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Class I isoforms of b-1,3-glucanases (bGLU I) and chitinases
(CHN I) are antifungal, vacuolar proteins implicated in plant de-
fense. Tobacco (Nicotiana tabacum L.) bGLU I and CHN I usually
exhibit tightly coordinated developmental, hormonal, and
pathogenesis-related regulation. Both enzymes are induced in cul-
tured cells and tissues of cultivar Havana 425 tobacco by ethylene
and are down-regulated by combinations of the growth hormones
auxin and cytokinin. We report a novel pattern of bGLU I and CHN
I regulation in cultivar Havana 425 tobacco pith-cell suspensions
and cultured leaf explants. Abscisic acid (ABA) at a concentration of
10 mM markedly inhibited the induction of bGLU I but not of CHN
I. RNA-blot hybridization and immunoblot analysis showed that
only class I isoforms of bGLU and CHN are induced in cell culture
and that ABA inhibits steady-state bGLU I mRNA accumulation.
Comparable inhibition of b-glucuronidase expression by ABA was
observed for cells transformed with a tobacco bGLU I gene
promoter/b-glucuronidase reporter gene fusion. Taken together,
the results strongly suggest that ABA down-regulates transcription
of bGLU I genes. This raises the possibility that some of the ABA
effects on plant-defense responses might involve bGLU I.

Plant bGLU (EC 3.2.1.39) and CHN (EC 3.2.1.14) are
abundant proteins widely distributed in seed-plant species
(for reviews, see Meins et al., 1992; Stone and Clarke, 1992;
Simmons, 1994). Both enzymes have been implicated in
responses to stress, wounding, and pathogen infection
(Thalmair et al., 1996; for reviews, see Boller, 1988;
Linthorst, 1991). In addition, bGLU may be involved in
diverse physiological and developmental processes, in-
cluding cell division (Waterkeyn, 1967), microsporogenesis
(Worrall et al., 1992; Bucciaglia and Smith, 1994), pollen
germination (Roggen and Stanley, 1969), fertilization (Lo-
tan et al., 1989; Ori et al., 1990), and seed germination
(Cordero et al., 1994; Vögeli-Lange et al., 1994a; Leubner-

Metzger et al., 1995, 1996). There is indirect evidence to
suggest that CHN has a role in embryogenesis (De Jong et
al., 1992).

bGLU and CHN exist as structural isoforms that differ in
size, pI, cellular localization, and pattern of regulation (for
review, see Meins et al., 1992). Among them are the class I
vacuolar isoforms bGLU I and CHN I, the members of
which are very similar in amino acid sequence and show
similar patterns of regulation (Sperisen et al., 1991; van
Buuren et al., 1992). There is compelling evidence that
these isoforms can contribute to the defense of plants
against fungal infection. bGLU I and CHN I are induced in
response to microbial infection by pathogenic viruses, bac-
teria, and fungi (for review, see Meins et al., 1992) and can
hydrolyze b-1,3-glucans and chitin, respectively, which are
major components of the cell walls of pathogenic and po-
tentially pathogenic fungi (for review, see Wessels and
Sietsma, 1981). Combinations of bGLU I and CHN I have
potent antifungal activity in vitro (Mauch et al., 1988), and
expression of CHN I genes alone or in combination with
bGLU I genes in transgenic plants can increase resistance to
fungus infection (Zhu et al., 1994; Jongedijk et al., 1995).
Recent studies with bGLU I-deficient mutants provide ev-
idence that bGLU I may also be important in viral patho-
genesis (Beffa et al., 1996).

Regulation of bGLU I and CHN I in tobacco (Nicotiana
tabacum L.) is usually tightly coordinated, i.e. the tissue-
specific distributions of the enzymes in the plant are very
similar (Keefe et al., 1990; Neale et al., 1990); both enzymes
are induced in leaves treated with ethylene and ozone or
infected with pathogens and both show very similar kinet-
ics of down-regulation by combinations of auxin and cyto-
kinin in culture (Thalmair et al., 1996; for reviews, see
Boller, 1988; Linthorst, 1991; Meins et al., 1992). In contrast,
during the germination of tobacco seeds, bGLU I, but not
CHN I, is induced specifically in the micropylar region of
the endosperm where the radicle will penetrate (Vögeli-
Lange et al., 1994a; Leubner-Metzger et al., 1995).

The plant hormone ABA modulates the expression of
many genes in the course of growth and development,
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particularly during seed formation and germination and in
the response of plants to certain environmental stresses (for
review, see Chandler and Robertson, 1994). We have
shown previously that ABA treatment of tobacco seeds
inhibited induction of bGLU I in the micropylar en-
dosperm and greatly delayed endosperm rupture during
germination (Leubner-Metzger et al., 1995). This prompted
us to explore the possibility that down-regulation of bGLU
I by ABA is a more general feature of tobacco cells. The
present study shows that physiological concentrations of
ABA down-regulate bGLU I at the level of transcription in
cultured tobacco pith cells and leaf explants but have little
or no effect on the expression of CHN I. This novel pattern
of regulation provides a cell-culture system amenable for
studying ABA signal transduction and raises the possibility
that ABA might affect some plant defense responses by
down-regulating bGLU I.

MATERIALS AND METHODS

Tobacco (Nicotiana tabacum L. cv Havana 425) and cul-
tured material from this cultivar were used. Plants were
grown in a greenhouse or raised axenically from surface-
sterilized seeds (Felix and Meins, 1986). The transformants
Glb-GUS and 35S-GUS were described previously (Hart et
al.,1993; Vögeli-Lange et al., 1994a). Glb-GUS is homozy-
gous for a chimeric GUS gene (GUS) consisting of the
1.6-kb promoter region of the tobacco bGLU I-B gene (Glb)
fused immediately downstream of the start of transcription
to the GUS-reporter gene. 35S-GUS is a similar transfor-
mant with the Glb promoter replaced by the cauliflower
mosaic virus 35S RNA promoter. S275N is a suspension-
cultured line obtained from cloned pith parenchyma and
was cultured as described previously (Felix and Meins,
1987).

Suspension cultures of Glb-GUS and 35S-GUS were ob-
tained from leaves of axenically grown plants 10 weeks
after germination. Discs of leaf tissue 8 mm in diameter
were cultured for 21 d as described by Meins and Lutz
(1980). The basal medium contained salts, Suc, myo-
inositol, and thiamine concentrations recommended by
Linsmaier and Skoog (1965), 5.0 mg L21 chlorophenol red
(Kodak) as a pH indicator, and 10 g L21 purified agar.
Callus pieces 5 mm in diameter were subcultured twice at
21-d intervals on basal LS medium supplemented with 11
mm NAA and 1.4 mm kinetin. Cell-suspension lines were
started from the callus and maintained as described by
Meins and Binns (1977). The medium used was S3 (basal LS
medium without agar, containing 40 g L21 Suc, 11 mm
NAA, and 1.4 mm kinetin). Shake cultures (125 rpm) were
subcultured every 14 d by transferring 2 mL of the culture
into 40 mL of fresh medium. Suspension-cultured lines
were first used after 6 months of subculturing. All tissues
and cell suspensions were cultured at 24 6 1°C in contin-
uous light (80 mE m22 s21).

ABA Treatments

ABA (Sigma) was added to cultures as a filter-sterilized
1023 m stock solution in 12 mm KPi, pH 6.0. Equal volumes

of the same buffer were added to control cultures. For
experiments with cells incubated in NAA- and kinetin-
containing medium, cells were subcultured in fresh S3

medium for 4 d and then ABA was added. For experiments
with cells incubated in the absence of NAA and kinetin, cell
suspensions were filtered through a 500-mm sieve 8 d after
subculture in S3 medium. The cells were then washed with
80 mL of S0 medium (S3 medium without NAA and kine-
tin), 4 g of the cells was transferred to S0 medium, and ABA
was added. For experiments with explants of leaves, 8-mm-
diameter discs of surface-sterilized leaves were cultured
individually for 4 d in 1 mL of S0 in multiwell plates
(Falcon 3047, Becton Dickinson).

Preparation of Protein Extracts

Cells from 1- to 5-mL aliquots of suspensions were col-
lected by filtration on paper (MN 713, Whatman) under
gentle vacuum. Leaf discs were dried between two layers
of filter paper (3MM, Whatman). The samples were then
weighed, frozen on dry ice, and stored at 270°C. For bGLU
and CHN assays, extracts of the frozen material were pre-
pared in 2 volumes of an extraction buffer containing 0.1
mm EDTA, 1 mm DTT, 1 mm PMSF, and 200 mm Tris-HCl,
pH 8.0, as described previously (Felix and Meins, 1986).
Samples assayed for GUS activity were extracted in the
same way using the buffer recommended by Jefferson et al.
(1987).

Assays of Proteins

CHN activity and endo-type bGLU activity were mea-
sured radiometrically, with [3H]chitin and the algal b-1,3-
glucan [3H]laminarin reduced with NaBH3 as the sub-
strates (Boller et al., 1983; Keefe et al., 1990). Activity is
expressed in microgram equivalents of tobacco CHN I and
bGLU I. CHN I and bGLU I protein was measured by
ELISA with antibodies specific for the class I isoforms of
the tobacco enzymes (Keefe et al., 1990; Sticher et al., 1992).
Immunoblot analyses with antibodies directed against to-
bacco bGLU I , bGLU II, CHN I, and CHN II were as
described previously (Beffa et al., 1993).

GUS activity was measured by a modification of the
fluorometric method of Jefferson et al. (1987) described by
Vögeli-Lange et al. (1994b) and is expressed as picomoles of
4-methylumbelliferol produced per minute. Protein con-
centration was measured by the Bradford (1976) method
with bovine g-globulin as the standard.

RNA-Blot Hybridization

Total RNA was isolated from cells by the method of
Nagy et al. (1988). RNA was fractionated by electrophore-
sis in a formaldehyde gel containing 1.2% (w/v) agarose
and transferred onto a Hybond nylon membrane (Amer-
sham) by standard methods (Sambrook et al., 1989). RNA
was bound to the dried membranes by UV cross-linking
(0.5 J m22). Hybridization was done with digoxigenin-
labeled probes as described by the manufacturer (Boeh-
ringer Mannheim). The PstI inserts of the tobacco bGLU I
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cDNA clone pGL43 (Mohnen et al., 1985) and the tobacco
CHN I cDNA clone pCHN50 (Shinshi et al., 1987) were
used to prepare hybridization probes. The probes were
labeled by PCR using a digoxigenin DNA-labeling
mixture (no. 1277065, Boehringer Mannheim). The prim-
ers used were 59-CCGTTTCCAAAAGACCTCTGG-39 and
59-GTTGGTGTGGTAACACCAATG-39 for CHN I and 59-
GGAAGACTGAGGCTTTATGATC-39 and 59-CTGAACTG
TCCCAAACACCAC-39 for bGLU I. The PCRs were carried
out in a reaction mixture containing 7.5 units of Taq-
polymerase, 10 mL of 103 Taq-polymerase incubation
buffer (Boehringer Mannheim), 600 ng of each nucleotide,
and 2 ng of DNA template adjusted to a final volume of 100
mL with water. The reaction cycle started with a prewarm-
ing of 5 min at 94°C, followed by 30 cycles consisting of 1
min at 94°C, 1.5 min at 58°C, 3 min at 72°C, and 15 min at
72°C. The final probe concentration in the hybridization
solution was 25 ng/mL.

RESULTS

ABA Inhibits Accumulation of bGLU I in Cell Suspensions

In our initial experiments we examined the effects of
ABA on the accumulation of bGLU I and CHN I in sus-
pensions of tobacco pith cells. S275N cells were subcul-
tured on the standard auxin- and cytokinin-containing me-
dium used for serial propagation of this cell line. After 4 d
of preculture, 10 mm ABA was added to one set of cultures.
The time course of bGLU I- and CHN I-antigen accumula-
tion in control and ABA-treated cultures was measured by
an ELISA assay using antibodies specific for class I iso-
forms (Keefe et al., 1990). The results are presented as
micrograms of antigen per milligram of protein.

Figure 1 shows that the content of both bGLU I and CHN
I in control cultures increased with time, i.e. by approxi-
mately 4- to 5-fold by d 9 when the experiment was ended.
Treatment with ABA markedly inhibited the accumulation
of bGLU I antigen by up to approximately 80% but had no
detectable effect on the accumulation of CHN I antigen. In
the concentration range tested, 1028 to 1025 m, inhibition of
bGLU I accumulation depended on ABA dose. The concen-
tration of ABA giving a 50% inhibition of accumulation
was about 7 mm (data not shown). Similar results were
obtained when the data were expressed on a fresh weight
basis and when endo-type bGLU and CHN activities were
measured (data not shown). Control and ABA-treated cul-
tures grew at similar rates and did not substantially differ
in protein content (data not shown). These findings and the
fact that CHN I accumulation was not affected by ABA
treatment indicate that the inhibition of bGLU I accumu-
lation by ABA is not a general inhibitory effect of the
hormone.

bGLU I and CHN I are strongly induced when tobacco
callus tissues are subcultured on medium without auxin
and cytokinin added (Felix and Meins, 1986; Shinshi et al.,
1987). To determine whether ABA is effective in the ab-
sence of added auxin and cytokinin, we measured the time
course of bGLU I and CHN I accumulation in S275N cells
cultured in auxin- and cytokinin-free medium. Figure 2

shows that in control cultures the content of bGLU I and
CHN I antigen increased by up to approximately 10-fold
after 4 d. Treatment with 10 mm ABA markedly inhibited
the induction of bGLU I but had no significant effect on
CHN I induction. These results, which were confirmed
when the data were expressed on a fresh weight basis and
by measurements of enzyme activity (data not shown),
indicate that added auxin and cytokinin are not required
for the inhibition of bGLU I induction by ABA.

Immunoblot Analysis and RNA-Blot Hybridization

The ELISA assays used for the time-course studies are
specific for bGLU I and CHN I. Immunoblot analyses were
performed to determine whether additional, structurally
related classes of the enzymes are expressed and regulated
by ABA in suspension cultures. S275N cells were grown in
auxin- and cytokinin-containing medium with and without
the addition of 10 mm ABA. Immunoblots of extracts were
probed with antibodies directed against tobacco bGLU I
shown to cross-react with all of the known bGLU II and
bGLU III (Beffa et al., 1993). bGLU II includes the approx-

Figure 1. The effect of ABA on the time course of bGLU I and CHN
I accumulation in S275N suspension cultures. The content of bGLU
I (a) and CHN I (b) antigens of cells cultured in standard S3 medium
containing auxin and cytokinin with (Œ) and without (E) 10 mM ABA
added on d 0 after 4 d of preculture. The values presented are the
mean antigen contents 6 SE of six to eight replicate cultures.

Transcriptional Down-Regulation of b-1,3-Glucanase Genes by ABA 587



imately 36-kD proteins PR-2, PR-N, and PR-O (Kauffmann
et al., 1987; Payne et al., 1990b; Ward et al., 1991) and the
approximately 41-kD stylar glycoproteins Sp41a and Sp41b
(Ori et al., 1990); bGLU III includes the approximately
34-kD protein PR-Q’ (Payne et al., 1990b). The immuno-
blots were also probed with a mixture of antibodies specific
for the approximately 32- and 34-kD tobacco CHN I (Shin-
shi et al., 1987) and the approximately 28-kD tobacco CHN
II (Payne et al., 1990a).

A time course for the appearance of immunoreactive
material was recorded. Figure 3a shows representative re-
sults obtained on d 6 when the inhibition of bGLU I by
ABA was maximal. Immunoblots of extracts prepared from
control and ABA-treated cells probed for bGLU antigens
gave a signal corresponding to the 33-kD bGLU I. No
signals were detected at the approximately 41-kD position
or in the 34- to 36-kD region, indicating that there was no
appreciable expression of bGLU II and bGLU III under the
conditions tested. Similarly, only 32- and 34-kD CHN I
(van Buuren et al., 1992) were detected; no signals were

detected for the approximately 28-kD CHN II isoforms.
Thus, only bGLU I and CHN I were detectable in cell
suspensions under the conditions tested.

RNA blots of total RNA prepared from S275N cells cul-
tured in auxin- and cytokinin-containing medium with and
without ABA were hybridized with probes specific for
bGLU I and CHN I transcripts (Shinshi et al., 1987). Figure
3b shows that ABA treatment markedly lowered the con-
tent of bGLU I mRNA but did not appreciably affect the
content of CHN I mRNA. The down-regulation of bGLU I
protein (Fig. 3a) was less pronounced than the down-
regulation of bGLU I mRNA. This probably reflects the low
turnover rate of bGLU I protein in suspension-cultured
cells (Sperisen, 1993). We conclude that ABA acts at least in
part at the steady-state mRNA level to inhibit bGLU I
expression in cell suspensions.

GUS-Reporter Gene Studies

More detailed studies of bGLU I regulation were made
with cell suspensions and cultured leaf explants of a Glb-
GUS transformant carrying a chimeric Glb-promoter/GUS-
reporter gene. The 1.6-kb 59 sequence of Glb used in the
construct had been shown earlier to contain the elements
needed for organ-specific expression, induction by ethyl-
ene and TMV infection, and down-regulation in cultured
tissues by auxin and cytokinin (Vögeli-Lange et al., 1994b).
A 35S-GUS transformant carrying the GUS-reporter gene
and driven by a 528-bp cauliflower mosaic virus 35S RNA
promoter was used as a positive control (Hart et al., 1993).
Cell suspensions were established from Glb-GUS and 35S-
GUS leaf tissues and were precultured for 4 d in medium
containing auxin and cytokinin. ABA (10 mm) was added to
the suspensions and GUS activity was measured in extracts
prepared at the times indicated. The data are expressed as
percentages of the GUS activity found in cultures on d 0
(before ABA was added).

Figure 4a shows that ABA treatment markedly inhibited
accumulation of GUS activity in cultures of the Glb-GUS
transformant. The 35S-GUS cultures accumulated GUS ac-
tivity at a maximum on d 2; however, the kinetics and
magnitude of accumulation were essentially unaffected by
ABA treatment (Fig. 4b). Taken together, these results in-
dicate that ABA treatment inhibited Glb-promoter activity
in cell suspensions.

We also investigated the effects of auxin, cytokinin, and
ABA on bGLU, CHN, and GUS activity in discs cultured
from Glb-GUS leaves. The results shown in Table I confirm
the basic pattern of regulation of bGLU I and CHN I by
auxin and cytokinin reported previously (Shinshi et al.,
1987; Vögeli-Lange et al., 1994b): the activity of both bGLU
and CHN was high in auxin- and cytokinin-free medium,
reduced in medium containing auxin or cytokinin alone,
and markedly reduced in medium containing both hor-
mones. The important point is that ABA effectively inhib-
ited the induction of bGLU I but did not affect induction of
CHN I in the presence of different combinations of auxin
and cytokinin. The inhibition of bGLU activity by ABA was
usually appreciably larger than the inhibition of GUS ac-

Figure 2. The effect of ABA on the time course of bGLU I and CHN
I accumulation in S275N suspensions cultured without added auxin
or cytokinin. The content of bGLU I (a) and CHN I (b) antigens of
cells cultured in auxin- and cytokinin-free S0 medium with (Œ) and
without (E) 10 mM ABA added on d 0 after 8 d of preculture. The
values presented are the mean antigen contents 6 SE of six to eight
replicate cultures.
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tivity. This probably reflects differences in the stability of
the two mRNAs or proteins.

DISCUSSION

Little is known about the effects of ABA on bGLU and
CHN expression. In an early report, before the different
classes of endo-type bGLU were recognized, Moore and
Stone (1972) showed that treatment with 190 mm ABA
increased the rate of senescence and decreased the bGLU
activity in leaf discs of Nicotiana glutinosa incubated for 4 d
in water. The specificity of this effect is unclear, since over
the same time interval, ABA treatment resulted in an ap-
proximately 5-fold decrease in total protein content. More
recently, Leubner-Metzger et al. (1995) showed that treat-
ment of tobacco seeds with ABA, which is known to induce
and maintain seed dormancy (for review, see Bewley and
Black, 1994), delays endosperm rupture and both delays
and inhibits the highly localized induction of bGLU I in the
micropylar endosperm. ABA has also been found to up-
regulate expression of a CHN II gene in the wild tomato
Lycopersicon chilense (Chen et al., 1994).

In most studies tobacco bGLU I and CHN I were found
to be coordinately regulated. For example, they show sim-
ilar patterns of expression in response to auxins, cytoki-
nins, and ethylene (for review, see Meins et al., 1992),
ozone (Thalmair et al., 1996) and infection by microbial
pathogens (for reviews, see Linthorst, 1991; Meins et al.,
1992). Our most important finding was that ABA down-
regulates bGLU I expression but does not appreciably af-
fect CHN I expression in suspension cultures and leaf
explants of tobacco. ABA treatment of cells in suspension
markedly inhibited the accumulation of bGLU activity
measured using a substrate specific for endo-type hydro-
lysis and bGLU I protein but not the accumulation of CHN

activity and CHN I protein. The similar effects of ABA on
the accumulation of bGLU I protein and mRNA and on the
activity of the Glb promoter strongly suggest that ABA
transcriptionally down-regulates bGLU I expression.

The promoter of genes encoding high-pI a-amylases in
barley contains a negative-acting TAACAAA box impor-
tant for down-regulation of endosperm expression by ABA
(Gubler and Jacobsen, 1992). Both cloned members of the
small tobacco bGLU I family, gla and glb, have distal and
proximal copies of this box in their promoters (Leubner-
Metzger et al., 1995). The CHN I isoforms in tobacco are
encoded by the genes CHN48 and CHN50 (van Buuren et
al., 1992). The TAACAAA box is not present in the CHN48
promoter and only a single, inverted copy is present in the
CHN50 promoter. This suggests that the differential effect
of ABA on bGLU I and CHN I expression could be due to
the absence of this ABA-responsive element in the CHN I
genes.

The signaling pathways important for hormonal regula-
tion of bGLU I have not been elucidated. Ethylene is re-
quired for the induction of bGLU I expression in cultured
tobacco cells (Felix and Meins, 1987). High levels of
ethylene-dependent transcription of bGLU I genes requires
a cis-acting, ethylene-responsive element that binds
ethylene-responsive binding proteins in nuclear extracts
(Ohme-Takagi and Shinshi, 1995). Different regions of the
Glb promoter are important for high-level, ethylene-
dependent expression and for the down-regulation of ex-
pression by auxin and cytokinins (Vögeli-Lange et al.,
1994b). We found that inhibition of bGLU I expression by
ABA was not appreciably affected by combinations of
auxin and cytokinin that down-regulate expression of
bGLU I and CHN I. Taken together, these results suggest
as a working hypothesis that ethylene, combinations of
auxin and cytokinin, and ABA act by independent signal-

Figure 3. Immunoblot analysis of bGLU and
CHN protein (a) and hybridization of bGLU I
and CHN I mRNAs (b) in S275N cells. Protein
extracts and total RNA were prepared from cells
harvested 6 d after treatment with (1ABA) and
without (2ABA) 10 mM ABA. Cells were precul-
tured for 4 d in auxin- and cytokinin-containing
S3 medium. Immunoblots were stained with an-
tibodies recognizing all known tobacco class I
to III bGLU and CHN I and II isoforms. Equal
amounts of protein (2 mg) were applied to each
lane. The positions of bGLU I, PR-2 and sp41
(bGLU II), PR-Q’ (bGLU III), CHN I-A and CHN
I-B, and PR-Q (CHN II) are indicated. RNA blots
with equal amounts of total RNA (11 mg) in each
lane were hybridized with probes specific for
bGLU I and CHN I. Note that the small differ-
ences between the 1ABA and 2ABA treatments
apparent on the CHN immunoblot are not con-
sistently observed.
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ing pathways, possibly with different responsive elements
in the bGLU I promoters as targets.

We suggest that ABA down-regulation of bGLU I could
play a role in pathogenesis. A marked decrease in local
ABA concentration occurs early in the incompatible reac-
tion but not in the compatible reaction of soybean infected
with the fungal pathogen Phytophthora megasperma (Cahill
and Ward, 1989). Treatment of potato plants with ABA
prior to infection with the fungi Phytophthora infestans or
Cladosporium cucumberium suppresses the accumulation of
phytoalexins and decreases significantly the resistance
of the plants (Henfling et al., 1980). Similarly, treatment of
tobacco plants with ABA increases the susceptibility of the
plants to Peronospora tabacina (Salt et al., 1986). Therefore,
ABA appears to increase the susceptibility of plants to
fungus infection. Combinations of bGLU I and CHN I have
potent antifungal activity in vitro (Mauch et al., 1988).
Moreover, constitutive coexpression of bGLU I and CHN I
genes has been shown to increase resistance to fungal
infection in transgenic plants of several species (Zhu et al.,
1994; Jongedijk et al., 1995; Masoud et al., 1996). Therefore,
it is plausible that ABA could increase fungus susceptibil-
ity by down-regulating the induction of antifungal bGLU I.

There is also indirect evidence linking ABA and bGLU I
with viral pathogenesis. Although the ABA content of
leaves infected with TMV has not been measured, pretreat-
ment with ABA significantly increases the resistance to
TMV infection in tobacco plants showing the local-lesion
response (Fraser et al., 1979; Fraser, 1982). Tobacco mutants
deficient in bGLU I generated by antisense transformation
also show increased resistance to TMV infection, which is
inversely proportional to bGLU I content in a graded series
of independent transformants (Beffa et al., 1996). Deposi-
tion of callose, which is a substrate for bGLU and is
thought to act as a physical barrier to virus spread, was
also increased in these deficient mutants. It has been sug-
gested that bGLU I is required for callose degradation and,
therefore, that decreased susceptibility to virus might re-
sult from increased callose deposition in response to infec-
tion. Deposition of callose is important for the regulation of
molecular traffic through plasmodesmata (Lucas and Wolf,
1993). Our results raise the intriguing possibility that ABA
down-regulation of bGLU I might also play a role in reg-
ulating cell-to-cell communication via plasmodesmata.

Figure 4. The effect of ABA treatment on GUS expression in suspen-
sions of Glb-GUS (a) and 35S-GUS (b) cells. Cells were precultured
for 4 d in auxin- and cytokinin-containing S3 medium with (Œ) and
without (E) 10 mM ABA added on d 0. The values presented are the
mean percentages 6 SE of GUS activity relative to the cultures on d
0 for three to four replicates. The values obtained for the cultures on
d 0, expressed in femtokatals of GUS per milligram of protein were:
Glb-GUS cells without ABA, 118 6 5.4; Glb-GUS cells with ABA,
184 6 11.8; 35S-GUS cells without ABA, 45.9 6 5.5; and 35S-GUS
cells with ABA 19.1 6 1.71.

Table I. Regulation of bGLU, CHN, and bGLU-promoter activity by auxin, cytokinin, and ABA in cultured leaf discs

Culture Mediuma
bGLU CHN GUS

Control ABAb Control ABA Control ABA

mg equivalents g21 fresh wt c pmol methylumbelliferol
min21g21fresh wt

2Auxin, 2Cytokinin 95.9 6 5.4d 8.4 6 3.2 115 6 10.7 123 6 11.4 58.9 6 7.4 7.1 6 2.8
1Auxin, 2Cytokinin 56.4 6 6.1 0.7 6 0.3 62.0 6 7.4 67.6 6 4.2 34.6 6 5.8 3.8 6 2.1
2Auxin, 1Cytokinin 47.6 6 5.4 2.1 6 1.4 59.7 6 6.2 62.3 6 7.1 24.7 6 6.4 4.2 6 3.7
1Auxin, 1Cytokinin 10.5 6 3.2 0.2 6 0.1 12.4 6 2.8 10.1 6 3.4 7.1 6 2.4 0.5 6 0.5
a Discs explanted from leaves of the Glb-GUS transformant were incubated for 4 d on S0 medium supplemented as indicated with auxin (11

mM NAA) and cytokinin (1.4 mM kinetin). b 10 mM final concentration. c Enzyme activity is expressed as microgram equivalents of the
class I isoforms. d Mean values 6 SE for 12 replicate samples.
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