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ABSTRACT We have previously shown that the expres-
sion of an unedited atp9 chimeric gene correlated with male-
sterile phenotype in transgenic tobacco plant. To study the
relationship between the expression of chimeric gene and the
male-sterile trait, hemizygous and homozygous transgenic
tobacco lines expressing the antisense atp9 RNA were con-
structed. The antisense producing plants were crossed with a
homozygous male-sterile line, and the Fl progeny was ana-
lyzed. The offspring from crosses between homozygous lines
produced only male-fertile plants, suggesting that the expres-
sion antisense atp9 RNA abolishes the effect of the unedited
chimeric gene. In fact, the plants restored to male fertility
showed a dramatic reduction of the unedited atp9 transcript
levels, resulting in normal flower development and seed
production. These results support our previous observation
that the expression of unedited atp9 gene can induce male
sterility.

The development of strategies to improve crop plants by the
production of hybrid varieties is a major goal in plant breeding.
Hybrid progeny often have a higher yield, increased resistance
to disease, and an enhanced performance in different envi-
ronments compared with the parental lines (1). Male sterility
mutations that guarantee the outcrossing of naturally auto-
gamic plant lines (2) have proven to be useful for the produc-
tion of hybrid lines with increased crop productivity. However,
hybrid production is limited to those species of plants in which
male sterility mutations have been detected. Moreover, in
certain plants, such as corn, wheat, rice, or tomato, where seeds
and fruits are harvested products, a male fertility restorer
system is required.
Many male sterility mutations interfere with tapetal cell

differentiation and/or function, indicating that this tissue is
essential for the production of functional pollen grains (3-7).
The tapetal cells are the target to produce engineered male-
sterile plants. In view of this, several authors have reported the
production of transgenic male-sterile plants by the expression
of degradative enzymes in tapetal cells (8-10) or by the
inhibition of particular enzymes by antisense strategies (11).
One interesting, naturally-occurring phenotype is cytoplas-

mic male sterility. Molecular analysis of cytoplasmic male
sterility plants has shown the presence of chimeric genes
arising from rearrangement of the mtDNA. The production of
proteins encoded by the chimeric genes has been correlated
with male-sterile phenotype, and it has been proposed that it
affects mitochondrial function (12-14).
The different nature of the genes involved in cytoplasmic

male sterility plants reported so far suggests that mitochondrial
impairment may be the common consequence of the different
chimeric gene products. If this is true, then a mitochondrial
dysfunction could also be produced by other means and

male-sterile plants could be obtained. Recently, we have
reported the production of male-sterile tobacco plants by
expression of the unedited coding region of mitochondrial
ATPase subunit 9 gene (atp9), fused to a mitochondrial transit
sequence (15). RNA editing in plant mitochondria involves the
substitution of some C residues present in the initial transcript
for U residues. The mitochondrial protein sequences predicted
from edited transcripts are more similar to homologous pro-
teins from other organisms than are proteins predicted from
unedited mRNAs (16, 17). This observation suggests that the
editing process assures the synthesis of functional mitochon-
drial proteins. In transgenic tobacco plants, the expression of
the unedited form of atp9 (u-atp9) causes a mitochondrial
dysfunction that affects normal anther development, specifi-
cally in the tapetal cell layer, and reduces pollen formation
(unpublished results).

In this article, we report the restoration to male fertility of
u-atp9-expressing male-sterile plants by using antisense RNA
technology (18). We show that crossing male sterile plants
containing u-atp9 transgene with transgenic plants containing
the same gene in antisense orientation (as-atp9) produces
progeny that is restored to male fertility. Antisense RNA
inhibits u-atp9 gene expression and thus abolishes the delete-
rious effects of this gene, resulting in restoration to male
fertility. The as-atp9 gene acts as a dominant male fertility
restorer gene.

MATERIALS AND METHODS
Materials. The transgenic plants used were constructed as

described (15). They contained either plasmids pH2 or pH4
(see Fig. 1) carrying respectively the chimeric unedited atp9
DNA in sense (u-atp9) or antisense orientation (as-atp9) under
the control of the 35S cauliflower mosaic virus (CaMV)
promoter. Experiments were performed using greenhouse-
grown transgenic male-sterile, male-fertile, restored male-
fertile, and untransformed SR1 tobacco plants.
RNA Isolation and Blotting. Total RNA was extracted from

leaves of untransformed and transgenic plants as described
(15). Poly(A)+ RNAs were isolated by oligo(dT) magnetic
beads (Dynal, Oslo) according to the manufacturer's proto-
cols. Poly(A)+ RNAs (1 ,ug) were size-fractionated in 2.2 M
formaldehyde/1.5% agarose gels and blotted onto Hybond N
membranes (Amersham). Blots were prehybridized for 5 hr at
650C in 6x SSC, 8x Denhardt's solution, 0.5% SDS, and 10 mg
of denatured calf thymus DNA per ml. Hybridizations were
carried out overnight in the same solution containing nick-
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translated DNA atp9 probe. Strand-specific hybridization was
carried out with in vitro-transcribed sense or antisense RNA
atp 9 probes. Blots were washed in 2x SSC/0.1% SDS at room
temperature for 10 min and twice for 30 min at 65°C in 0.1X
SSC/0.1% SDS. Blots were exposed to x-ray films.
PCR Analysis. Total plant genomic DNA from untrans-

formed and transgenic plants was purified as described (15).
PCR amplifications were performed with 1 jig of total DNA
in a reaction mixture of 50 ,ul, containing 1 unit of Super TaqI
polymerase (Stehelin, Basel, Switzerland), using conditions
suggested by the manufacturer: 0.2 mM of each dNTP and 100
pmol of each primer. To detect the u-atp9 gene, two specific
primers were used: (i) 5'-CACTACGTCAATCTATAAG-3',
spanning codons 3-9 of the cox IV presequence; and (ii)
5'-TATGCTCAACACATGAGCG-3' (oligoterm VI) located
at the CaMV terminator gene VI, 45 bp upstream of the
polyadenylylation signal (15). To detect the as-atp9 antisense
gene, the primers used were 5'-TAGCACCTTCTAA-
CATCTCG-3', located at the 3' end of atp9 antisense gene,
and the primer oligoterm VI (see Fig. 1). Twenty-five PCR
cycles were performed: the denaturation step was at 95°C for
1 min, the annealing step at 52°C for 2 min, and the polymer-
ization reaction was performed at 72°C for 1 min. Samples
were fractionated by electrophoresis in 1% agarose gels and
blotted onto Hybond N membranes (Amersham). Hybridiza-
tions with the atp9 probe were carried out as described above.

Reverse Transcription-PCR Amplification. Total RNA
(4 jig) from untransformed and transgenic plants was treated
with RNase-free DNase I (BRL). cDNA was synthesized with
oligo(dT) primer using SuperScript Reverse transcriptase
(BRL). PCR amplifications were performed with 50 ng of
cDNAs and orientation-specific primers in a reaction mixture
of 50 1,u, as described above.

Fruit Capsules and Pollen Germination. Fruit capsules
(20-30 capsules/plant) were collected from the apical inflo-
rescence, and the weight of seeds produced was recorded.
Pollen viability was evaluated by the ability of pollen grains to
germinate in a medium containing 5% sucrose and 3.75 ppm
(wt/vol) H3BO3 (pH 5.8) at 25°C for 3-5 hr. The germination
percentage was calculated on samples of 103 pollen grains.

Histologic Analysis of Anthers. For ultrastructural analysis,
anthers were fixed with 2.5% glutaraldehyde in 100 mM
sodium phosphate buffer (pH 7.2) for 4 hr at 4°C, washed in
the buffer, and fixed with 1% osmium tetroxide in the same
buffer. The samples were then treated with 1% (wt/vol) tannic
acid (BDH) in water for 30 min at 20°C, dehydrated, and
embedded in epon (19). The structure of anther tissue was
analyzed under the light microscope from 1- to 2-,um thick
sections cut from epon-embedded anthers and stained with
toluidine blue.

RESULTS
Transgenic Tobacco Plants Expressing Antisense u-atp9

Develop Normally. In a previous report, we described the
production of male-sterile plants when tobacco protoplasts
were transformed with the unedited form of mitochondrial
atp9. The atp9 coding region, fused to the yeast cox IV
mitochondrial targeting sequence, was expressed and ad-
dressed into mitochondria in regenerated tobacco plants. The
expression of unedited atp9 transgene correlated with the
emergence of male sterility, while the expression of the edited
form of atp9 did not affect male fertility (15).
To establish a clear relationship between the function of the

unedited transgene and male sterility, we decided to effect its
expression by introducing the u-atp9 gene in an antisense
orientation in male-sterile transgenic plants by means of
crossing. For this purpose, a construct analogous to the pH2
plasmid used for male-sterile induction (15) was performed.
The chimeric u-atp9 gene was ligated in inverted orientation

relative to the 35S CaMV promoter and the terminator
sequence of the CaMV gene VI, resulting in plasmid pH4 (Fig.
1). The hygromycin-resistant gene was used as selectable
marker.
The as-atp9-containing plasmid was introduced into tobacco

protoplasts by polyethylene glycol-mediated transformation
(20). All the transformants Were male-fertile and developed
normal anthers, compared with those of wild-type tobacco
plants. The transformants were analyzed by PCR for the
presence of the antisense transgene using the specific primers
shown in Fig. 1. Seven transformants containing the as-atp9
chimeric gene were selected for further analysis, and the
expression of the antisense transcripts was determined by
Northern blot analysis of total RNA using in vitro-labeled sense
RNA probes. A 0.95-kb as-atp9 transcript indicates that the
chimeric gene was expressed as a stable RNA. The expression
levels, which varied between individuals, was probably due to
a position effect resulting from the random insertion of the
transgene in the host genome of each individual (data not
shown). From as-atp9-expressing plants, the H4.4 line showing
the higher antisense RNA expression level was chosen as male
parent to guarantee the antisense effect in the crosses.
The phenotype of the as-atp9-expressing plants was identical

to wild-type SR1 plant. Female fertility was tested by backcross
with pollen from wild-type plants; the progeny segregated in
a 1:1 ratio of hygromycin-resistant to -sensitive plants. To
produce an homozygous line, we selfed the H4.4 plant and
chose a plant segregating 1:0 hygromycin-resistant to -sensitive
(H4.4R1).

as-atp9 Gene Restores Male Fertility. To determine whether
the high expression of as-atp9 could inhibit translation or
transcription of u-atp9 gene, the male-sterile H2.11 line (15)
was crossed with the hemizygous (H4.4) and homozygous
(H4.4R1) restorer lines. To obtain more reliable results in the
offspring, an homozygous H2.11R1 line was constructed. If the
antisense transcripts of atp9 inhibit the expression of u-atp9
that induce the male-sterile phenotype, then all the offspring
of the cross between male-sterile H2.11R1 and H4.4R1 should
be restored to male fertility.
The H2.11 line produces <2% of viable pollen (15), but it

was possible to obtain some seeds by forced pollination, thus
making it possible to generate the homozygous line H2.11R1.
This line showed reduced capacity to produce viable pollen
(<0.2%) relative to the parent. It should be mentioned that the
homozygous line produced fewer seeds than the H2.11 hem-
izygous line when crossed with wild-type pollen. The analysis
of the Rl and R2 generations and Fl backcross showed that the
male-sterile phenotype correlated with the expression of
u-atp9 gene and that this trait was stably inherited (unpub-
lished data).

pH2

pH4

u-atp9

- <

OEM precoxlV =
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FIG. 1. Structure of chimeric genes used in this work. A HinclI
fragment containing the entire coding sequence of the unedited coding
sequence of atp9, fused to the coxIVpresequence from yeast (15), was
placed in sense (u-atp9) or antisense (as-atp9) orientation relative to
the 35S promoter from CaMV. Hygromycin (hpt) gene was included
as a selectable marker. The arrowheads indicate the position of the
primers used to detect the sense and antisense genes.
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The genotype of the progeny produced from crosses be-
tween H2.11R1 and H4.4 and H4.4R1 was determined by PCR
analysis using specific primers to distinguish sense and anti-
sense genes (see Fig. 1). The male fertility phenotype was
examined by the ability to self-pollinate. The production of
fruit capsules, the weight of seeds produced by each plant, and
pollen viability at anther dehiscence were recorded. The data
were taken from 20-30 flowers produced in the apical inflo-
rescence of each tobacco plant.
The male-sterile plant H2.11R1 was unable itself to produce

fruit capsules or seeds (Fig. 2 a-d). When this plant was crossed
with pollen from plants bearing the as-atp9 gene (H4.4 or
H4.4R1), it produced fruit capsules and seed sets. The Ft
progeny of the crosses H2.11R1 x H4.4 and H2.11R1 x
H4.4R1 produced 100% hygromycin-resistant plants, as ex-
pected, when seeds were germinated in the presence of the
antibiotic.
The Fl plants were grown in a greenhouse. After flowering,

the anthers were able to produce pollen grains, thus indicating
that male fertility restoration had occurred. In crosses where
homozygous parents were used, all the Fl plants (six plants)
showed a male-fertile phenotype, as measured by the ability to
produce seeds by selfing with a mean value of 2.4 g of seeds per
plant, compared with 3 g of seeds per plant produced on
average by the H4.4R1 male parent (Fig. 3A) or wild-type
plants. Flowers of restored plants were indistinguishable from
those of wild-type or restorer plants. They produced normal
fruit capsules (Fig. 2h) and had pollen viability values between
20% and 80%. All Fl plants showed the presence of sense and
antisense genes when analyzed by PCR with specific primers.
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FIG. 2. Phenotypic analysis transgenic plants. (a) Flower; (b)
anthers; (c) bright-field photograph of anther cross sections; and (d)
fruit formation from u-atp9 transformed male sterile plant. (e) Flower;
(f) anthers; (g) bright-field photograph of anther cross-sections; and
(h) fruit formation from plant restored to fertility containing both
u-atp9 and as-atp9 genes. A, anthers; PI, pistils; P, petals; T, tapetum;
and PG, pollen grains.

In crosses where the hemizygous H4.4 was used as male
parent, -50% of the progeny (10 of 18 plants) contained both
u-atp9 and as-atp9 genes, as determined by PCR analysis, and
were male-fertile, producing an average of 2.4 g of seed per
plant (Fig. 3B). The restored plants produced normal fruit
capsules and had pollen viability values between 20% and 70%.
Fifty percent of the progeny (t8 of 18 plants) showed sterile
phenotypes and did not carry the antisense gene. All restored
male-fertile plants produced normal anthers (Fig. 2 e and f).
Microscopic analysis of transverse anther sections showed
well-developed tapetal cell layers and the presence of normal
pollen tetrads (Fig. 2g).

Restored plants produced from crosses between homozy-
gous male-sterile and restorer lines were selfed. In two inde-
pendent crosses, the F2 progeny (28 plants) segregated con-
sistently in a 13:3 ratio (X2 = 6.25, P > 0.05) of male-fertile to
male-sterile (Fig. 3A). Twenty-one plants (75%) were fertile
and seven were male-steriles. In this cross, three kinds of
male-fertile plants are expected: plants containing both sense
and antisense genes, plants containing only the antisense gene,
and wild-type individuals lacking both genes. The genotypes of
these plants were analyzed by PCR with sense and antisense
specific primers. Of the male-fertile plants, 34% contained
both genes, 33% contained only the antisense gene, and 7% did
not contain either the sense or the antisense genes. Interest-
ingly, the seven F2 male-sterile plants contained only the sense
(u-atp9) gene.
These results strongly suggest that the as-atp9 gene was

responsible for male-fertile restoration and that it functioned
as a dominant gene.

Antisense Gene Inhibits the Expression of Unedited atp9
Gene. The expression of sense and antisense genes in male-
sterile and restorer parent plants was determined by Northern
blot analysis of poly(A)+ mRNA with an atp9 double-stranded
DNA as probe (Fig. 4a). The use of poly(A)+ RNA fraction
makes it possible to eliminate the signal generated by the
endogenous mitochondrial atp9 message and to detect specif-
ically the transgene product. As expected, the nick-translated
probe detected the transgenic mRNAs in male-sterile and
restorer plants transformed with either u-atp9 or as-atp9,
respectively. The as-atp9 mRNA in the restorer plant had -10
times higher steady-state levels than the sense transcript in the
male-sterile plant. It is interesting to note that the homozygous
male-sterile H2.11R1 plant consistently showed higher level
expression than the hemizygous H2.11 plant (Fig. 4a, lanes S1
and S2).
To determine the effect of the antisense gene on the

expression of u-atp9, the steady state level of the transgene
mRNAs in plants restored to fertility was determined.
Poly(A)+ RNAs were purified from Fl plants produced from
the cross between H2.11 Ri x H4.4 Ri and after electro-
phoresis, transferred into membranes, and hybridized with
either sense or antisense atp9 RNA probes. The as-atp9
transcript was detected with sense riboprobe in restorer parent
H4.4 Rl (Fig. 4b, lane A) and also in male-fertile restored
plants (Fig. 4b, lanes 1-6). No signal was detected with
mRNAs obtained from the male-sterile plant (Fig. 4b, lane S2),
indicating that the probe used was indeed strand-specific. The
u-atp9 transcript was detected with antisense riboprobe only in
RNA from the male-sterile H2.11R1 plant (Fig. 4c, lane S2).
Interestingly, all restored plants showed a steady state level of
u-atp9 mRNA that was below the detection limits of this
technique (Fig. 4C, lanes 1-6). The same negative response
was obtained by using reverse transcription-PCR analysis (data
not shown). These results clearly demonstrate that the inhibi-
tion of u-atp9 gene expression by antisense RNA leads to the
recovery of male fertility.
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FIG. 3. Restoration of male fertility in crosses with sense and antisense gene-bearing plants. Plants containing sense u-atp9 or antisense as-atp9
genes were crossed as shown in A and B, respectively. Seeds were collected from mature capsules obtained from the apical inflorescence. The
genotypes of parent plants or progeny were determined by PCR analysis and phenotypes were scored by the presence or absence of viable pollen
and by the amounts of seeds formed by the plant. (A) Crosses between homozygous u-atp9 male-sterile plants and homozygous as-atp9 restorer
plants and their progeny. (B) Crosses between homozygous u-atp9 male-sterile plant and hemizygous as-atp9 pollen donor plant and their progeny.

MS, presence of u-atp9; A, active as-atp9 gene; and ms and a, hemizygous chromosomal loci lacking the sense or the antisense transgenes,
respectively. Numbers in parenthesis refer to the fertile to male sterile ratio obtained in each cross. The histograms show the mean production of
seeds in the parents and the progeny expressed in g per plant. Values are means + SEM. From each plant, the total seed production from 20-30
flowers produced at the apical inflorescence was recorded.

DISCUSSION
Previously, we showed that u-atp9 expression in transgenic
tobacco plants correlates with the appearance of male sterility
(15). The male-sterile phenotype observed seems to be the
consequence of mitochondrial dysfunctions affecting normal
anther development and thus reducing the formation of pollen
grains (unpublished results). We hypothesized that the pres-
ence of unedited proteins in mitochondria could affect mito-
chondrial function at such levels that might impair the sporo-

genic process without affecting vegetative development.
The antisense strategy has been successfully used for in vivo

studies on the role of several proteins by reduction of the
steady state level of the corresponding transcripts (21-23). We
adopted this strategy to block the expression of the unedited
transgene and thus to test our working hypothesis. Both the
sense u-atp9 and antisense as-atp9 genes were put under the

A wt MS MS MS A 1 2 3 4 5 6

b

c

a

FIG. 4. Northern blot analysis of trangenic restored plants.
Poly(A)+ RNA was extracted from leaves of male-sterile and anti-
sense-producing parent plants (a) or restored plants (b and c),
size-fractionated on agarose denaturing gel, and transferred to a nylon
membrane. The transcripts of u-atp9 were detected with a nick-
translated atp9 probe (a). The antisense as-atp9 (b) or the sense u-atp9
RNAs (c) were detected with 32P-labeled strand-specific riboprobes.
Membranes were exposed to x-ray films for 24-96 hr. wt, Wild-type
SR1 tobacco plant used as a control; S1, hemizygous H2.11 plant; S2,
male-sterile homozygous H2.11R1 plant; and A, restorer antisense
plant. Lanes 1-6, restored male-fertile plants.

control of the same regulatory sequences to ensure that the
transcription activity of sense and antisense genes occurs in the
same conditions in every tissue of the plant.

Genetic analysis showed that the restoration effect was

correlated with the presence of the as-atp9 transgene. Indeed,
when the homozygous male-sterile plant was crossed with the
homozygous male parent expressing the antisense gene, the Fl
showed a male-fertile phenotype segregating in a 4:0 ratio.
Moreover, the crosses between the homozygous male-sterile
and the hemizygous antisense line gave a 1:1 segregation. The
analysis of F2 progeny of fertile-restored plants indicated that
the sense and antisense genes segregate independently. The
plants carrying both genes were phenotypically male-fertile,
while the segregants containing u-atp9 were male-sterile. The
flowers and specifically the anthers of the fertile-restored
progeny showed normal development and dehiscence and
were indistinguishable from those produced in wild-type
plants. Fertile restored plants had well-differentiated tapetal
cell layers, gave functional pollen grains, and, more impor-
tantly, produced normal fruit capsules and seed sets. These
observations strongly suggest that as-atp9 acts as a dominant
gene and is able to block the deleterious effects of u-atp9. The
as-atp9 bearing plant can be considered as a restorer line.
The analysis of the transgenic u-atp9 transcripts in fertile-

restored plants showed the lack of the sense mRNA that was
normally detected in the female parent. The absence of sense

transcripts can be explained by the effect of the antisense RNA
and was not due to the loss of u-atp9 by aberrant segregation
or another process. In fact, the presence of both genes was

confirmed by PCR in all the Fl progeny derived fom the
homozygote cross. The expression of u-atp9 seems to be
abolished in plants restored to male fertility. The mechanism
of the antisense effect presumably occurs by the formation of
a duplex between complementary RNAs and the rapid selec-
tive degradation of the double-stranded molecules by cellular
RNases (23). To maximize the probability that duplex RNA
was formed, we chose a transgenic tobacco plant producing at
least ten times the steady state levels of antisense transcript
relative to the sense one. The fact that fertile restored plants
presented an excess of antisense RNA and lacked a sense

transcript argues in favor of a mechanism involving a double-
stranded target. However, other mechanisms involving inter-
ference with transcription, processing, or transport of tran-
scripts may explain the antisense effect (24, 25).
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The results presented in this article and our previous report
(15) demonstrate that the expression of the unedited atp9 gene
in tobacco plant can induce male sterility and that male fertility
can be restored by suppressing the expression of the unedited
transgene. From a fundamental point of view, these results
reinforce the idea that RNA editing is required for the
synthesis of functionally competent proteins (26, 27). Although
the experimental model used in this study seems attractive to
test the functionality of unedited protein products, it should be
remembered that all the proteins encoded in mitochondria do
not have the same importance in the physiology of the
organelle. Thus, the effect observed with u-atp9 may be
attributed to the key role played by ATPase subunit 9 in the
energy transduction pathway in mitochondria.
The engineered genes u-atp9 and as-atp9 could be useful as

nuclear male-sterile inducer and restorer genes, respectively,
to be used in breeding programs for the improvement of crop
plants, if these genes do not affect the yield of the transgenic
plants.
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