Induction of male sterility in plants by metabolic
engineering of the carbohydrate supply
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Extracellular invertase mediates phloem unloading via an apoplas-
tic pathway. The gene encoding isoenzyme Nin88 from tobacco
was cloned and shown to be characterized by a specific spatial and
temporal expression pattern. Tissue-specific antisense repression
of Nin88 under control of the corresponding promoter in tobacco
results in a block during early stages of pollen development, thus,
causing male sterility. This result demonstrates a critical role of
extracellular invertase in pollen development and strongly sup-
ports the essential function of extracellular sucrose cleavage for
supplying carbohydrates to sink tissues via the apoplast. The
specific interference with phloem unloading, the sugar status, and
metabolic signaling during pollen formation will be a potentially
valuable approach to induce male sterility in various crop species
for hybrid seed production.

I n flowering plants the male gametophyte is formed within the
anther, a complex organ composed of several tissues and cell
types (1-3). The tapetum is a cell layer that plays a critical role
in the process of pollen formation. It surrounds the pollen sac in
early developmental stages, degenerates later during pollen
development, and is degraded in mature anthers. It contributes
to the development of the symplastically isolated pollen by
secreting numerous substances into the loculus, such as carbo-
hydrates and proteins, that are either important for pollen
growth and development or become components of the outer
pollen cell wall (4, 5).

Pollen development is a complex developmental process that
is sensitive to mutations. Many cytoplasmic and nuclear muta-
tions leading to male sterility have been shown to interfere with
tapetal development and function (6, 7), supporting a critical
function of this tissue for the production of functional pollen
grains. Male sterile mutants are of agricultural importance for
the production of hybrids to improve crop yield. Because of the
heterosis effect, hybrids are characterized by increased resis-
tance to diseases and enhanced performance in different envi-
ronments compared with the parental lines (8-10). Hybrid
production is limited to those plants in which sterility can be
restored or in which the mechanical removal of anthers from
flowers is feasible. Different strategies have been developed in
the past to engineer male sterility by interfering with the
development and the metabolism of the tapetum (11-14) or
pollen in transgenic plants (15-19). However, any of the avail-
able systems has drawbacks such as interference with general
development and metabolism or restriction to specific species.
Therefore, the availability of a universal and dominant male
sterility system with subtle although efficient effect on pollen
growth offering the possibility to efficiently restore fertility
would greatly facilitate the production of hybrid plants.

Carbohydrates were shown to play a critical role in anther and
pollen development. They are nutrients used to sustain growth
as well as signals to influence development in vivo and in vitro
(20-22). Accordingly, different male sterile lines were shown to
be characterized by perturbed carbohydrate metabolism (6,
20-23). Assimilates are produced in photosynthetically active
source tissues and transported to photosynthetically less active or
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inactive sink tissues. An unloading pathway via the apoplasmic
space is mandatory for symplastically isolated cells, such as
developing pollen, and also can contribute prominently in other
actively growing tissues. Sucrose is released from the sieve
elements of the phloem into the apoplast via a sucrose trans-
porter. An extracellular invertase ionically bound to the cell wall
irreversibly hydrolyses the transport sugar sucrose. The hexose
monomers are taken up into the sink cell by high-affinity hexose
transporters. These key reactions create a localized concentra-
tion gradient, thus promoting phloem unloading via an apoplas-
tic pathway and increasing the sink strength of the corresponding
sink tissue. The importance of extracellular invertases for as-
similate partitioning and source sink regulation has been sug-
gested in recent years in a number of studies (24, 25), and the
functional coupling with hexose transporters is supported by a
coordinated regulation (26). It has been shown that extracellular
invertases are encoded by small gene families that show a highly
differential sink tissue-specific expression pattern (27). The
identification of extracellular invertase isoenzymes from tomato
(27), potato (28), and tobacco (this work) that are expressed in
anther tissues support a link between extracellular sucrose
cleavage and anther and pollen development.

Here, we report cloning of a gene encoding an extracellular
invertase isoenzyme from tobacco that shows a specific spatial
and temporal expression in anthers. Transgenic tobacco plants
transformed with an antisense construct of extracellular inver-
tase Nin88 under control of its own promoter are blocked in early
pollen development, thus causing male sterility. These results
prove the vital importance of extracellular invertase for pollen
development by contributing to the supply of carbohydrates via
an apoplastic pathway and metabolic signaling and offer the
possibility to engineer male sterility for hybrid seed production.

Methods

Plant Material. Nicotiana tabacum (cv. Samsun) and Lycopersicon
peruvianum plants were grown under greenhouse conditions at
25°C with 16 h of light and 8 h of darkness. For DNA and RNA
isolation, plant tissues were harvested, frozen in liquid nitrogen,
and stored at —80°C. The material was ground with nitrogen-
cooled mortar and pestle. Buds and flowers were harvested at
different developmental stages from the plants. Pollen for in
vitro germination assays was taken from dehisced anthers.
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Cloning of the Nin88 cDNA and Promoter. A 750-bp cDNA fragment
of an extracellular invertase, designated Nin88, was cloned by
reverse transcription-PCR (RT-PCR) by using RNA from to-
bacco anthers and the degenerate primers OIN3 and OIN4 (36).
The Nin88 gene was cloned by screening of a tobacco genomic
library in lambda gt10 with the Nin88 cDNA.

RNA Extraction and Northern Blot Analysis. Total RNA was isolated
from ground plant material essentially according to the method
of Chomczynski and Sacchi (29). Northern blot analysis was
performed as described (27) by using a radioactive labeled
Nin88-specific probe. The cloned cDNA fragment of Nin88 was
labeled by using a random primer DNA-labeling kit (MBI
Fermentas, St. Leon-Rot, Germany).

RNA in Situ Hybridization and Nin88 Immunolocalization. Samples
were fixed by using 4% paraformaldehyde and 1% glutaralde-
hyde in PBS for 4 h at 4°C. Fifteen minutes of vacuum infiltration
was applied at the beginning of the fixation. After fixation,
samples were washed with PBS and left in PBS until sectioning
or were embedded in paraffin.

For in situ hybridization, paraffin-embedded sections (7 wm)
were treated as already described (30) with some modifications.
The overnight hybridization was done at 42°C with a RNA
digoxigenin-labeled probe (500 ng/ml) in 5X SSC buffer (0.15
M sodium chloride/0.015 M sodium citrate, pH 7) containing
5% dextran sulfate, 5X Denhardt’s solution (0.02% polyvi-
nylpyrrolidone/0.02% Ficoll/0.02% BSA), 0.5% SDS, and 50%
formamide. After several washes, sections were treated with 20
mg/ml RNase A for 30 min and then incubated with antidigoxi-
genin antibody coupled to alkaline phosphatase (Boehringer
Mannheim) diluted to 1 unit/ml. Revelation of alkaline phos-
phatase activity was performed by an overnight incubation with
5-bromo-4-chloro-3-indolyl phosphate (BCIP; Bio-Rad) and ni-
troblue tetrazolium (NBT; Bio-Rad). Hybridization with the
sense probe was used as control.

For immunolocalization, fixed material was sectioned (60 wm)
with a vibratome and washed twice in PBS. Sections were
incubated in a blocking buffer (3 X 10 min) and then treated with
0.07% saponin for 20 min. Sections were incubated overnight at
4°C with the Nin88 antibody diluted at 1:1,500. Upon rinsing with
PBS, sections were incubated with the secondary antibody
(alkaline-phosphatase-linked sheep anti-rabbit IgG; Boehringer
Mannheim). After three washes in PBS, sections were trans-
ferred for 5 min in an alkaline Tris buffer and then immunore-
action was revealed for 10 min by using BCIP and NBT as
substrates. Sections incubated without the primary antibody
were used as controls.

Plant Transformation. The Nin88-GUS and the Nin88-Nin8S-
antisense constructs were transferred to tobacco (N. tabacum cv.
Samsun) by using standard Agrobacterium transformation pro-
cedures (31). Transformation of L. peruvianum was done by
following the protocol of Fillatti ez al. (32).

In Vitro Germination Assay. Isolated pollen was incubated in
germination medium (16) for 5-12 h at 25°C and viewed under
the microscope afterward. Determination of germination effi-
ciencies was done by using a hemacytometer. Viability of pollen
grains was examined by using Trypan blue solution (Sigma).

Electron Microscopy (EM) Pictures. Pollen grains were isolated from
different mutant lines and used for scanning EM (SEM) and
transmission EM.

For SEM, pollen grains were air-dried, put on a sample plate,
and coated with gold (layer thickness, 20 nm) in a Hummer
VII-Sputter facility (Analtech). Samples were examined un-
der a scanning electron microscope (Hitachi S450) at an
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operating voltage of 20 kV. Pictures were taken with a camera
(RB67; Mamiya, Tokyo, Japan) that is connected to the scanning
electron microscope.

Transmission EM was performed as described before (33)
with the following modifications. Pollen was rinsed three times
with EM buffer (50 mM KH,PO4/Na,HPO,, pH 7.0) and then
fixed with 2.5% (wt/vol) glutaraldehyde in EM buffer for 1 h,
washed three times with EM buffer, and subsequently treated
with 2% (wt/vol) OsOy in distilled water for 1 h. After dehy-
dration, embedding, and cutting, samples were placed onto
400-mesh nickel grids. Finally, samples were counterstained and
examined with a Hitachi H500 electron microscope at 75 kV as
described (33).

Pollen Extracts and Invertase Activity Assay. Pollen was isolated
from anthers by stirring the anthers in -Homogenization buffer
(27) with a magnetic bar at maximum speed, until the mixture of
microspores/anther debris and medium became milky. The
buffer with the microspores was collected and washed three
times with fresh buffer. In doing so, the anther debris was
removed. The invertase activity assay was performed as de-
scribed (27).

RT-PCR. Pollen was isolated as before, and total RNA was isolated
by using the E.Z.N.A. Plant RNA Kit (Peqlab, Erlangen, Ger-
many) according to the manufacturer’s instruction. RT was done
with M-MLYV Reverse Transcriptase (Promega) by following the
manufacturer’s instruction using RTN2 (5'-ACA TAT TTT
CCG TTG TAC GAT GC-3') as a specific primer for the RT
reaction. Three microliters of the cDNA was used in the
following standard PCRs by using RTN1 (5'-GGA GTC TAT
CAT CTA TTC TAC-3") and RTN2 as primers.

4’,6-Diamidino-2-phenylindole Staining. Staining the nuclei with the
fluorescent dye 4',6-diamidino-2-phenylindole was done accord-
ing to Vergne et al. (34). The stained pollen was observed under
a fluorescence microscope (Zeiss).

In Vitro Pollen Maturation. The experiments on the in vitro pollen
maturation were done according to Touraev and Heberle-Bors
(35). T1 medium was used with 250 mM or 500 mM of either
glucose or sucrose or 250 mM sucrose and 250 mM glucose.

Results

Specific Temporal and Spatial Expression Pattern of Nin88. The Nin88
c¢DNA was cloned from tobacco anthers and shown to encode an
extracellular invertase based on the high degree of sequence
homology to other cell wall invertases and the presence of a
conserved amino acid motif (37). Northern blot analysis of RNA
from different tobacco tissues using this cDNA fragment as a
probe revealed an exclusive expression of the Nin8§ gene in
flowers from all tissues analyzed. Further analysis of the differ-
ent floral organs showed that the strong expression is restricted
to anthers (Fig. 14). RNA in situ hybridization studies demon-
strated that the Nin88 mRNA is present in the tapetal cell layer
and in developing microspores (data not shown). The tissue-
specific localization of Nin88 is supported further by immuno-
localization studies by using a polyclonal antiserum directed
against a fusion protein of Nin88 with the maltose-binding
protein (Fig. 1 B- E). At early stages of development, when the
intact tapetum surrounds the pollen mother cells, the Nin88
protein is present only in the tapetal cell layer (Fig. 1 B and C).
At the time when the tapetum starts getting degraded, the Nin88
protein can be detected in the tetrads (Fig. 1D), and when the
tapetum is completely degraded, Nin88 is found in the devel-
oping microspores (Fig. 1E). These findings reveal a complex
and specific spatial and temporal expression pattern of extra-
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Fig. 1. Tissue-specific expression pattern of Nin88. (A) RNA blot analysis of
Nin88 expression in different tobacco tissues: L, leaves; St, stem; R, roots; Sb,
small buds; Lb, large buds; F, flowers; Se, sepals; P, petals; O, ovary; A, anther.
(B- E) Immunolocalization of Nin88 with cross-sections of anthers at different
developmental stages. (B) Tapetum surrounding the pollen mother cells.
(Bar = 50 um.) (C) Tapetum surrounding the pollen mother cells. (Bar = 50
mm.) (D) Microspores in tetrad stage. (Bar = 50 um.) (E) Tapetum shrunken,
pollen grains separated. (Bar = 50 um.)

cellular invertase Nin88 during anther development and pollen
maturation.

Cloning of the Nin88 Promoter. The complete structural gene of
Nin88 and 4.3 kb of 5’ sequence were cloned from a tobacco
genomic library. To show that 5" sequences control the Nin88
gene specifically, the Escherichia coli GUS gene (38) was fused
with a 3.3-kb Nin88 gene upstream fragment (nucleotides
—3,304 to +12), including the Nin88 start codon, and then
tobacco plants were transformed with the chimeric Nin88-GUS
gene. Nineteen independent transformants containing the
Nin88-GUS gene were generated as confirmed by PCR. Expres-
sion of the Nin88-GUS gene was analyzed by histochemical
staining with X-gluc as substrate (38) and showed different levels
of expression, suggesting different numbers of inserted copies.
The GUS activity is restricted to anther tissue and pollen grains
(Fig. 2) whereas no GUS activity could be detected in any other
part of the flowers or tobacco plants or in the wild-type control
plants. This finding demonstrates that the chimeric Nin88-GUS
gene was regulated correctly and that the 3.3-kb Nin88 gene 5’
fragment contains all primary regulatory elements to program
the specific expression pattern.

Tissue-Specific Antisense Repression of Nin88 Causes Male Sterility.
To specifically reduce extracellular invertase activity in anthers
to interfere with carbohydrate supply during pollen develop-
ment, an 820-bp fragment of the third exon of Nin88 was fused
in antisense orientation to the 3.3-kb Nin88 promoter fragment.
The construct was introduced into tobacco plants, and 42
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Fig. 2. GUS staining of Nin88-GUS tobacco plants and wild-type plants. (A)
Anther from wild-type control plant (Upper) and anthers from Nin88-GUS
plants (Lower) after incubation with X-Glc. (Bar = 1 mm.) (B) Pollen from
Nin88-GUS plants. (Bar = 20 um.) (C) Pollen from wild-type control plants.
(Bar = 20 um.)

independent transformants were regenerated. The transfer of
the antisense construct was confirmed by PCR analysis. The
Nin88-antisense plants were identical to untransformed control
plants with respect to growth rate, height, morphology of
vegetative and floral organs and tissues, time of flowering, and
flower coloration pattern. However, 26% (11 of 42) of the
Nin88-antisense plants failed to produce seed capsules, and all
other plants showed reduced seed number in the capsules. The
flowers senesced and fell off or only small capsules with few
seeds were formed. This inability or reduced ability to produce
seeds correspond to the germination efficiency of pollen isolated
from mature anthers in an in vitro germination assay. The plants
that were unable to produce seeds showed a germination effi-
ciency of less than 2%, although more than 90% of the corre-
sponding pollen grains were vital as revealed by staining with
trypan blue. Pollen grains from other antisense lines germinated
with efficiencies ranging from 10% to 50% (Table 1). Staining
for starch with KI/I, solution (39) showed that pollen from
plants with germination efficiencies less than 10% did not stain,
whereas the pollen from plants germinating with 10-50% effi-
ciency was only slightly reduced in staining for starch (Table 1).

Pollen from the Nin88-antisense plants is also characterized by
a different morphology. Analysis with a light microscope re-
vealed that pollen grains from wild-type plants are of uniform
size and filled with starch granules. In contrast, pollen grains
from the antisense lines are a heterogeneous population with
respect to pollen grains of different size and shape. The pro-
portion of wild-type-like pollen of the different antisense lines
corresponds to the germination efficiencies. The differences in
morphology between wild-type pollen and pollen from antisense
lines, in particular, are evident by the analysis with electron
microscopes (Fig. 3). Analysis with the scanning electron mi-
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Table 1. Germination efficiencies and starch accumulation of
Nin88-antisense plants

Line Germination efficiency Starch staining
NT23-6 0.46% (SD 0.65%) -
NT23-81 0.60% (SD 0.73%) -
NT23-59 1.80% (SD 0.83%) -
NT23-55 10.66% (SD 1.68%) +
NT23-17 26.97% (SD 3.71%) ++
NT23-4 28.56% (SD 6.86%) ++
NT23-8 34.74% (SD 4.30%) ++
NT23-14 51.40% (SD 6.25%) ++

Wild type 73.90% (SD 1.06%) +++

Germination efficiency is given as percentage of pollen with a pollen tube
of total viable pollen. The intensity of starch staining with KI/I,-solution is
given in relative values. —, no staining of pollen grains; +, more than 50%
staining of pollen grains; ++, more than 85% staining of pollen grains; +++,
more than 95% staining of pollen grains.

croscope reveals that pollen from antisense lines is less turges-
cent, resulting in a distorted and invaginated morphology, which
indicates a reduced amount of intracellular material or turgor.
Distinct differences are also evident in cross-sections analyzed
under the transmission electron microscope. Pollen from anti-
sense lines with an intermediate germination efficiency has an
increased number of vacuoles compared with wild-type pollen
whereas the amount of intracellular material is highly reduced in
the strong antisense lines, resulting in compression of the outer
layers.

Selective Repression of Invertase Activity in the Tapetum and the
Developing Pollen. Determination of extracellular invertase ac-
tivity in total anthers showed no differences between wild-type
and Nin88 antisense plants, indicating a highly cell type-specific
reduction of invertase activity (data not shown). Immunolocal-
ization of Nin88 in anther cross-sections revealed that in the
strong antisense lines NT23-6 and NT23-81, the amount of the
Nin88 protein in the tapetum was either highly reduced or absent
(data not shown). In further experiments, the effect of Nin88
antisense repression on the invertase activity in developing
pollen was determined. The development of the tobacco flower
can be divided into 12 stages (40), and pollen from these
different developmental stages was isolated and tested for
extracellular invertase activity. Fig. 4 shows that extracellular
invertase activity in wild-type pollen is increasing during pollen
maturation, with two activity peaks at stages 6 and 10. This
pattern of extracellular invertase activity was reflected by the
Nin88 mRNA level, as determined by RT-PCR analysis of
selected developmental stages (data not shown). Nin8S-
antisense plants showing an intermediate phenotype, with 25—
35% germination efficiencies such as NT23-17, showed a re-
duction in extracellular invertase activity up to 60%, whereas the
pattern with the two activity peaks was similar to the wild type.
Pollen extracts from those Nin88-antisense plants showing less
than 2% germination efficiency (e.g., NT23-6 and NT23-81)
have a drastically reduced extracellular invertase activity com-
pared with the wild type, which, in particular, was evident at later
stages of development, where the activity was reduced up to
99%. The two-peak pattern is also not evident any more. These
data demonstrate that Nin88 antisense repression results in a
specific repression of extracellular invertase in the tapetal cell
layer and during pollen development and that the germination
efficiency correlates with the reduction in enzyme activity.
The phenotypical characterization of pollen derived from
antisense plants indicated that the inability to germinate is due
to a block during development. Staining the DNA of pollen
grains from dehisced anthers with the fluorescent dye 4’,6-
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Fig. 3. Electron microscopic pictures of pollen from wild-type (A and B)
and transgenic plants (C-F). (A) SEM picture of wild-type pollen. (Bar = 5
pm.) (B) Transmission EM (TEM) picture of wild-type pollen. (Bar = 5 um.)
(C) SEM picture of pollen from NT23-4. (Bar = 5 um.) (D) TEM picture of
pollen from NT23-4. (Bar = 5 um.) (E) SEM picture of pollen from NT23-6.
(Bar = 5 um.) (F) TEM picture of pollen from NT23-6. (Bar = 5 um.) NT23-4
represents one of the plants whose pollen shows germination efficiencies
between 25% and 40%; NT23-6 is one of the plants with germination
efficiency <2%.

diamidino-2-phenylindole showed that the wild-type pollen de-
veloped normally and has two stained nuclei, whereas in the
transgenic pollen only one nucleus is visible (data not shown),
which suggests a blockage in pollen development in the unicel-
lular microspore stage, before microspore mitosis I, which takes
place around stage 6 (40). At this developmental stage, the
wild-type pollen shows the highest extracellular invertase activ-
ities and the reduction of invertase activity in pollen from the
antisense lines is most pronounced (see Fig. 4).

In vitro maturation assays (35) were carried out to assess
whether the block in development of pollen from antisense lines
could be overcome by an exogenous supply of sugars. Pollen
isolated from wild-type plants at the unicellular microspore
stage developed normally and was able to germinate after
maturation in the presence of either 250 mM glucose or sucrose.
Cell division and further development with the typical starch
accumulation also could be observed in pollen derived from
antisense plants exogenously supplied with these sugars. This
finding demonstrates that the developmentally arrested pollen is
vital and is principally able to develop further. However, no
complete maturation could be achieved, the proportion of
developing pollen was about 60% lower when compared with
wild-type pollen, and no significant difference was evident
between glucose and sucrose, despite the reduction in the
sucrose-cleaving enzyme activity. These results indicates that the
block is not solely due to a perturbation of carbohydrate supply
but that the function of extracellular invertase is also critical for
metabolic signaling required for pollen development. Sugars are
known to be important for gene regulation, and experimental
evidence has been obtained that the sugar status and, in partic-
ular, the hexose/sucrose ratio are important for cell division and
development (41).
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Anther-Specific Expression of the Nin88 Promoter in Other Plants. The
Nin88-GUS reporter gene fusion was used for transformation of
tomato plants to determine whether the Nin88 5’ regulatory
region also could function in different plants. Analysis of 17
transgenic tomato plants proved that the Nin8S8 promoter se-
quence also confers its specific temporal and spatial expression
pattern in plants other than tobacco. Histochemical detection of
GUS activity in the transgenic tomato plants demonstrated that
the expression of the reporter gene driven by the Nin88 promoter
was restricted to anthers and in pollen (Fig. 5) whereas GUS
activity could not be detected in any other tissue. This finding

Fig. 5. GUS staining of Nin88-GUS tomato plants and wild-type plants. (A)
Anthers from wild-type control plant. (Bar = 1 mm.) (B) Anthers from Nin88-
GUS plants. (Bar = 1 mm.) (C) Pollen from wild-type control plants. (Bar = 20
nm.) (D) Pollen from Nin88-GUS plants. (Bar = 20 um.)
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Extracellular invertase activity of pollen at different developmental stages.

demonstrates that the 5" upstream sequences of the Nin88 gene
of tobacco are sufficient in other species to confer the same
specific expression pattern as in tobacco.

Discussion

Extracellular invertases of different species were shown to be
encoded by small gene families with a differential regulation and
expression pattern (25). Whereas most of the invertases char-
acterized so far are not restricted to one specific plant organ, the
extracellular invertase Nin88 of tobacco was shown to be char-
acterized by a specific temporal and spatial expression pattern in
anthers. At early stages of flower development, this invertase is
present exclusively in the tapetal cell layer of anthers followed by
a distinct expression pattern during pollen development. Re-
porter gene fusions demonstrated that the Nin8§ upstream
sequence is sufficient for the cell-specific expression and that the
Nin88 gene is regulated primarily at the transcriptional level. The
latter result is consistent with earlier publications that showed
that most anther-specific genes are under transcriptional con-
trol (11).

The essential function of extracellular invertase Nin88 for
pollen development could be proven by tissue-specific antisense
repression under control of the corresponding promoter. The
strong reduction of apoplastic invertase activity led to a devel-
opmental arrest of the symplastically isolated pollen at the
unicellular microspore stage causing male sterility. This block
could be partially overcome by exogenous supply of carbohy-
drates in an in vitro maturation assay, further supporting that the
interference with the substrate availability for heterotrophic
growth is responsible for the block in development. The finding
that full maturation could not be achieved indicates that the
antisense repression of invertase not only interferes with the
carbohydrate supply but also with metabolic signals that are
required for development, consistent with the increasing evi-
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dence for distinct signaling functions of hexoses and sucrose (41).
The set of transgenic plants that have been generated for this
study, with different degree of inhibition of cell wall-bound
invertase activity, will be valuable tools to evaluate further the
regulatory function of specific hexose/sucrose ratios determined
by extracellular invertase.

The expression pattern indicates that the transport sugar
sucrose initially is cleaved by Nin88 synthesized in the tapetal cell
layer, whereas after degradation of the tapetum, the correspond-
ing sucrose-cleaving activity is provided by Nin88 that is syn-
thesized by the developing pollen. Thus, the apoplastic carbo-
hydrate supply pathway for the pollen is controlled both by the
surrounding tissues of the anther and by the developing pollen
in a sequential manner (21). This study strongly supports the
importance of apoplastic cleavage of sucrose by extracellular
invertase for supplying carbohydrates to sink tissues and for
normal development of plants, which has been suggested by an
increasing number of studies in recent years (42-45). A number
of studies have shown that cell wall invertases are sink tissue
specifically expressed and up-regulated by stimuli that are asso-
ciated with an increased demand for carbohydrates such as
stress-related stimuli and growth-stimulating phytohormones
(25). The specific involvement of invertases in anther develop-
ment was suggested before for Lilium longiflorum (46, 20),
tomato (27), and potato (28). It also has been shown that an
arrest in pollen development in wheat because of a water deficit
during meiosis correlated with alterations in carbohydrate me-
tabolism and a drastic decrease in invertase activity (23). Anti-
sense repression of an extracellular invertase in carrot under
control of the constitutive 35S promoter strongly interferes with
regeneration of the transformed plants and resulted in pleiotro-
pic effects (43). This further supports the highly restricted
expression pattern of the Nin8§ promoter during anther devel-
opment because we could not observe any effect during plant
growth and development, and even anther formation was phe-
notypically normal. The high level of tissue specificity of the
Nin88 promoter is supported further by the finding that antisense
constructs of the extracellular invertases Cinl from Chenopo-
dium rubrum (36) and Ntbfructl from N. tabacum (47) under
control of the Nin88 promoter also affected only pollen devel-
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opment (M.G. and T.R., unpublished observations), ruling out
an interference of the corresponding antisense mRNA with
invertases in other tissues.

The antisense expression of Nin88 leads to male sterility in the
transgenic plants that are normal in all aspects of plant growth
and development except for failure to produce functional pollen.
Thus, the perturbation of the carbohydrate supply provides a
subtle although highly efficient biotechnological method to
engineer male sterility in plants for practical applications. The
ability of inducing male sterility by metabolic engineering and
the possibility to use this system in other agriculturally important
plants provide a new strategy for the production of hybrid crop
plants. Transferring this system to crop plants such as rape or
maize should allow the production of hybrids without mechan-
ical emasculation of the plants. In plants, where the fruits are not
the harvested products (e.g., lettuce or carrot), male sterile
plants can be crossed with any pollinator line to produce hybrid
seeds. By contrast, in other plants in which the fruits are
harvested (e.g., rice, corn, or tomato), a restorer line is needed
to restore full male fertility. This restorer line could be plants
that express a distantly related invertase, such as from bacteria
or yeast that are not subject to the antisense repression through
a plant invertase. Alternatively, introduction of a sucrose trans-
porter could bypass the requirement for extracellular sucrose
cleavage. This male sterility system also could be useful as a
biological safety precaution for the increasing number of genet-
ically engineered plants in field trials and agricultural produc-
tion. Male sterility prevents an outcrossing of transgenes to
wild-type species or to neighboring fields with the same species.
Finally, the strong and specific temporal and spatial expression
pattern of the Nin88 promoter provides the opportunity to
introduce subtle and cell type-specific modifications to study
regulatory signals such as phytohormones or the function of
specific proteins at the cellular level.
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