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Abstract Seed germination in a male-sterile 7B-1 mu-
tant in tomato is reletively more resistant to the inhibito-
ry effects of a high osmoticum induced by mannitol and
polyethylene glycol, to various salts, including NaCl,
Na,SO,, KCI and K,SO,, and to low-temperature stress,
compared to the wild-type (WT) seeds. The inhibitory
effects of various stresses could be partly or completely
overcome by fluridone (FLU), an inhibitor of abscisic
acid (ABA) biosynthesis. However, lower concentration
of fluridone was required for the 7B-1 mutant than for
WT seeds, and the mutant seeds were more sensitive to
the inhibitory effects of exogenous ABA. The data sug-
gest that 7B-1 seed has a pre-existing level of elevated
ABA which imparts resistance to the various stresses.
The ability to regulate male sterility in the 7B-1 mutant
by photoperiod, as previously reported by Sawhney
(1997), and its resistance to abiotic stresses, as reported
here, makes this a useful system for tomato breeding and
in hybrid programs.
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Introduction

Male sterility in crop plants, spontaneous or induced, isa
choice material for plant breeders for several reasons, in-
cluding its use in backcrossing, interspecific hybridiza-
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tion, and in F; hybrid seed production. There are severa
male-sterile (ms) mutants known in nearly every crop,
but their use in breeding programs has been limited for a
variety of reasons (see reviews Kaul 1988; Rao et al.
1990). Some of the ms mutants are sensitive to abiotic
stresses, especially temperature and drought, which can
limit their use in breeding programs. The resistance of
ms mutants to such factors, as well as to various salts,
should be of added value for their use in practical appli-
cations, e.g., in the hybrid seed industry.

We recently isolated a single gene, recessive, male-
sterile mutant, 7B-1, in tomato (Lycopersicon esculentum
Mill.) which is photoperiod-sensitive. In long days (LD,
16-h light/8-h dark) in summer field conditions, 7B-1
flowers are male-sterile and contain stamens that are
shrunken and produce non-viable microspores (Sawhney
1997). In short days (SD, 8-h light/16-h dark), many of
the flowers on 7B-1 plants are fertile and produce normal
stamens and viable pollen. Thus, pure-line 7B-1 seed
produced in short days can be used as the female parent
for hybrid-seed production. Here we report that the 7B-1
mutant is also resistant to abiotic stresses including a
high osmoticum, various salts and low temperatures, as
shown by seed-germination tests. This makes the 7B-1
mutant an exceptionally attractive system for use in to-
mato-breeding programs.

Materials and methods

Plant material and growth conditions

The 7B-1 mutant was isolated as a photoperiod-sensitive male-
sterile line in tomato (L. esculentum Mill., background, cv Rutgers)
(Sawhney 1997). For al experiments, 7B-1 and wild-type (WT)
seeds were obtained from plants grown in soil (Sunshine #1, Sun
Gro Horticulture, USA) under SD (8-h light/16-h dark) in a
growth chamber at a temperature regime of 25°C light/23°C dark.

Germination tests

Seeds were sterilized by soaking in 50% (v/v) Javex-5 solution
(Colgate-Pamoalive Canada, Inc., Toronto, Canada; 3% sodium
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hypochlorite) for 25 min, and then rinsed extensively with sterile
distilled water; 30 to 60 7B-1 or WT seeds were germinated per
Petri dish. The basa medium (BM) contained Murashige and
Skoog (1962) salts, 1% (w/v) sucrose, 1 mM Mes, and 0.7% (w/v)
agar (pH adjusted to 6.1 by KOH before autoclaving) with or
without different concentrations of mannitol, polyethylene glycol
(PEG 4000) (Fisher Scientific, Fair Lawn, N.J.), NaCl, KCI,
Na,SO,, K,SO,, abscisic acid (ABA) (Sigma, St. Louis, Mo.) or
fluridone {FLU, 1-methyl-3-phenyl-5-[(3-trifluoromethyl)phenyl]-
4(4H)pyridone} (Eli Lilly, Indianapolis, Ind.). All the salts, man-
nitol, ABA and fluridone were added to the medium by sterile fil-
tration (a 0.22-um Millex-GS filter unit, Millipore Co., Bedford,
Mass.) after autoclaving. Petri dishes with seeds were placed in an
incubator at an optimal temperature regime of 25°C/23°C or in
low temperatures at 16°C/13°C (light/dark), either under a 16-h
light/8-h dark photoperiod or in continuous darkness. Illumination

Fig. 2 Effect of PEG (5-20%) on WT and 7B-1 mutant seed germi-
nation in the light (a) and in the dark (b) at 25/23°C (light/dark).
Seed germination was recorded after 7 days. The data from one
representative experiment are shown. Similar results were obtained
in two independent experiments
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Fig. 3a—f Effects of salt stress
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Wild-type and mutant seeds were germinated in the pres-
ence of various concentrations of mannitol or PEG. In
controls, there were no differences in the germination
rates between the WT and 7B-1 seeds; germination start-
ed on the 3rd day in the light (Fig. 1a) and from the 2nd
to 3rd day in the dark (Fig. 1b). Maximum seed germina-
tion in both genotypes was between 80 and 100% after 5
to 6 daysin the light or in the dark (Fig. 1a, b). Mannitol
(100-140 mM) inhibited WT seed germination in the
light by 80 to 95%, compared to the control (Fig. 1c, €).
In contrast, 7B-1 seeds were highly resistant to the os-
motic stress of mannitol; germination was not affected
by 100 mM of mannitol and was reduced to approxi-
mately 50% and 40% at 120 and 140 mM, respectively
(Fig. 1c, €). In the dark, there was no difference in WT
and mutant seed-germination with various mannitol con-
centrations (Fig. 1d). PEG also drastically affected WT
seed germination in the light (Fig. 2a). With 5% PEG,
WT seed germination was only approximately 20%,
whereas in 7B-1 seeds it was about 80%. Further, 10%
PEG yielded approximately 10% germination of WT
seeds, but 70% in mutant seeds (Fig. 2a). With 15% and
20% PEG, germination was nearly completely inhibited
in both genotypes. In the dark, 7B-1 and WT seed-germi-
nation showed a similar response to various concentra-
tions of PEG (Fig. 2b).

100 mM

60 mM

Salt stress

The sensitivity of the 7B-1 mutant and WT seeds to vari-
ous concentrations of NaCl, KCl, N&,SO, and K,SO, was
tested. WT seed germination was strongly inhibited by
NaCl. For example, with 50 mM of NaCl, WT seed germi-
nation in the light was approximately 30%, whereas that of
mutant seed was 70% (Fig. 3a). Similarly, while 75-mM of
NaCl nearly completely inhibited the germination of WT
seeds, in mutant seeds it was approximately 40%. 7B-1
seeds were also less sensitive than WT seeds to NaCl in
the dark (Fig. 3b), as well as to Na,SO, in both the light
(Fig. 3c) and the dark (Fig. 3d). However, the inhibition of
WT seed germination was stronger in the light than in the
dark. Additionally, mutant seeds germinated better than the
WT in KCI and K,SO,. This effect was more pronounced
inthelight (Fig. 3e) than in the dark (Fig. 3f).
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Fig. 4 Effect of low temperature, 16/13°C (light/dark), on WT and
7B-1 mutant seed-germination in the light (a) and in the dark (b).
Seed germination was recorded each day for 25 days. The arrow in-
dicates the day (17) when Petri dishes with the seeds were trans-
ferred from low temperature to normal temperature, 25/23°C
(light/dark). Values represent mean seed germination +SE of four in-
dependent experiments. For germination of control seeds at hormal
temperature in the light or in the dark see Figs. 1aand b, respectively

Low temperature stress

At optimal temperatures (25/23°C, light/dark), WT- and
7B-1 mutant-seeds showed no differences in either ger-
mination rate or in % germination (Figs. 1a, b). Low tem-
perature (16/13°C, light/dark) almost completely inhibited
the germination of WT seeds in the light, and the maxi-
mum germination was approximately 5% after 17 days
(Fig. 4a). In the dark, inhibition of WT seed germination
by low temperature was less than that in the light, but
was still only approximately 60% after 17 days of sow-
ing (Fig. 4b). In contrast, seed germination in 7B-1 was
more tolerant to low temperatures than WT seeds. At 17
days after sowing, there was 50% germination in mutant
seeds compared to no germination in the WT (Fig. 4a).
In the dark, 7B-1 seed germination was accelerated com-
pared to the light and, in 12 days, maximum (>90%) ger-
mination was observed compared to 30% in the WT.
When WT and 7B-1 seeds were transferred from the low
temperature to the optimal temperature, the germination
was fully restored in the light as well as in the dark
(Figs. 4a, b).

ABA and stress tolerance

One possible mechanism by which plants resist abiotic
stress is by the accumulation of the plant hormone absci-
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Fig. 5 Effect of ABA on germination in WT- and 7B-1 mutant-
seeds in the light (a) and in the dark (b) at an optimal temperature,
25/23°C, light/dark. Seeds were sown on BM supplemented with or
without ABA (5-30 uM). Seed germination was recorded after 7
days. The data from one representative experiment are shown. Simi-
lar results were obtained in four independent experiments

sic acid (ABA), since endogenous ABA levels are
known to increase in stressed plant tissues (Goldbach
and Michael 1976; Daie and Campbell 1981; Mantyla et
al. 1995). The possibility that the tolerance to abiotic
stresses in the 7B-1 mutant could be related to atered
ABA physiology was examinated. We tested the respons-
es of WT and 7B-1 seeds to exogenous ABA, and to
FLU, an inhibitor of ABA biosynthesis (Gamble and
Mullet 1986; Saab et al. 1990; Xu and Bewley 1995),
under osmotic, salt, and low-temperature stresses.

In the light, WT seed germination in the presence of
ABA (3-30 uM) was dlightly inhibited at 5 uM, 50% at
10 uM, and was totally inhibited at 30 uM (Fig. 5). In the
mutant, seed germination was apparently more sensitive
to exogenous ABA than in the WT. For example, 50%
inhibition of germination was caused by 2 uM of ABA in
the mutant compared to 10 pM of ABA in the WT
(Fig. 5a). In the dark, however, WT and 7B-1 seeds
showed a similar response to ABA (Fig. 5b).

Fluridone enhanced the rate of germination in both
WT and 7B-1 seeds in the light (Fig. 6a) and in the dark
(Fig. 6b). FLU aso overcame the inhibitory effect of
mannitol on seed-germination in the light (Fig. 6¢c, com-
pare to Fig. 1c). Inhibition of germination by NaCl at
100 mM was partially overcome by 10 uM, and fully by
100 pM, of FLU, respectively, in both WT as well asin
7B-1 seeds (Fig. 6d). Similar results were obtained for
seed germination in the dark and for other salts (data not
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Fig. 6a—e Effect of FLU on germination in WT- and 7B-1 mutant-
seeds in normal temperature conditions (25/23°C, light/dark) or un-
der various abiotic stresses. The kinetics of WT- and 7B-1 mutant-
seed germination in the presence of FLU (10 pM) in the light (a)
and in the dark (b), and the effect of FLU (10 pM) + 100-140 mM
mannitol on seed germination (c). Seed germination was recorded
each day for 6 days (a, b) or after 7 days (c). The data from one rep-
resentative experiment are shown, while similar results were ob-
tained in two to three independent experiments. d Seed germina-
tionin WT and the 7B-1 mutant in the absence or presence of NaCl
(100 mM) and/or fluridone (10 or 100 pM) in the light at normal
temperature (25/23°C, light/dark). Seed germination was recorded
and evaluated 13 days after seed sowing. The data of one represen-
tative experiment are shown. Similar results were obtained in three
independent experiments. e Seed germination in WT- and 7B-1 mu-
tant seeds in the light at low temperature (16/13°C, light/dark), in
the presence of 10 uM or 100 uM of FLU. Seed germination was
recorded for 27 days. The arrow indicates the day (17) when Petri
dishes with the seeds were transferred to norma temperature
(25/23°C, light/dark). Values represent mean seed germination +SE
of four independent experiments. For germination of control seeds
in the light at optimal temperature see Fig. 1a
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shown). Finally, FLU at concentrations of 10 uM partial-
ly, and at 100 uM completely, suppressed the inhibitory
effect of low temperature on WT seed germination in the
light (Fig. 6€). In contrast, 10 UM of FLU was sufficient
to allow maximum germination of 7B-1 seeds at low
temperature (Fig. 6€). In the dark, 10 pM of FLU fully
restored low-temperature-induced inhibition of seed ger-
mination in both WT and 7B-1 seeds (data not shown).

Discussion

In field conditions, plants are often exposed to various
abiotic stresses, such as drought, low and high tempera-
tures, and high salinity (Siminovitch and Cloutier 1983;
Lee and Chen 1993; Mantyla et al. 1995; Ryu et al.
1995), conditions which can significantly reduce crop
productivity (Epstein et al. 1980). Mutants with reduced
sensitivity to abiotic stresses, and especially stress-toler-
ant male-sterile mutants, can be useful systems for crop
producers and breeders. Thus, male-sterile mutants, in
addition to their use as female parents in hybrid pro-
grams, could be less predisposed to various environmen-
tal stresses. To our knowledge, no male-sterile mutants
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have been reported in tomato which show resistance to
abiotic stresses, e.g., drought and high salinity.

Seed germination in the male-sterile 7B-1 mutant
showed resistance to osmotic stress induced by mannitol or
PEG, to the various sdlts tested, and to low temperatures.
The effects of high salinity and low temperature are, in
part, caused by impaired water absorption and transport;
therefore, these stresses may, in part, be considered as dif-
ferent forms of osmotic stress (Ryu et a. 1995; Xiong et al.
1999). The tolerance of plant tissues to abiotic stresses, in-
cluding drought, has been related to an increase in endoge-
nous ABA in some systems (Quarrie 1980; Chen et al.
1983; Zeevaart and Creelman 1988; Chandler and Robert-
son 1994; Quarrie et a. 1994). Additionally, plant tissues,
including tomato, exposed to stressful conditions show in-
creased levels of endogenous ABA (Goldbach and Michael
1976; Daie and Campbell 1981; Méantyla et al. 1995).
Thus, WT and 7B-1 seeds exposed to various stresses, may
well have an increase in endogenous ABA. This sugges-
tion is supported by the observations that FLU, an inhibitor
of ABA synthesis, partially or completely overcame the in-
hibitory effects of all of the stresses, i.e., high osmoticum,
high sdinity and low temperature. However, less FLU was
needed for 7B-1- than for WT-seed, particularly for the res-
toration of low-temperature stress. This reduced require-
ment may be due to the elevated levels of pre-existing
ABA in 7B-1 seed. Thus, the 7B-1 seed may be regarded
as pre-adapted to abiotic stresses. The greater sensitivity of
7B-1 seed, compared to the WT, to germinate in the pres-
ence of exogenous ABA may also be interpreted in terms
of the high ABA content of the seed. Findly, the fact that
ABA-deficient mutants in tomato and Arabidopsis are im-
paired in tolerance to various abiotic stresses (Koornneef et
al. 1982; Bray 1988; Heino et al. 1990; Chen and Plant
1999) supports the suggestion that the 7B-1 mutant has ele-
vated level of endogenous ABA.

Inhibition of WT seed germination under the abiotic
stresses tested was much more pronounced in the light
than in the dark. Thisindicates that light controls, or am-
plifies, the inhibitory effects of abiotic stresses on seed
germination. Interestingly, 7B-1 seed germination was
less sensitive to the light-induced amplification in al the
abiotic stresses tested. Light is known to regulate ABA
biosynthesis/metabolism in plants (Tillberg and Bjork-
man 1993; Kraepiel et al. 1994; Baraldi et a. 1995;
Weatherwax et al. 1996, 1998). Our observations on the
inhibition of seed germination by mannitol, various salts
and low temperature in the light support the notion that
light controls plant responses to abiotic stresses via the
regulation of ABA synthesis.

In conclusion, the 7B-1 mutant is potentially a useful
system for tomato breeders, both for its use as a female
parent in hybrid-seed production, and for its resistance to
abiotic stresses.

Acknowledgements We thank Ms. Diane Davis and Ms. Virginia
Lehmkuhl for technical assistance, and Dr. H. S. Saini of the Uni-
versity of Montreal for his comments on the manuscript. This re-
search was supported by an operating grant from the Natural
Sciences and Engineering Research Council of Canadato V. K. S.

References

Baraldi R, Bertazza G, Bogino J, Luna V, Bottini R (1995) The
effect of light on Prunus cerasus. Il. Changes in hormone
levels in plants grown under different light conditions.
Photochem Photobiol 62:800-803

Bray EA (1988) Drought- and ABA-induced changes in polypep-
tide and mMRNA accumulation in tomato leaves. Plant Physiol
88:1210-1214

Chandler PM, Robertson M (1994) Gene expression regulated by
abscisic acid and its relation to stress tolerance. Annu Rev Plant
Physiol Plant Mol Biol 45:113-141

Chen CCS, Plant AL (1999) Salt-induced protein synthesis in
tomato roots: the role of ABA. J Exp Bot 50:677-687

Chen THH, Li PH, Brenner ML (1983) Involvement of abscisic
acid in potato cold acclimatization. Plant Physiol 71:362-365

Daie J, Campbell WF (1981) Response of tomato plants to stress-
ful temperatures: Increase in abscisic acid concentrations.
Plant Physiol 67:26-29

Epstein E, Norlyn JD, Rush DW, Kingsbury RW, Kelly DB,
Cunningham GA, Wrona AF (1980) Saline culture of crops:
agenetic approach. Science 210:399-404

Gamble PE, Mullet JE (1986) Inhibition of carotenoid accumula-
tion and abscisic acid biosynthesis in fluridone-treated dark-
grown barley. Eur J Biochem 160:117-121

Goldbach E, Michael G (1976) ABA content of barley grains during
ripening as affected by temperature. Crop Sci 16:797-799

Heino B, Sandman G, Lang V, Nordin K, Palva ET (1990) Abscisic
acid deficiency prevents development of freezing tolerance to
Arabidopsisthaliana (L.) Heynh. Theor Appl Genet 79:801-806

Kaul MLH (1988) Male sterility in higher plants. Springer Verlag,
Berlin

Koornneef M, Jorna ML, Brinkhorst-van der Swan DLC,
Karssen CM (1982) The isolation of abscisic acid (ABA)-defi-
cient mutants by selection of induced revertants in a non-ger-
minating gibberellin-sensitive line of Arabidopsis thaliana
(L.) Heynh. Theor Appl Genet 61:385-393

Kraepiel Y, Rousselin P, Sotta B, Kerhoas L, Einhorn J, Caboche M,
Miginiac E (1994) Analysis of phytochrome- and ABA-defi-
cient mutants suggests that ABA degradation is controlled by
light in Nicotiana plumbaginifolia. Plant J 6:665-672

Lee SP, Chen THH (1993) Molecular biology of plant cold hardi-
ness development. In Li PH, Christersson L (eds) Advancesin
plant cold hardiness. CRC Press, Boca Raton, Florida, pp 1-29

Mantyla E, Lang V, Palva ET (1995) Role of abscisic acid in
drought-induced freezing tolerance, cold acclimatization, and
accumulation of LTI78 and RAB18 proteins in Arabidopsis.
Plant Physiol 107:141-148

Murashige T, Skoog A (1962) A revised medium for rapid growth
and bioassays with tobacco tissue cultures. Physiol Plant 15:
473-497

Quarrie SA (1980) Genotypic differences in leaf water potential,
abscisic acid and proline concentrations in spring wheat during
drought stress. Ann Bot 46:383-394

Quarrie SA, Gulli M, Calestani C, Steed A, Marmiroli N (1994)
Location of the gene regulating drought-induced abscisic acid
production on the long arm of chromosome 5 A of wheat.
Theor Appl Genet 89:794-800

Rao MK, Uma Devi K, Arundhati A (1990) Applications of genic
male sterility in plant breeding. Plant Breed 105:1-25

Ryu SB, Costa A, Xin X, Li PH (1995) Induction of cold hardiness
by salt stress involves synthesis of cold- and abscisic acid-
response proteins in potato (Solanum commersonii Dun).
Plant Cell Physiol 36:1245-1251

Saab IN, Sharp RE, Pritchard J, Voetberg GS (1990) Increased
endogenous abscisic acid maintains primary root growth and
inhibits shoot growth of maize seedlings at low water potentials.
Plant Physiol 93:1329-1336

Sawhney VK (1997) Genic male sterility. In: Shivanna KR,
Sawhney VK (eds) Pollen biotechnology for crop production
and improvement. Cambridge University Press, Cambridge, UK,
pp 183-198



Siminovitch D, Cloutier Y (1983) Drought and freezing tolerance
and adaptation in plants: some evidence of near equivalencies.
Cryaobiology 20:487-503

Tillberg E, Bjorkman P-O (1993) Effects of red and far-red irradi-
ation on ABA and IAA in Pinus sylvestris L. seed during the es-
cape time period from photocontrol. Plant Growth Regul 13:1-6

Weatherwax SC, Ong MS, Degenhardt J, Bray EA, Tobin EM
(1996) The interaction of light and abscisic acid in the regula-
tion of plant gene expression. Plant Physiol 111:363-370

Weatherwax SC, Williams SA, Tingay S, Tobin EM (1998) The
phytochrome response of the Lemna gibba NPRL1 gene is
mediated primarily through changes in abscisic acid levels.
Plant Physiol 116:1299-1305

221

Xiong L, Ishitani M, Zhu JK (1999) Interaction of osmotic stress,
temperature, and abscisic acid in the regulation of gene ex-
pression in Arabidopsis. Plant Physiol 119:205-211

Xu N, Bewley JD (1995) The role of abscisic acid in germination,
storage protein synthesis and desiccation tolerance in alfalfa
(Medicago sativa L.) seeds, as shown by inhibition of its syn-
thesis by fluridone during development. J Exp Bot 46:687—694

Zeevaart JAD, Creelman RA (1988) Metabolism and physiology
of abscisic acid. Annu Rev Plant Physiol Mol Biol 39:
439-473



