conditions were according to the kit or mem-
brane manufacturer’s instructions.

DNA from the PET1 and MAX1 cytoplasms. The DNA
of the other cytoplasms showed no hybridization signals
(Fig. 1).

In order to ivestigate the relationship between
orf H522 and the mtDNA of MAX! we cloned the
mtDNA of etiolated seedlings of MAX1 using the re-
striction enzyme Sall. A 9.5-kb Sall clone (MS4) showed
hybridization singals to the insertion of PET1 by colony
hybridization. Probes of the atpA, cob, coxI, and coxIII
genes did not hybridize to MS4 (not shown). MS4 was
subcloned and the part with homology to orf H522 was
sequenced (Fig. 2). The orf H522-related sequence of the
MAX1 mtDNA was found to share 93% homology to
the published sequence of orf H522 (K &hler et al. 1991),
with the first nucleotide of the predicted translation start
of orf H522 in PET1 missing in MAX1. Only the last 29
nucleotides of the PET1 261-bp inverted repeat are
present in the MAXI1 mtDNA. Upstream of the
orf H522-related sequence, a region with high homology
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Results

The probe 11, containing the central part of the PET1
mtDNA insertion, hybridized only with fragments of the

Table 1 Description of sunflower lines used in this study

Line Cytoplasm Phenotype
RHA 265 ANNI1 Male sterile
RHA 265 ANN2 Male sterile
RHA 265 ANN3 Male sterile
RHA 265 ANN4 Male sterile
RHA 265 ANL1 Male sterile
RHA 265 ANL2 Male sterile
HA 89 PET1 Male sterile
RHA 265 Fertile Fertile
RHA 265 MAX1 Male sterile
RHA 265 PET2 Male sterile
ANTI1-B ANT1 Male sterile
RHA 265 PEF1 Male sterile

Fig.1 Southern hybridization of total DNA of sunflower lines with
the shown cytoplasms. Hybridization probe was the clone I1 from the
central part of the cms-associated insertion of the PET1 mtDNA. The
DNA was digested with BamHI. RHA fertile sunflower line (H.
annuus cytoplasm)

—
Fig. 2 Nucleotide sequence comparison of the mtDNA of MAX1{M)
with the complementary sequence fo the 3'-flanking region of the
atpA gene of the fertile line (F) and the 3’-flanking region of the atpA
gene of the PET1 mtDNA (P). The numbering of the nucleotides
relates to the predicted translation start of the atpA gene of the PET1
mtDNA. Sequence homologies between the lines indicated by aster-
isks. The underlined region represents a 24-bp inverted repeat; bold-
Jace bases represent a 25-bp inverted repeat. Regions of homology to
orf B of Oenothera and atp6 of rapeseed are overlined with a thin
dashed line; homologous sequences to the atp9 gene of sunflower and
a cms-associated region of Petunia are overlined. The amino acid
sequence of an open reading frame of 160 amino acids (orf M160),
present in the MAX1 line, is indicated above the coding region
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to orf H873, present in fertile lines as well as in sterile
lines with PET1 cytoplasm, is located in opposite orien-
tation (Fig. 3). An incomplete inverted repeat of 24 bp
was found at the breakpoint of the homologies to
orf H522 and orf H873. The orf H873-related sequence
covers an incomplete inverted repeat of 25 bp, also
present in PET1 and fertile lines (Kohler et al. 1991).
Alignments of these short inverted repeats revealed
complete homology. At a position 48 bp downstream of
the predicted translation start of orfH522 an ATG
codon is present that marks the start of an open reading
frame consisting of 480 nucleotides (orf M160). The 5
part of the orf H522-related region shares homology to
orf B of Oenothera (Hiesel et al. 1987) and the atp6 gene
of rapeseed (Handa and Nakajima 1992). At a position
5bp downstream of the predicted termination codon of
orf M160 a region showing homology to the atp9 gene of
Pisum (Morikami and Nakamura 1987) and a cms-
associated region of petunia (Young and Hanson 1987)
was identified.

Transcription analysis

Northern blots with probes covering the atpA gene of
sunflower were performed to investigate whether in
MAXI1 the atpA gene is cotranscribed with other se-
quences as described for PET1, but only one transcript
of 1600 nt was found in MAX1 just like in fertile lines
(Fig. 4). The same and other blots were used in hybridi-
zation experiments with probes covering parts of the
orf H522 to investigate the transcription of orf M160.
These probes failed to detect any transcript of MAX1
(data not shown).

In order to compare the organization of the MAX1
and fertile mitochondrial genomes hybridization experi-
ments with different mitochondrial gene probes were
conducted (Table 2). Differences could be found in the
hybridization patterns of these two mitchondrial

Fig. 3 Organization of the rearranged region of sunflower mtDNA in
different cytoplasms. The mtDNA of the fertile line (F) and the
male-sterile line carrying the PET1 cytoplasm (P) differ in an 11-kb
inversion and a 5-kb insertion (K.6hler et al. 1991). The rearranged
mtDNA region is flanked by a 261-bp inverted repeat (>). For the
MAX1 cytoplasm (M), the homologies to the PET1 cytoplasm are
marked with “ 7. The arrows above the genes indicate the direction of
transcription
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Fig. 4 Transcript analysis of to-
tal RNA isolated from fertile (F)

H. annuus and male-sterile (S) nt F S
MAX1 sunflower. RNA was hy-
bridized to the atpA gene of sun-
flower
8
1600

Table 2 Genes and clones used as probes

Gene/clone Enzyme References

atpA Psl/HindIII Schuster and Brennicke 1986

cob EcoRI Schuster and Brennicke 1985

coxl EcoRI1 Hiesel et al. 1987

coxITT EcoRI/Pstl Hiesel et al. 1987

atpb Nhel Schuster and Brennicke 1987

55+ 18S rRNA  BamHI Brennicke et al. 1985

11 Asp718/Smal  J. Gerlach, personal
communication

MS4 Sall

genomes with probes including the genes atpA, cob,
coxIIl, and atp6, whereas no different patterns appeared
after hybridization with the gene probes 5S + 18S and
coxI (Table 3).

Investigations on the origin of the orf H522-
related sequence

Total DNA was isolated from leaves of H. maximiliani
populations MAX30, MAX40, MAX44, and MAX1674
and hybridized with the probe I1. Only the population
MAX30 showed hybiridization signals (Fig. 5). Because
of the intensity of the signals it can be assumed that the
homologous sequence is located in the mitochondrial
genome of MAX30. By means of hybridization experi-
ments we compared the mitochondrial genomes of the
male-sterile cytoplasm MAX1 and H. maximiliani popu-
lation MAX30. The following probe/enzyme combina-
tions were tested: coxI/EcoRI, coxI/HindIll, atpA/
EcoRl, coxIIl/EcoR], coxITl/HindIIl, cob/EcoRl, cob/
HindIIl, 11/EcoR1, 11/BamHI, MS4/EcoR]. No differ-
ences in the hybridization patterns were found (data
not presented).



Table 3 Comparison of the hybridization patterns of the mtDNAs of
MAX1 and the fertile cytoplasm (+ differences detected, — no
differences detected)

Probe Enzyme Differences Probe Enzyme Differences
BamH1 - BanHI +
coxl EcoRI — EcoRI1 —
HindlIT  — cob HindlIl  +
PstI — Pstl —
Byglll +
BamHI1 + BamHI +
EcoRI + EcoRI —
atpA HindIII  — coxIll  HindIll  +
Pstl + Pstl —
Bglil + Bglll +
BamHI1 — atpb Sacl +
EcoRI —
58 +18S HindIII  — atp9 ByglIl -
rRNA  Pstl —
Bglll —
Sacl —
Xbal -

MAX IMAX |MAX|MAX|MAX|MAX |

1 30 40 | 42 44 |1654] kb
,
- 2,8
-
O

Fig.5 PET!-insertion-specific Southern hybridization signals of to-
tal DNA in the H. maximiliani population MAX30. The DNA of the
shown sunflower populations and the male-sterile line MAX1 was
digested with EcoRI. Hybridization clone as in Fig. 1. The 2.8-kb
signal of MAX30 is present but not visible on this blot

Discussion

In sunflower, the mtDNASs of fertile and PET1-cms lines
are colinear over a contiguous region encompassing
94% of the genome (Siculella and Palmer 1988). Within
arearranged region of 11 and 16 kb, respectively, a 5-kb
insertion is present in the mtDNA of the PET1 cyto-
plasm that is thought to play a role in the cms of sun-
flower (Kohler et al. 1991). Using a probe that includes
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the central part of this insertion we hybridized the
DNAs of various sunflower lines chosen on the basis of
different cms cytoptasms. The DNA of lines with the
MAXI1 cytoplasm showed hybridization signals; there-
fore, this mtDNA region must be present there. On the
contrary, the whole insertion or at least the central part
of the insertion of the PET1 cytoplasm is obviously
absent in mtDNAs of other cytoplasms studied, pro-
vided that the insertion does not occur in sublimons
(Leaver etal. 1988). This means that the molecular
origin of cms in these cytoplasms must be different from
PET1-cms. The same situation exists in other species as,
for example, in maize, where the specific mechanisms of
cms differ among cmsC, cmsS, and cmsT (reviewed in
Braun et al. 1992). Spassova et al. (1992) used Southern
analysis to investigate mtDNA in the region of the atpA
gene of additional cms sources of sunflower. No differen-
ces appeared to the PET1 mtDNA in the hybridization
patterns of the atpA gene. Therefore, the mtDNA of
these cms lines obviously carry the insertion of the PET1
cytoplasm.

The sequence data of the mtDNAs of PET1 and
MAXT1 in the orf H522 region show a homology of 93%.
In PET1, orf H522 is cotranscribed with the atpA gene
(Kohler etal. 1991; Laver et al. 1991). The translation
product of orf H522 is thought to code for a 16-kDa
polypeptide that is present in PET1 but not detectablein
fertile lines with H. annuus cytoplasm and therefore
possibly involved in cms (Horn etal. 1991; Laver et al.
1991; Smart etal. 1992). However, we could neither
detect a cotranscription of the atpA gene nor any
transcripts of orf M 160, and so it seems to be unlikely
that orf M160 is directly involved in the MAX1-cms.
However, we cannot exclude transcripts not detectable
by hybridization assays (Finnegan and Brown 1990).
Moreover, tissue-specific transcription of orf M 160, ¢.g.,
in anthers, is conceivable because our investigations
were made with etiolated seedlings. In petunia, the fused
mitochondrial gene associated with cms is developmen-
tally regulated (Young and Hanson 1987). Anincrease in
the pef transcript compared to other transcripts is ob-
served in anthers, and in sunflower, tissue-specific effects
on the transcription of mitochondrial genes were detec-
ted by Gerlach and Zetsche (1992).

The rearrangement of the mtDNA in the MAX1
cytoplasm might be traceable to the 24-bp incomplete
inverted repeat, which could form a stem-loop structure,
located at the breakpoints of homology to orf H522 and
orf H873, respectively. Certain possibilities are plausible
with respect to the origin of this mtDNA section because
the 24-bp inverted repeat shares homology to other
parts of the mtDNA of sunflower, for example, to the
5'-regions of orf H873 , orf H708, and orf H522 (K ohler
1991) and to different parts of mtDNA of other species,
for example, to orf B of Oenothera (Hiesel et al. 1987),
detected in sunflower in the 5'-flanking region of coxIII
(Quagliarello et al. 1990). Further investigations are
necessary to show which regions are causally involved in
the rearrangements of the MAX1 mtDNA.
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The origin of the orf H522-related region

Orf H522 and the PET1 insertion as a whole seem to be
composed of different parts, including sequences of
mtDNA, the nuclear genome, and parts of yet unknown
origin (Zetsche and Horn 1993). Hybridization experi-
ments with probes covering parts of the insertion did not
detect a related sequence in the mitochondrial genome
of H. petiolaris (Horn 1991), the expected donor of the
PET1 cytoplasm. This means that the insertion was
created by the interspecific cross H. petiolaris x H.
annuus. Regarding the MAXI1 cytoplasm, we found a
homologous region in the DNA of H. maximiliani popu-
lation MAX30. In this context, it is especially interesting
that other investigated H. maximiliani populations did
not show hybridization signals with this probe. This
suggests that the cytoplasm of MAX30 is closely related
to the MAX1 cytoplasm, a conclusion confirmed by the
fact that no differences in hybridization patterns were
found using mitochondrial probes. The situation is
possibly similar in the PET1 cytoplasm, and a search
among other H. petiolaris populations will finally detect
the insertion in one of these populations. This poses the
question of whether the cms phenotype results from
nuclear-cytoplasmic incompatibility (Hanson 1991) or
rather from interaction with the 16-kDa polypeptide
(Horn et al. 1991).

Whether the MAX1 mtDNA region related to the
insertion in PET1 causes pollen sterility in sunflower
lines carrying the MAX1 cytoplasm remains unknown.
Relative to the PET1 mtDNA, additional differences
between the MAX1 mtDNA and the mtDNA of the
fertile H. annuus cytoplasm can be identified. However,
differences in mitochondrial genome organization are
well known in plants and mostly do not influence the
function of the genes (Leaver 1989). The identification of
fertile H. maximiliani population MAX30 as a possible
ancestor of male-sterile cytoplasm MAX1 offers the
opportunity now to elucidate whether the cms pheno-
type originated by recombination events in the
mitochondrial genome of MAXI1 or by nuclear-cyto-
plasmic interactions after substitution of the H. maxi-
miliani nuclear genome by that of H. annuus.
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