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Abstract  Protoplast fusions were performed between 
two sexually produced alloplasmic male-sterile tobacco 
cultivars, with cytoplasms from Nicotiana bigelovii [Nta 
(big)S] and N. undulata[Nta(und)S], both of which ex- 
hibit homeotic-like phenotypes affecting the petal and 
stamen whorls. Among the fusion products obtained, 
both novel male-sterile and pollen-producing cybrid 
plants were identified. Of the pollen-producing cybrid 
plants, all of which were indehiscent, some had flowers 
with stamens that appeared normal when compared to 
male-fertile tobacco plants. Other hybrid plants were 
incompletely restored as they exhibited petaloid struc- 
tures on the anther-bearing pollen-producing stamens. 
In this study, gel-blot analyses with mitochondrial gene- 
probes were conducted comparing the mitochondrial 
DNA of cybrids and male-sterile parents. It was found 
that the flower morphology typical of the Nta(big)S 
parental plants, as well as of the novel male-sterile 
cybrids, coincided with the presence of a chimeric atpA 
gene copy where an open reading frame of unknown 
origin was found to be linked in-frame to the 3'-end of a 
truncated atpA gene. RNA gel-blot hybridizations re- 
vealed the presence of atpA transcripts in the male- 
sterile parent Nta(big)S and novel male-sterile cybrids, 
but which were absent in cybrids capable of pollen 
production. 
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Introduction 

Cytoplasmic male sterility (CMS) is a maternally in- 
herited trait that has been associated with modifications 
of the mitochondrial genome in higher plants (Lonsdale 
1987; Levings and Dewey 1988; Hanson 1991). Besides 
occurring as spontaneous mutants in a population of 
normal plants, CMS lines can be obtained by intra-or 
inter-specific sexual crosses, resulting in the combina- 
tion of the nucleus of one species with the cytoplasm of 
another (Kaul 1988). 

In tobacco, CMS correlates with homeotic-like 
mutant phenotypes involving petal and stamen develop- 
ment (Bonnett et al. 1991, Kofer et al. 1991a). Stamen 
development is arrested and frequently the stamens are 
modified to petalodes, and might include stigmatoids or 
ovules. Petals may be shortened or may fail to fuse. This 
variation in flower development is accounted for by the 
hypothesis of Rosenberg and Bonnet (1983), suggesting 
that a series of steps along the pathway of androgenesis 
require the cooperative action of the cytoplasmic and 
nuclear genomes. The different floral morphologies of 
alloplasmic CMS tobacco cultivars can thus be pre- 
dicted to be due to a variation in the activity of several 
mitochondrial genes. The results obtained from fusion 
experiments performed between different male-sterile 
tobacco cybrids (Aviv and Galun 1986), and several 
different sexually produced alloplasmic and male-sterile 
tobacco cultivars (Kofer et al. 1990), largely confirm this 
model. Cybrid plants were obtained with recombined 
biparental male-sterile and novel male-sterile stamen 
morphologies (Kofer et al. 1990, 1991a), as well as cybrids 
with restored pollen producion (Aviv and Galun 1986; 
Kofer et al. 1990, 1991b). 

The cybrid plant differed in their flower morpholo- 
gies and their degree of male-fertility (Kofer et al. 1990). 
The offspring ofcybrids derived from callus 28, obtained 
from fusions between Nta(big)S and Nta(und)S, dis- 
played a split corolla as found in the Nta(big)S parent, 
and distinctive male-sterile stamen morphologies corn- 
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bining features of both fusion parents in novel arrange- 
ments (Kofer et al. 1991a). By contrast offspring of 
cybrid 29-1 (derived from callus 29) produced flowers 
with pollen-bearing anthers on petaloid stamen struc- 
tures, while the offspring from cybrid 29-3 (also derived 
from callus 29) showed a variety of floral phenotypes 
(Kofer et al. 1991b). Some of the offspring from 29-3 
developed flowers with petaloid stamens; some, how- 
ever, had flowers with normal-appearing stamens when 
compared to fertile tobacco, although the anthers were 
indehiscent. A third group of 29-3 offspring had flowers 
with petaloid stamens as well as flowers with the nor- 
mal-appearing stamens. These flowers were usually 
formed on separate branches. Both the flowers with 
petaloid stamens as well as the flowers with normal- 
appearing stamens produced fertile pollen. As the an- 
thers did not dehisce, self-pollination and pollination of 
the CMS parents was possible by removing pollen from 
the anthers and applying it to the stigma. 

In this study we have used DNA and RNA gel-blot 
hybridizations to further analyze this cybrid material. A 
novel atpA sequence was found in the male-sterile cy- 
brids of the Nta(big)S phenotype. Sequence analysis and 
molecular analysis revealed a transcribed chimeric and 
truncated copy of the atpA gene. 

Materials and methods 

Plant material 

Novel male-sterile and male-fertile cybrids were obtained from 
fusions between cytoplasmic male-sterile tobacco cultivars with or- 
ganelles from Nicotina bigelovii and N. undulata, as described by 
Kofer et al. (1990,1991b). These two male-sterile cultivars [referred to 
as Nta(big)S and Nta(und)S] resulted from the introgression of the 
nucleus from N. tabacum to the cytoplasms of the respective donor 
species and have been backcrossed for 12-16 generations. Thus, the 
parental materials represent highly inbred sexually produced lines. 

Cybrids from callus 28 exhibited flowers with novel male-sterile 
morphology. All cybrid plants from callus 28 exhibited a split corolla 
as found in the Nta(big)S parent; however stamen morphologies 
combined subsets of both parental stamen features in novel combina- 
tions (Kofer et al. 1991a). The cybrids that were restored to male- 
fertility (Kofer et al. 1991b) were categorized into two groups. Both 
types were found among the progeny of cybrid plants raised from the 
same cybrid callus (29) and pollinated with N. tabacum. One of those 
cybrids gave rise to R 1 progeny plants having either petaloid or 
abnormal stamens. This plant was designated 29-1. The other cybrid, 
29-3, yielded R 1 plants having both normal-appearing and petaloid- 
stamen types. Some of these plants had flowers with only normal- 
appearing stamens, other plants had only petaloid statues, and still 
others had both types on separate floral branches. Progeny of both 
cybrids (29-1 and 29-3) produced stamen structures with anthers 
containing normal pollen, although the anthers did not dehisce. After 
pollination with N. tabacum, mtDNA was isolated from offspring of 
cybrid 29-3 (about 70 plants) with normal-appearing stamens. 

DNA isolation and gel-blot hybridizations 

For the isolation and electrophoresis of mtDNA, the procedure of 
Bland et al. (1985) as modified by H~tkansson et al. (1988) was used. 
Total DNA was isolated from plant leaves according to Bernatzky 
and Tanksley (1986) as modified by Landgren and Glimelius (1990), 
except for the extraction-buffer which was supplemented with /3- 

mercapto-ethanol (50 mM). After endonuelease digestion and subse- 
quent electrophoresis in 0.4 or 0.6% agarose, the gels were transferred 
to nylon filters (Pall Biodyne membrane, Pall BioSupport Corpo- 
ration, Glen Cove, N.Y.) according to standard procedures (Sam- 
brook et al. 1989). Filters were hybridized, washed and re-hybridized 
as described by Landgren and Glimelius (1990). 

RNA isolatiion and gel-blot hybridizations 

The mtRNA isolation and the gel-blot hybridization analyses were 
performed as described earlier (H~kansson and Glimelius 1991). 
Total cell RNA was isolated from young leaves as well as from 1-3 
mm undeveloped flower buds (measured from base to top of sepals). 
At this stage the first flower bud is still covered by the top leaves, 
which have to be folded aside in order to see the developing bud. 
Before RNA isolation the flower rudimient was cut clean from sepals 
and stem tissues and RNA was isolated according to Verwoerd et al. 
(1989). 

Isolation and sequence analysis of a truncated 
atpA gene copy 

HindIII-digested mtDNA isolated from Nta(big)S was ligated to 
HindIII-digested pUC-18 after which E. coli-XL1 bacteria were 
transformed. The bacterial library was screened by colony hybridi- 
zation by first using the 716-bp Y-end of the Zea mays atpA gene as a 
probe (upstream of the conserved BamHI site; Braun and Levings 
1985), then filters were screened with the 1:85b atpA gene 3'-end 
clone from N. debneyi (downstream from the conserved BamHI site; 
Hfikansson 1992). Clone 2:38 (5 kb long), hybridizing to the N. 
debneyi 3'-probe but not to the Z. mays 5'-probe, was subsequently 
subcloned in pUC-18 as a 1.7-kb PstI-HindlII fragment. This insert 
was re-cloned as a BamHI- HindIII fragment in pGem-7Zf(-) 
(Promega, Madison, USA) to yield plasmid P2. A series of unidirec- 
tional deletions of plasmid P2 where constructed by the use of ExoIII 
(Henicoff 1984) as described in "Erase a Base" by Promega (Promega, 
Madison, USA). Plasmids representing different deletions on both 
strands were re-ligated and transformed into E. coli-XL1. The size of 
the deletion in the transformants was estimated by agarose-gel elec- 
trophoresis. DNA sequencing was carried out on double-stranded 
plasmid DNA by the dideoxy chain-termination method (Sanger et 
al. 1977) according to the instructions supplied with the sequencing 
kit (Taq DyeDeoxy Terminator Cycle Sequencing Kit, Applied Bio- 
systems, Inc, USA). A Perkin Elmer Cetus DNA Thermal Cycler 480 
(Perkin Elmer Corp., Emeryville, Calif., USA) and an Applied Biosys- 
tems Model 370A was used. The primers used for "cycle sequencing" 
were the pUC/M13 forward and reverse sequencing primers (Kabi- 
Pharmacia, Uppsala, Sweden). 

Mitochondrial gene probes 

The initial screening for differences in the mitochondrial DNA organ- 
ization were done using the probes listed in Table 1. Other probes 
used in hybridization experiments were 1 : 85b, which is an atpA 3-end 
clone from N. debneyi (Hfikansson 1992), and BLSC1, covering the 
3'-flanking region and part of the coding region of the atpA gene in Z. 
mays (Small et al. 1987). Probes were radiolabelled with 1.85 x 106 
Bq (32p) dCTP (Oligolabelling Kit, Kabi-Pharmacia, Uppsala, 
Sweden). 

Results 

DNA gel-blot hybridizations identify a region 
correlating with the CMS-phenotype of Nta(big)S 

Blots of mtDNA from offspring of the pollen-producing 
cybrids 29-1 and 29-3, as well as the male-sterile 
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Table I The heterologous mitochondrial gene probes, and their 
species origin, used in this investigation to screen for differences in 
DNA organisation among fusion parents and cybrid offspring 

Probe" Species Reference 

atp6 Zea mays Dewey et al. 1985 
atp9 Nicotiana tabacum Bland et al. 1986 
atpA Zea mays Braun and Levings 1985 
coxI Triticum aestivum Bonen et al. 1987 
cytb Zea mays Dawson et al. 1984 
orf25 b Petunia hybrida Stamper et al. 1987 
rrn18/rrn5 Zea dipIoperennis Gwynn et al. 1987 
rrn26 Zea mays Dale et al. 1984 

Probes were kindly provided by Dr. M. R. Hanson, Cornell Univer- 
sity and Dr, C. S. Levings III, North Carolina University 
u The petunia off25 gene is 100% homologous to tobacco off25 
(M. R. Hanson, personal communication) 

parental cultivars, were analysed for differences in 
mitochondrial organization by the use of different re- 
striction enzymes and heterologous probes ofmitochon- 
drial genes (Table 1). From the 29-3 offspring, mtDNA 
was isolated from plants with flowers having normal- 
appearing stamens. Of the probes tested, only that 
corresponding to the region of atpA from Z. mays 
(Braun and Levings 1985) displayed differences in hy- 
bridization patterns between sterile and pollen-produ- 
cing material. Figure la shows the hybridization of 
mtDNA from pollen-producing cybrids and male-ste- 
rile parental cultivars to the Z. mays atpA Y-end probe 
(shown in Fig. 3 B). The mtDNA from cybrid 29-1 and 
progeny of cybrid 29-3 hybridized with two fragments 
(about 4 kb) to this probe, identical in size to each of the 
fragments from Nts(und)S Nta(big)S. 

To further investigate the mtDNA in the vicinity of 
the atpA gene, probes derived from the atpA 3'-regions 
of Z. mays and N. debneyi (shown in Fig. 3 B) were 

hybridized to DNA gel-blots from offspring of novel 
male-sterile cybrids from callus 28, offspring from the 
pollen-producing cybrids 29-1 and 29-3 as well as from 
male-sterile parental cultivars. With the Z. mays B LSC 1 
probe, the mtDNA from progeny of 29-3 hybridized 
with two fragments around 4 kb (Fig. 1B) which were the 
same as was found with the Z. mays probe covering the 
5'-part of the atpA gene, as shown in Fig. 1A. In 
contrast, mtDNA of both male-sterile parents hybrid- 
ized with an additional 3'-specific fragment, thus pos- 
sessing mtDNA regions not present in the progeny of 
cybrid 29-3 (Fig. 1B; arrows). As further shown in Fig. 
1B, the 29-1 cybrid retained the fragment specific for the 
3'-part of the gene of Nta(und)S, but not that of 
Nta(big)S. As shown in Fig. 1C, probe 1:85b gave the 
same hybridization pattern as probe BLSC1 when hy- 
bridized to progeny of cybrid 29-3 and male-sterile 
parents. In all progeny from cybrids from callus 28 the 
1 : 85b probe hybridized to the two mtDNA fragments of 
about 4 kb specific for Nta(und)S and Nta(big)S. In 
CMS parent Nta(big)S and in all novel male-sterile 
offspring of cybrid 28 the 1 : 85b probe further hybrid- 
ized to an additional fragment of identical size (about 5 

Fig. 1 A-C DNA gel-blot hybridization to HindIII digests of DNA 
from progeny of male-sterile cybrids from callus 28, progeny of 
pollen-producing cybrids 29-1 and 29-3, and male-sterile parents. A 
mtDNA gel-blot hybridization of male-sterile parents Nta(big)S, 
marked as big, and Nta(und)S, marked as und, two progeny of 29-3 
and one progeny of cybrid 29-1 using a probe covering the Y-region 
of the atpA gene. B mtDNA gel-blot hybridization to mtDNA of 
Nta(big)S and Nta(und)S (marked as big and und respectively), two 
progeny of 29-3 and progeny of cybrid 29-1 using a Z. mays probe 
(BLSC 1) covering the 3'-flanking region and part of the coding region 
of the atpA gene. C Gel-blot hybridization to total-DNA of progeny 
of cybrids from callus 28, progeny from cybrid 29-3 as well as sterile 
parentals Nta(big)S and Nta(und)S marked as big and und respective- 
ly, using the Nicotiana debneyi probe 1 : 85b, homologous to BLSC1 
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kb). This fragment was not found in the progeny from 
the pollen-producing 29-3 cybrid. Thus, all male-sterile 
cybrids tested had an additional atpA fragment not 
present in the pollen-producing cybrids. 

Transcription analysis of the atpA gene region 

RNA-blot hybridizations were performed to inves- 
tigate if the presence of the additional atpA fragment 
in plants of the Nta(big)S phenotype was associated 
with differences in the transcription pattern of this 
region. 

The 5'-and 3'-end atpA probes were hybridized to 
mtRNA gel-blots. Figure 2 demonstrates that in both 
cases differences were detected in transcription patterns 
between the two parental CMS cultivars Nta(big)S and 
Nta(und)S on one hand and also between parental 
materials and the 29-3 cybrid offspring on the other 
hand. The probe covering the Y-part of the atpA gene 
located two major transcripts in the CMS cultivar 
Nta(und)S and three major transcripts in Nta(big)S (Fig. 
2A). In agreement with data from the DNA blot-hybrid- 
ization with this probe (Fig. 1A), the transcription pat- 
tern of the 29-3 cybrid progeny was mainly the sum of 
the parental patterns. The same results were obtained 
when RNA from young flower buds was analyzed (data 
not shown). 

The 3'-end atpA probes identified the same tran- 
scripts as the 5'-probe, both in leaves (Fig. 2B) and in 
young flower buds (data not shown); one additional 
transcript was detected in each of the male-sterile 
parental cultivars (approximately 1500 and 4000 nt; 
Fig. 2B). The additional transcript of Nta(big)S was 
found in all offspring from cybrid 28, whereas neither of 
the transcripts were found in the pollen-producing cy- 
brid offspring. 

Fig. 3 Nucleotide sequence and structure of a truncated atpA gene 
from Nta(big)S. A Nucleotide sequence of the region within clone P2 
containing the truncated atpA copy isolated from the male-sterile 
parent Nta(big)S. In regions of similarity, the Nta(big)S sequence is 
aligned with the trans-intron distal to exon c of the A. thaliana nad5 
gene marked as Ath nadSi (Brandt et al. 1992), and the Z. mays 
mitochondrial atpA gene marked as maize (Braun and Levings 1985). 
Amino-acid sequences predicted from the atpA gene sequences of 
Nta(big)S and Z. mays are given above and below the nucleotide 
sequences, respectively. Dashes designate nucleotide gaps, colons 
indicate identical nucleotides. Stars indicate Z. mays amino-acid 
positions identical to those predicted in the Nta(big)S protein. The 
Nta(big)S sequence is deposited under Accession number X76110 in 
the EMBL Data Library. The aligned sequences of Brandt et al. 
(1992) and Braun and Levings (1985) are numbered according to 
Accession numbers X67105 and M16222, respectively. B A compari- 
son of the sequenced atpA-gene region in Nta(big)S and atpA gene 
from Z. mays (Braun and Levings 1985). A clone representing the N. 
debneyi atpA gene 3'-end and part of the 3'-untranslated region is also 
shown (Hfikansson 1992). Open boxes represents atpA gene open 
reading frames. The hatched vertical line indicates the recombination 
point in Nta(big)S atpA. The grey box marks an unidentified open 
reading frame fused in-frame to the truncated atpA sequence of 
Nta(big)S. The hatched area indicates a sequence with homology to 
the intron distal to the trans-spliced had5 exon c in A. thaliana 
(Brandt et al. 1992). The positions of Z. mays probe 5' (Braun and 
Levings !985), BLSC1 (Small et al. 1987) and N. debneyi 1:85b 
(Hfikansson 1992) are shown by horizontal black bars. 

Cloning of a truncated copy of atpA from Nta(big)S 

The 5-kb HindlII DNA fragment specific to parent 
Nta(big)S and progeny of cybrids from callus 28 was 
cloned from mtDNA of Nta(big)S. After sub-cloning of 
this atp A regioin, a 1.7-kb PstI-HindIII fragment (clone 
P2) was sequenced. This sequence, shown in Fig. 3A, 
contains an open reading frame of 774 bp potentially 
encoding 258 amino acids whereby the first 38 amino 
acids, of unknown origin, are coupled in-frame to a 
truncated atpA gene. This atpA sequence is about half 
the length of the Z. mays atpA gene with near sequence 

Fig. 2 A, B mtRNA gel-blot 
hybridizations to progeny of 
cybrids from callus 28, progeny 
of cybrid 29-3 and male-sterile 
parents. Nta(und)S is marked 
as und, and Nta(big)S is marked 
as big. A Hybridization with a 
Z. mays probe covering the 
Y-region of the atpA gene. B 
Hybridization with probe 
BLSC1 coveriing the T-flanking 
part of the coding region of atpA 



A 

607 

Nta(biq)S CT~GCCTCCCGGACT~CA~T~TT~GAAAGCG~G~G~GGG~TC~C~T~TGC~CG--GAAAAAAAACGG~G~TT~CTCGGCAC~CCT~CG~T~C~C~ 118 
: : : : : : : :  : : : : : : : : : : : : : : :  : : : : : : : : : : : : : : :  : : : : : : : : : : : : : : : : : : : : : : : : :  : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  

Athn~5i CT~AGCCCCACGGAC~T~TA~CC~ATT~'TAGAAA~CGGA~G~GGGATCTCTTTTCTGC~CGAAAAAA~CGGA~AGAT~GACTCGGC~C~CCT~CGATAC~C~ 1728 

Nta(biq)S ~ACC~ATCTGT~C~AG~CG~GCTAGAT~T~TCTAGAAAGCTA~AC~GGcAAC~G~CG~GCT~GACCCC~G~CCCTTTCA~TTCTT~AGA~GATCAT 238 
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  : : ; :  : : | : : : : : : : : : : : : : : : :  : :  : : : : :  : : : : : : : : : : : : : : : : :  : : =  : : 

Athnad5i TACC~ATCTGT~CTAG~CG~GCTAGATCTCTG~TAAAAAGCTATA~GGCAAC~TAAAGT~AC~GG~CG~TC~CCCT~CATTA~A~T~CGA 1840 

M S V A L C P T M P R C D T  14 
Nta(big)S C~GAGA~AGAC~CCCGCTCAAAAGACCCC~T~CCGACC~GAC~TCAAAGAT~CG~GG~GC~GACTTA~TCCGTG~CCT~GCCCGACCA~CCGAGG~GATACC 358 

K R A I A T T D L P I G L E E C A P L S L V H H R P P G R E A F P G D V F Y L B  54 
Nta(big)S ~GA~CA~GC~CCAC~GATCTACCCA~GG~T~GAAG~GTGCGCTCCTCT~TC~CGTTCACCA~GACCACCAGG~G~GG~CcC~GGA~GT~TCTATTT~CAT 478 

: : : :  : : : : : : : :  : : : : : : : : :  : : : : : : : : : : : : : :  : : : : : : : : : : : : : :  : : : : : : : : : : : : : : : : : : : : :  

Maize CA~CA~ATATATGATGATCT~GTAAACA~CGGTGG~TA~GACAAA~CATTA~G~T~CGCCGACCAC~GGCCGTG~GGCT~CCCC~GGA~GT~rTCTATTTACAT 978 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  304 

S R L L E R A A K R S D Q T G A G S L T A L P V I E T Q A G D V S A Y I P T N V  94 
Nta(big)S TCCCG~CTTAGAAAGA~GG~AAACGA~GGACCAGACAGGCGCAGGTAGCT~ACCGCC~ACCCG~CAT~GAAA~C~GCT~AGACGTATCG~CTATATTCCC~CC~TG~G 598 

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  : :  : : : : : : : :  : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  : : : : : : : : : : : :  

M~ze TCCCGT~CTTAGAAAGA~CGCTAAACGA~GGACCAGACAGGTGCA~GTAGC~AC~CG~ACCCGTGAT~GAAA~C~GCT~AGACG~ATCG~CTATATCCCCACC~TGTG 1098 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

I P I T D G Q I C L E T E L F * R G I R P A I N V G L S V S R V G S A A Q L K T  134 
Nta(bJg)S ATCCCCAT~ACTGA~GACAAA~TG~GGAAACAGAGCTCT~TA~GC~AGACC~GA~CG~C~CTTATC~TCAGTCGCGTCGGG~TGCCGC~AG~GAAAACT 718 

: : :  : : : : : : :  : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  : :  : : : : : : : :  : : : : : : : :  : : : : : : : : : : : : : : : : :  : : : : : : : : : : : : : : :  : :  

Maize A~CTCCA~A~GA~GACAAA~TG~GGAAACAGAGCTCT~TA~GCGG~AGACCA~TA~CG~GGCTTA~CCGTCAGTC~GTCGGG~CGCCGC~AG~GA~GC~ ]218 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

M K Q V C G S S K L E L A Q Y R E V A A L A Q F G S D L D A A T Q A L L N R G A  174 
Nta(blg)S ATGAAAC~G~GCGGTAGTTCAAAAC~GG~T~CAC~TATCGCG~GTGGCCGCCCTT~TC~T~GC~AGACCT~A~GCGAC~AGGCATTAC~C~TAGAGGTGCA 838 

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  : : : : : : : : : : : :  : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  

Maize ATGAAACAAG~TGCGG~AGTTCAAAACTGGAATT~CACAA~ATCGCG~G~GGCCGCCTTC~TC~TT~GG~*GACCT~AT~TGC~AC~AGGCA~ACTC~T~GAGGTGCA 1338 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

R L T E V P K Q P Q Y A P L P I E K Q I L V I Y A A V N G P C D R M P L D R I S  214 
Nta(big)S AG~TGACAG~GTAC~GAAAC~CCAC~TATGCA~CACTGCCAAT~AAAAACAAAT~TAGTCA~TA~CAGCTG~GA~CTGTGA~G~GCCAC~AGACAG~T~T 958 

: : : : :  : : : : ~ : : :  : :  : : : : : : : : : : : : : : : :  : : : : :  : : : : : : : : : : : : : : : : : :  : : :  : : : : : : : :  : : : : : : : :  : :  : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  

Maize AGGCTTACAG~GT~CCAAAC~CCAC~ATGA~C~C~CC~T~AAAAACAAAT~TTGTTA~TA~CTGCTG~CGGC~CTGTGA~G~TGC~CT~GACAG~TCT~458 
* * * * * * * * * * * E * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

Q Y E R A I P N S V K P E L L Q S P L E K G G L T N E R K M E P D T F L K E S A 2 5 4  
Nta(big)S C~TATGAGAGAGCCA~CCAAATAG~TCAAACCAG~ACT~C~TCC~TTTAGAAAAAGGTGGCTT~CT~CGAAAGAAAGA~GG~CCAGA~ACAT~T~AAAAGAAAGTGCT~78 

: : : : : : : :  : : : : : : 1  : :  : :  : : : :  : :  : : : : : : : : :  : : : : : : :  : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  : : :  : : : : : : : : : : : : :  : : :  

Maize C~TATGAAAAAAA~TTCT~GTACTATT~TCC~CTAAAATCC~C~AGAAAAA~TGGCTT~CT~CGAAAGAAAGATGG~CC~AT~TTCTTTAAAAGAAA~GCT1578 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  504 

* A P * stop 258 
*ta(big)S TTAGCT~TA~fT~TAC~T~C~GGAAAGGAAAAAGG~TC~AG~GTACCA~AAAT~T~AC~AC~GT~TCTATCT~TG~GTAGGACGAG~TCCT~CCT~C~ 1198 

: : :  : : :  : :  : :  : :  : :  : :  : :  : : : : : : : :  : : : : : :  

Maize TTAAAT~ATGAG~CAAAACTAAACT~AG~TGAGTACCACTATTT~TG~AT~G~TGC~CT~ACCAGC~CG~GAAACTACA~TACC~T~GA~GG~GAGAT~ 1698 
* N L st~ 507 

*ta(biq)S TG~AGGT~CC~GTTAGTATCCTA~GGAGCTC~G~GGGGGG~CATCCT~TGGATGAGTATG~GCACG~TATACATC~ATATTAGACCCCCAGAAAAAAAAAAGAAAAGAAAA 1318 

Nta(biq)S AGCAAAAATA~TAAAAA~GCCTGC~C~TAT~TATATA~AGATGGGCGGGCCT~TT~GCAAAAGGTGATCCACTA~GG~GTAGTC~T~ACATATC~G~GAGGG 1438 

*ta(big)S CGAGGC~C~AGC~TGG~GGAAAGGGGAGTGGG~GCGGGCTCC~TCACTTGAC~TTAGTTAGGAGTGA~TT~TTCGCACATC~CA~CTTTTT~CT~CAAACT~GGAG 1558 

Nta(big)S G~GG~TTGGCC~GA~GTGA~CTATC~TTT~CTT~TGTAG~G~CT~GTg7rTA~TA~GA~CCGT~CA~CG~GTCG~A~CAAA 1661 

B 

N t a ( b  ig)S F~"~. ' ,sd  [ ]  a t p A  I 

N io~ t i ana  d e b n e  y f  

Zea mays , J atpA 

Probe 5' 

a,pA [ 

1:85b 

I 
1698 b p  

|11 I 

BLSC1 

1 6 6 1  b p  
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identity after nucleotide 431 (Z. mays nucleotide 930, 
Fig. 3 A). From this position to the end of the Nta(big)S 
reading frame the sequence is 95% and 92% 
homologous to the Z. mays atpA gene at the nucleotide 
and predicted amino-acid levels, respectively. The 3'- 
noncoding regions do not show any significant homo- 
logy. After searching the Genebank and NIH data bases 
no significant similarity was found between previously 
published sequences and the P2 sequence from nt 226 to 
430. However, from the Y-end to nt 225 of clone P2, an 
89.0% sequence homology to the downstream trans- 
intron of Arabidopsis thaliana NADH dehydrogenase 
(had5) exon c (Brandt et al. 1992) was found. A similar 
homology (90.0%) from nt 138 to the 5'-end of clone P2 
was found in the corresponding region of the nad5 exon 
c intron from wheat (Pereira de Souza et al. 1991). 

Discussion 

DNA gel-blot experiments detected differences between 
all analysed novel male-sterile progeny from cybrid 28 
and pollen-producing progeny from callus 29. However, 
only probes located in or near the atpA gene identified 
differences between these sterile and pollen-producing 
cybrid materials. This region was investigated further by 
the use of 5'- and 3'-end probes of the atpA coding sequ- 
ences from Z. mays and N. debneyi. Apart from detecting 
presumably functional copies of the atpA gene, the atpA 
3'-end hybridized to an additional 5-kb Hind III frag- 
ment as well as to a 4000-nt transcript in both the male- 
sterile Nta(big)S parental plants and novel male-sterile 
progeny ofcybrids from callus 28. Neither the additional 
5-kb HindIII fragment nor the 4000-nt transcript were 
detected in offspring of cybrids 29-3 and 29-1 with pollen- 
producing, petiolated or normal-appearing stamens. It 
was further found that the fertile cytoplasmic donor, N. 
bioelovii, contained neither the additional HindIII frag- 
ment nor the 4000-nt atpA transcript (data not shown). 
The 5-kb HindIII fragment, found in the male-sterile 
Nta(big)S and novel male-sterile cybrid 28 progeny, 
thus correlates with the flower morphology, split corolla 
and fringed anthers typical for these materials. 

The atpA Y-end-specific mtDNA HindlII fragment 
that was detected in Nta(und)S was present in offspring 
from cybrid 29-1, but absent in offspring of cybrid 29-3. 
Since the 29-1 offspring produced pollen, the presence of 
this atpA Tend-specific fragment is not correlated with 
sterility. Thus, it is possible that the male-sterile pheno- 
type in Nta(und)S is associated with mitochondrial se- 
quences different from those of Nta(big)S. An indication 
for the involvement of other mtDNA regions in flower 
development, in addition to the 3'-end of the atpA gene, 
can be inferred from the observation that the offspring of 
cybrids 29-1 and 29-3, still express other CMS-related 
traits, such as shortened corolla, indehiscent anthers 
which produce functional pollen and, in some cybrids, 
petaloid tissues attached to pollen-bearing anthers. 
These findings are consistent with the previously stated 

hypothesis wherein the different floral morphologies of 
cytoplasmic male-sterile tobacco cultivars are indica- 
tive of variation in the activity of several not yet identi- 
fied mitochondiral genes (Rosenberg and Bonnett 1983; 
Kofer et al. 1991a). 

Changes associated with the atpA gene region, al- 
though not involving the atpA gene itself, have been 
correlated to the appearance of CMS in several plant 
species. The frequency of structural changes leading in 
many cases to the formation of chimeric genes in the 
atpA gene region could be explained by the fact that the 
gene has been found to be a part of the repeats involved 
in the recombination of mtDNA in several genera, 
including Oenothera (Schuster and Brennicke 1986), Z. 
mays (Small et al. 1987), Pisum sativum (Morikami and 
Nakamura 1987), Glycine max (Chanut et al. 1993) and 
Phaseolus vulgaris (Janska and Mackenzie 1993). In 
Helianthus annus and P. vulgaris, co-transcription of 
atpA and CMS-specific ORFs downstream from the 
atpA gene was suggested to be the cause of male- 
sterility. A rearrangemment in the atpA T-flanking 
region, involving an inversion and an insertion, created 
orfH522 in a CMS line of H. annus (K/Shler et al. 1991, 
Laver et al. 1991). The nuclear restoration of CMS in H. 
annuus has been shown to be concomitant with a tissue- 
specific post-transcriptional down-regulation of the 
orfH522 15-kDa polypeptide in male florets (Mon6ger 
et al. 1994). Three ORFs have been found downstream 
from the atpA gene in male-sterile P. vulgaris (Chase 
and Ortega 1992), and reversion to fertility is accom- 
panied by the deletion of two of these reading frames 
(Johns et al. 1992). Further indications for the associ- 
ation of atpA to CMS in several tobacco CMS systems 
were obtained by investigations of sexually produced 
alloplasmic male-sterile N. tabacum cultivars with N. 
debneyi, N. repanda or N. suaveolens cytoplasms, as 
changes in atpA transcription patterns were detected in 
two of the cultivars (Hfikansson and Glimelius 1991). In 
both cases the introgression of the nuclear restorer genes 
from the cytoplasmic donor species restored the trans- 
cription patterns along with male-fertility. 

A sequence analysis was conducted on a subclone 
(P2) of the 5-kb HindIII fragment unique to the 
Nta(big)S phenotype. It was found that P2 contained an 
unidentified ORF of 38 amino-acid codons, fused in- 
frame to a truncated copy of the atpA gene of 220 
amino-acid codons. Based on the mtDNA the predicted 
amino-acid sequence of the truncated Nta(big)S atpA 
copy is nearly identical to the corresponding region of 
the Z. mays protein, and identical to that of N. plum- 
baginifolia (Chaumont et al. 1988). A further increase in 
the homology to other atpA proteins was obtained after 
sequence determination of edited cDNA molecules 
(Bergman et al. 1994). The truncated atpA gene copy 
does not encompass the conserved adenine nucleotide- 
binding folds A and B proposed by Walker et al. (1982). 
We can thus speculate that if the chimeric ORF contain- 
ing the truncated Nta(big)S atpA copy is expressed as a 
protein product which could fold into an atpA-like 
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protein, then potentially it would be capable of compet- 
ing with the complete atpA protein for assembly into 
subunit F 1 of the mitochondrial ATPase complex. This 
could result in ATPase complexes which would not be 
capable of optimal ADP binding during ATP synthesis. 

The presence of sequences, most likely originating 
from the trans-spliced intron of nad5 exon c, in the near 
proximity of the truncated atpA-like gene copy of 
Nta(big)S raises some questions. Has the atpA gene been 
recombined into the intron of had5 exon c, or has a 
reverse-transcribed copy of the intron inserted up- 
stream of the recombined atpA gene? An indication of 
transcriptional activity initiated upstream of the clone 
P2 was found as nearly all of the transcripts detected by 
the atpA 3'-end probe BLSC1 also were detected by a 
probe derived from the first 316 bp of clone P2 (data not 
shown). We do not yet know from what promoter these 
transcripts initiate. It is, however, of interest to note that 
the approximately 230 bp homology of P2 to the region 
of nad5 exon c corresponds to a sequence downstream 
from the last intron domain in the proposed secondary 
RNA structure (Knoop and Brennicke 1993), and that 
the P2 homology ends downstream from the point of 
sequence divergence in this region between A. thaliana 
and Oenothera (Knoop et al. 1991; Brandt et al. 1992). 
Thus, if the truncated atpA gene is co-transcribed with 
the nad5 exon c it would not necessarily disturb the 
maturation of had5 RNA. Investigations have been 
initiated to determine if the region upstream of the 
Nta(big)S atpA copy continues further into the had5 
intron and includes a nad5 exon. 

During evolution cytoplasmic and nuclear genomes 
in a given species or genus have adapted their genetic 
information to cooperatively direct essential processes, 
including photosynthesis, respiration, and some aspects 
of plant morphogenesis. The combination of a nucleus 
with a foreign cytoplasm may result in a disturbance of 
the cooperation between nuclear and cytoplasmic fac- 
tors which becomes manifiested as functional or devel- 
opmental disorders, one of them CMS. Future investi- 
gations are aimed to clarify the possible involvement of 
this atpA region in CMS of tobacco. Gene transfer with 
edited cDNA from the chimeric atpA copy is in progress 
to determine whether or not expression of this gene is 
sufficient to confer one or several of the phenotypic 
changes typical of the male-sterile Nta(big)S cultivar. 
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