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The sequence of a partial cDNA clone corresponding to an
mRNA induced in leaves of barley (Hordeum vulgare) by infection
with fungal pathogens matched almost perfectly with that of a
c¢DNA clone coding for B-1,3-glucanase isolated from the
scutellum of barley. Western blot analysis of intercellular proteins
from near-isogenic barley lines inoculated with the powdery
mildew fungus (Erysiphe graminis {. sp. hordei) showed a strong
induction of glucanase in all inoculated lines but was most
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pronounced in two resistant lines. These data were confirmed
by B-1,3-glucanase assays. The barley cDNA was used as a
hybridization probe to detect mRNAs in barley, wheat (Triticum
aestivum), rice (Oryza sativus), and sorghum (Sorghum bicolor),
which are induced by infection with the necrotrophic pathogen
Bipolaris sorokiniana. These results demonstrate that activation
of -1,3-glucanase genes may be a general response of cereals
to infection by fungal pathogens.

Infection of barley by the powdery mildew fungus results
in increased steady-state levels of a number of host mRNAs
(Davidson et al. 1987). These barley mRNAs have been
termed infection-related (IR) mRNAs, and cDNA clones
for six of these mRNAs have been isolated (Davidson
et al. 1987, 1988). A comparison of the timing and extent
of induction of the IR mRNAs in resistant and susceptible
near-isogenic barley during infection by the powdery
mildew fungus has suggested a role for these mRNAs in
resistance (Davidson et al. 1988).

The induction of mRNAs in barley during fungal in-
fection resembles that of dicotyledonous plants where a
number of host defense-associated genes are known to be
activated (Collinge and Slusarenko 1987; Ebel and
Grisebach 1988; Templeton and Lamb 1988). In dicots,
the identity of many of the induced host mRNAs is estab-
lished and these mRNAs code for proteins that are either
potentially antifungal, e. g., chitinases and 8-1,3-glucanase,
or that are involved in well-characterized cellular defense
processes, €.g., phytoalexin synthesis and lignification. In
barley, the function of the proteins encoded by the IR
mRNAs has not been identified; however, a comparison
of sequences of the barley IR mRNAs with dicot defense
genes may permit an identification. By this means we have
now identified one of the cloned IR mRNAs of barley
as encoding a B-1,3-glucanase. The induction of B-1,3-
glucanase activity by fungal infection was confirmed by
western blot and enzymatic analysis of intercellular fluids
of powdery mildew infected barley. Activation of B-1,3-
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glucanase activity in response to Bipolaris sorokiniana
(Sacc.) Shoemaker infection was also shown in barley,
wheat, rice, and sorghum.

MATERIALS AND METHODS

Plant and fungal material. Plants of Hordeum vulgare
(L.) ‘Psaknon 4*/ (F14) Man. (R)’ of USDA Accession
CI 16146 and its near-isogenic susceptible counterpart, CI
16145 (Moseman 1972); Triticum aestivum L. ‘Zenith’;
Oryza sativa L. ‘Japonicum’, and Sorghum bicolor (L.)
Moench ‘Zulu’ were cultivated in controlled growth
chambers as described (Manners and Scott 1983). Barley
lines used for isolation of intercellular proteins for the
western blot experiment were isolines in susceptible Pallas
gene background (Kolster er al. 1986). Pallas was used
with (Pa*, infection type 4) and without (Pa™) inoculation.
P-23 with the “Laevigatum” resistance gene (MI1-[La],
infection type 2-3) and P-01 with the “Algerian” resistance
gene (Ml-a, infection type 0) were used as resistant
counterparts. All lines were inoculated with the same
powdery mildew isolate (CI15).

B. sorokiniana was provided by J. Alcorn, Queensland
Department of Primary Industries, and was maintained
on agar containing autoclaved wheat straw. For inoculation
with B. sorokiniana, a spore suspension of approximately
10° per milliliter was prepared and sprayed onto the leaves.
The plants were then maintained under plastic bags for
24 hr. This fungus was pathogenic on leaves of barley,
wheat, rice, and sorghum and produced necrotic lesions
on these leaves within 48 hr of inoculation.

Sequence analysis. A cDNA library was prepared from
poly(A)" RNA isolated from barley leaves at 48 hr after
inoculation with the powdery mildew fungus by the method
of Rutledge et al. (1988), except the ligation of the first-
strand cDNAs was omitted. The library was probed with



the insert from pRP2, a cDNA clone for an IR mRNA
(Davidson et al. 1987), and a number of positive clones
were isolated. One of these, designated pRP7-25, which
contained a 225-base pair (bp) insert, was selected for
sequence analysis. DNA sequencing was carried out by
the dideoxy method of Sanger et al. (1977) with the
modifications of Chen and Seeburg (1985). Sequences were
determined by analysis of both DNA strands and of over-
lapping subclones.

Hybridization analysis. Total RNA and poly(A)" RNA
were isolated by standard methods (Manners and Scott
1985). Northern blot analysis was carried out as described
(Higgins et al. 1985), except that the last washes of the
blots were carried out at a lower temperature (42° C).

Intercellular proteins. The leaf material (~5 g) was cut
into 5-cm pieces, washed three times with an excess of
sterile water, vacuum infiltrated (with water) for 10 min,
blotted dry on paper towels, and loaded either on top of
3-4 ¢cm of marbles and centrifuged (15 min, 700 X g, 10° C)
or onto a nylon mesh filter and centrifuged (5 min,
1,500 X g, 10° C). The liquid in the bottom of the tube
was collected, quick frozen, freeze-dried, and reconstituted
in water or an appropriate buffer. Protein concentrations
were determined by the method of Smith er al. (1985).
Samples were collected daily from 1 to 8 days after
inoculation.

B-1,3-Glucanase assays. Proteins were separated on poly-
acrylamide gels by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and blotted onto nitrocellulose; a semi-
dry blotting system (semidry blotter, JKA-Biotech, Den-
mark) was used. Barley -1,3-glucanase antiserum provided
by G. Murray Ballance (University of Manitoba) was used
diluted 1:500. Blots were developed with alkaline phospha-
tase-conjugated swine anti-rabbit serum (Dakopatts D306,
Glostrup, Denmark).

B-1,3-Glucanase activity was measured essentially as
described by Keen and Yoshikawa (1983). The standard
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Fig. 1. Western blot showing changes in intercellular f-1,3-glucanases
of barley after inoculation with barley powdery mildew. Headings 1, 4,
and 7 indicate days after inoculation. Pa~ = Pallas uninoculated, Pa*
= Pallas inoculated, P-23 = M1-(La) resistance, inoculated, P-01 = MI-
a resistance, inoculated. Lanes were loaded with equal amounts of protein
and incubation with primary antibody was for 1 hr with an antibody
generated to the GII protein encoded by pRP2.

assay contained 10 mg of laminarin, 50 mM potassium-
acetate, pH 5.3, and 40 ul of enzyme extract in a volume
of I ml. The mixture was incubated at 30° C, 0.4-ml aliquots
were withdrawn at 0 and 15 min, and the enzyme reaction
was terminated by heating the aliquots in boiling water
for 3 min. The amount of reducing sugar was measured
quantitatively with 3,5-dinitrosalicylate by a modification
of the method of Bernfeld (1955).

RESULTS

Sequence comparisons. Comparison of the 225-base
nucleotide sequence of pRP7-25 with that of positions 819
to 1043 of a full-length cDNA clone for a specific 8-1,3-
glucanase in grain of barley (Hoj ez al. 1989) revealed almost
perfect homology (data not shown). The only difference
between our sequence and that of the barley grain §8-1,3-
glucanase cDNA clone occurred at position 1031, where
a C was substituted for a G. Comparison of the amino
acid coding sequence of clone pRP7-25, which covered the
entire insert sequence, revealed it to be identical with that
of a part of the amino acid sequence of a -1,3-glucanase
isoenzyme G2 purified from barley grain (Ballance and
Svendsen 1988). Comparisons with the sequences of a
B-1,3-glucanase of tobacco (Shinshi er al. 1988) and a
B-1,3/1,4-glucanase of barley (Fincher et al. 1986) revealed
highly significant homologies of 67 and 78%, respectively.
The sequence of pRP7-25 and that of the insert of pRP2
(Davidson et al. 1988) were identical, except that the pRP2
insert had a large region (138 bp) of apparently anomalous
sequence duplication that most probably occurred during
the synthesis and cloning of the cDNA (Davidson et al.
1988). These results demonstrated conclusively that clone
pRP7-25, and, thus, the original barley clone pRP2 (David-
son et al. 1987), coded for a 8-1,3-glucanase.

B-1-Glucanase in the intercellular fluid. Antiserum to
barley B-1,3-glucanase isolated from malted barley
(Ballance and Svendsen 1988) gave a specific reaction to
five distinct B-1,3-glucanase isoenzymes (gl1-5) in the leaf
intercellular fluid (Fig. 1). Two bands (gI3 [33 kDa] and
gl5 [36 kDa] were observed in the Pallas control (Pa),
and band gI3 appeared to increase in amount with time.
Band gl5, however, was only visible in the Pa~ control
at 7 days and at a very low level compared with gl3. Bands
gl2, gl3, and gl4 were induced after infection of the
susceptible Pallas cultivar (Pa*). By contrast, all five bands
were much more strongly induced after inoculation of the
resistant lines (P-23 and P-01). Protein gl3 appears
stimulated as early as 1 day after inoculation, and gl (28
kDa), gl2 (32.5 kDa), gl4 (34 kDa), and gI5 (36 kDa)
appeared 4 days after inoculation (Fig. 1). The new band,
gll, can only be seen in the resistant isolines, and the
induction of g2 and gl4 in Pa* was slower than in the
near-isogenic resistant lines.

Figure 2 shows the activity of B-1,3-glucanase in the
intercellular fluid. The activity in the intercellular fluid from
uninoculated leaves of both susceptible (CI 16145) and
resistant (CI 16146) Psaknon near-isogenic lines was low
and did not change markedly with time. The B-1,3-glu-
canase activity in susceptible inoculated leaves increased
at | day after inoculation and by the third day after inocu-
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lation had increased to 2.8 times the activity of the cor-
responding control leaves. The enzyme activity in inter-
cellular fluid from resistant inoculated leaves also increased
at 1 day after inoculation and continued to increase to
12.9 times the activity in the corresponding control leaves
at 3 days after inoculation. When the -1,3-glucanase ac-
tivity was expressed as micromoles of glucose equivalents
released per minute per milligram of intercellular fluid
protein, the level of activity in Psaknon resistant leaves
was only slightly higher than that from susceptible leaves
(data not shown). This resulted from a 100% increase in
the protein content of intercellular fluid from resistant
leaves compared with that in susceptible leaves. At least
some of this increase in protein content was due to the
increase in 8-1,3-glucanase. These data on -1,3-glucanase
activity were consistent with our previous observations that
induction of mRNA corresponding to pRP2 increased to
a significantly higher level in the resistant Psaknon isoline
compared with susceptible leaves (Davidson et al. 1988).
The data were also consistent with the appearance of new
isoenzymes as detected by antiserum to barley g-1,3-glu-
canase. Assays of -1,3-glucanase activity were also per-
formed on the near-isogenic lines of Pallas. The results
indicated 3.5-fold greater activity in the susceptible Pallas
isoline at 4 days after inoculation when compared with
the uninoculated control (J. B. Andersen, data not shown).
The enzyme activity in intercellular fluid from inoculated
leaves of the resistant isolines P-23 and P-01 increased to
4.6 and 10.4 times, respectively, the activity in the cor-
responding control leaves at 4 days after inoculation (J. B.
Andersen, data not shown).

Induction of 3-1,3-glucanase mRNA in barley and other
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Fig. 2. Activity of 8-1,3-glucanase in intercellular extracts of barley during
infection by the powdery mildew fungus. B-1,3-Glucanase activity was
measured in leaf intercellular fluid from control (O O) and inoculated
(® W) near-isogenic susceptible (O @) and resistant (CJ M) lines of barley
differing for the Mlp gene. Standard deviation on quadruplicate experi-
ments ranged from 0.006 to 0.044 umoles min~'g ™" and differences between
resistant and susceptible lines were significant (>95% P) at 2 and 3 days
after inoculation.
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cereals. The insert from the barley B-1,3-glucanase clone
pRP2 was used as a hybridization probe to determine
whether induction of mRNAs for a 8-1,3-glucanase could
be demonstrated in barley and other cereals after infection
by the pathogenic fungus B. sorokiniana, which has a very
wide host range among cereals. Similar hybridization to
the B-1,3-glucanase probe was detected in barley, wheat,
rice, and sorghum (Fig. 3), showing that the mRNA in-
creased in amount in all four cereals from 0 to 48 hr after
inoculation by B. sorokiniana. Uninoculated controls for
all four plant species showed no induction of the mRNA,
whereas mock-inoculated (H,O treated) controls were
performed for wheat and barley only and similarly showed
no induction.

DISCUSSION

A comparison of the nucleotide and deduced amino acid
sequences of the cDNA clones pRP7-25 and pRP2 to those
corresponding to the well-characterized f-1,3-glucanase of
barley grain (Ballance and Svendsen 1988; Hoj et al. 1989)
has permitted us to positively identify the function of one
of the previously cloned infection-related mRNAs of barley
(Davidson et al. 1987). Estimates of the amount of this
mRNA in near-isogenic resistant and susceptible barley
during infection by the powdery mildew fungus have shown
that its early induction correlates with resistance
conditioned by the Mla, Mip, and Mik genes (Davidson
et al. 1988). Thus, regulation of genes coding for g-1,3-
glucanase may be important in determining resistance to
the powdery mildew fungus. In addition, recent studies
with other fungal pathogens have also implicated the 8-
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Fig. 3. Induction of mRNAs detected by the B-1,3-glucanase probe pRP2
derived from barley in leaves of barley (a), wheat (b), sorghum (c), and
rice (d) during infection by Bipolaris sorokiniana. The signal from total
RNA obtained at the following times is shown: Lane I, 0 hr after inocu-
lation, lanes 2-7 at 2, 4, 8, 12, 24, and 48 hr after inoculation. In a,
b, ¢, and d lane 8 represents the signal from a sample of total RNA
obtained from leaves of barley at 48 hr after inoculation with an incom-
patible race of the powdery mildew fungus and was included as a positive
control.



1,3-glucanase mRNA in nonhost resistance reactions in
barley (Scott ez al. 1990).

The western blots that used a 8-1,3-glucanase antiserum
and the enzyme assays reported here showed a strong
association of protein production with resistance and con-
firm the mRNA induction results previously published
(Davidson et al. 1988). Other authors have found multiple
forms of 8-1,3-glucanase in the intercellular fluid, and these
always appear together with chitinases and other “patho-
genesis-related” (PR) proteins (Kauffmann er al. 1987,
Kombrink ez al. 1988). This also occurs in barley where
chitinase (J.B. Andersen, unpublished data) and a protein
serologically related to tobacco PR-1 (L. Wolfe and K.
J. Scott, unpublished data) are found in the intercellular
fluid. The association of intercellular $-1,3-glucanase with
resistance will now require cytoimmunological examination
to determine the site of the enhanced enzyme activity and
whether it is present at penetration sites or surrounds the
invading fungal structures.

There is evidence to implicate B-1,3-glucanase in re-
sistance of plants to some fungi (Kauffmann ez al. 1987).
For example, the enzyme has antifungal activity when com-
bined with plant chitinase, and, in dicots, enzyme activity
is induced by fungal pathogens (Mauch et al. 1984, 1988).
In dicots, 8-1,3-glucanase genes are considered to constitute
a part of the general array of defense genes induced during
pathogenesis. Our results indicate that the induction of
B-1,3-glucanase mRNA also occurs during fungal infection
of a number of cereals. This identification of a cereal defense
gene product as a 8-1,3-glucanase indicates that some parts
of the general defense response of cereals may closely
resemble that previously demonstrated in dicots (Boller
1987; Kauffmann et al. 1987; Kombrink ez al. 1988; Mauch
et al. 1984). Obviously some pathogens such as B. soro-
kiniana can successfully infect cereals despite their ability
to rapidly induce the B-1,3-glucanase mRNA, and it is
possible that this fungus is either insensitive to the enzyme
or produces an inhibitor as reported for Colletotrichum
lindemuthianum Sacc. & Magnus (Lams.-Scrib.) (Alber-
sheim and Valent 1974).

Recently, Bohlmann et al. (1988) have shown that an-
other class of antifungal proteins, the leaf-specific thionins,
are also induced in barley during infection by the powdery
mildew fungus. Taken together, the data reported in this
paper on induction of 8-1,3-glucanase mRNA and the work
on leaf thionins indicate that barley has a multicomponent
response to fungal infection. Further investigation of the
IR mRNAs of barley may reveal the function of other
components in this response. Ultimately, investigation of
the regulation of these genes should permit the manip-
ulation of expression of these genes to test their roles in
resistance to fungal pathogens.
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