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ABSTRACT
THE INDUCTION AND DEGRADATION OF CALLOSE
By

Holly J. Schaeffer

Victorin, the host-selective toxin produced by Cochliobolus victoriae,
induces mesophyll protoplasts of susceptible varieties of Avena sativa to
produce an extracellular polysaccharide (EPS). EPS was determined to be (1-3)
B-D-glucan (callose). EPS was also produced by these cells in response to
AICl,, GdCl,, InCl,, YCl,, or YbCI,, but not ScCl,, GaOCl,, FeCl,,CrCl,, or LaCl,.
Digitonin but not other detergents induced EPS synthesis. Calcium channel
agonists, antagonists, chelators, ionophores, or calmodulin inhibitors tested
neither prevented callose induction caused by victorin nor induced callose
synthesis themselves. Removal of calcium from the external medium neither
induced callose production nor inhibited victorin-induced callose biosynthesis.
Protoplasts of victorin resistant Avena sativa, and also Triticum aestivum and
Hordeum vulgare produce an EPS, presumably callose, in response to greater
than 10 yuM AICI,. However, EPS production in response to Al ions did not
appear to be related to Al ion tolerance at the level of whole plants.
If stress-induced callose biosynthesis protects against pathogeninvasion,
then the ability to degrade callose might be important to a successful pathogen.
To test this, the gene, EXG1, encoding an exo B (1-3) glucanase was isolated

from the maize pathogen Cochliobolus carbonum and sequenced. Southern



blotting suggested a single copy of the gene. The gene was disrupted by
transformation-mediated homologous recombination. The mutant lacked the
protein and associated enzyme activity. Culture filtrates of the mutant still
contained 44% of wild type activity when grown on oat bran cereal. This
residual B (1-3) glucanase enzyme activity coeluted from hydrophobic
interaction chromatography HPLC with 8 (1-3)(1-4) (mixed-linkage) glucanase
activity and therefore is due to different enzymes. The mutant grew at wild
type rates on sucrose and oat bran cereal but grew poorly on g8 (1-3) glucan
compared to wild type. The mutant was equally pathogenic on susceptible

maize cultivars.



The larger the island of knowiledge,
The wider the horizon of wonder.
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INTRODUCTION

The plant cell wall is a major barrier to adverse environmental conditions.
During an interaction between a plant and a potential pathogen, the pathogen
can use a number of mechanisms to invade plant tissue, colonize, and obtain
nutrients from plant tissues. Pathogens can enter through natural openings of
the plant such as stomates (i.e. Uromyces appendiculatus: Hoch et al. 1987),
or through the cell wall by mechanical force (Howard & Ferrari 1989) or by
enzymatic degradation (Collmer & Keen 1986). Pathogens can produce cell-
wall degrading enzymes, host-selective toxins, or nonspecific toxins which can
affect plants. In response to pathogen attack, plants can i) alter the
composition of the cell walls, ii) produce enzymes such as chitinases and
glucanases that can degrade the pathogen’s cell wall (Mauch et al. 1988), iii)
produce phytoalexins (Darvill & Albersheim 1984) or iv) produce a

hypersensitive response (Klement 1982).

Callose as a Component of Papillae
One commonly observed plant response to wounding or attempted
pathogen penetration is the production of specialized structures called wound

plugs (in response to wounding) (Currier 1957) or papillae (in response to
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pathogen attack) (Aist 1976). Papillae are wall-like depositions between the
cell wall and the plasma membrane (Aist 1976). Callose (8 (1-3) glucan) is one
of the most common, although perhaps not universal components, of papillae
(Aist 1976; Cadena-Gomez & Nicholson 1987; Hinch & Clarke 1982). Papillae
also can contain pectin, suberin, lignin, proteins and silicon (Aist 1976). The
trigger for papillae induction is not known. Signals can result from mechanical
damage (Bushnell 1972) or chemical signals produced by the pathogen (Aist &
Israel 1977a,b; Skipp et al. 1974).

Based on several lines of evidence, it has been proposed that papillae
may prevent pathogen invasion. For example, Bushnell and Bergquist (1975)
observed papillae formation by barley in response to attempted infection by the
wheat pathogen, Erysiphe graminis f. sp. tritici and therefore concluded that
papillae were important resistance mechanisms of barley to the wheat
pathogen. Vance and Sherwood (1976) determined that reed canarygrass as
well as many other plants in the Gramineae (Sherwood & Vance 1980) produce
papillae in response to attempted infection by noninfecting pathogens such as
Stemphylium botryosum, Helminthosporium maydis race T, and an incompatible
isolate of Curvularia lunata. When papillae formation was inhibited by
cycloheximide, these normally noninfecting pathogens could then successfully
penetrate and produce haustoria. The conclusion from this study was that
papillae are an important component of non-host resistance.

Because callose is a frequent component of papillae, callose is also

thought to protect against pathogen invasion. For example, the nonhost,
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maize, produces callose-containing papillae in response to Phytophthora
cinnamomi and invasion is not significant, whereas in the host, Lupinus
angustifolius, papillae are not produced and infection is successful (Hinch &
Clarke 1982). Stumm and Gessler (1986) observed that cucumber leaves
exhibiting induced resistance produced callose-containing papillae (Binder et a/.
1990) earlier than plants lacking induced resistance and that these papillae
were more efficient in preventing penetration by Colletotrichum laginarium.
Significantly more callose is produced by G/ycine max resistant to Phytophthora
megasperma f. sp. glycinea during attempted infection than by the susceptible
variety and this callose is deposited adjacent to the hyphae of the pathogen
(Bonhoff et a/. 1987). In addition, treatment of resistant barley with the callose
synthesis inhibitor 2-deoxy-glucose resuited in increased infection by Erysiphe
graminis (Bayles et al. 1990). However, in the presence of this callose
synthesis inhibitor, the frequency of haustorium formation by Uromyces vignae
on the nonhost, Phaseolus vulgaris, did not increase, although no callose was
produced (Perumalla & Heath 1989). Therefore, evidence suggests that
papillae are important in some disease interactions.

If callose-containing papillae can act as barriers to pathogens,
degradation of papillae might be important for a pathogen to successfully infect
its host. Van Hoof et a/. (1991) recently purified an exo 8 (1-3) glucanase from
the maize pathogen Cochliobolus carbonum. If callose and papillae are
important in plant protection and if a successful pathogen must enzymatically

degrade them, then perhaps the exo 8 (1-3) glucanase described by van Hoof
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et al. (1991) is an essential pathogenicity factor. To test this hypothesis, the
gene encoding this exo # (1-3) glucanase has been isolated and a strain of this
fungus has been constructed that is specifically mutated in this exo 8 (1-3)

glucanase (Chapter 2).

Induction of Callose Biosynthesis

Callose is found as a minor component of plant cell walls, observed in
pollen tubes (Rae et a/. 1985), sieve plates (Currier 1957), and phloem plugs
(Mangin 1889). However, callose is rapidly produced in vivo at sites of damage
from mechanical wounding (Eschrich & Currier 1964; Brett 1978; Currier
1957), pathogen invasion (Aist 1976), heavy metals (Fincher & Stone 1981),
and heat stress (Majunder & Leopold 1967; McNairn 1972).

In an effort to better understand the regulation of callose biosynthesis,
the enzyme that synthesizes callose has been studied. Originally callose
synthase activity was detected in membrane fractions during efforts to identify
cellulose-synthesizing enzymes (Delmer 1983; Mullins 1990). Cellulose-
synthesizing enzymes are relatively inactive and therefore have been difficult
to analyze. High activity of callose synthase can be obtained from many plant
tissues even if callose is not observed in the tissue from which the membranes
have been isolated. Therefore, cells have tremendous latent ability to make
callose. Callose synthase must be tightly controlied and can be triggered by
wounding, including biochemical extraction techniques.

It has been hypothesized that the enzymes responsible for callose and
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cellulose biosynthesis are the same enzyme (Delmer 1977; Jacob & Northcote
1985). Callose and cellulose synthesis are rarely observed at the same time or
in the same location within the cell. In the cell plate, for example, callose is
deposited before cellulose (Fulcher et a/. 1975), and in pollen tubes, callose is
present in the primary wall and cellulose in the secondary wall (Rae et al.
1985). Callose is rarely observed in intact cells but cellulose biosynthesis has
never been observed in vitro (Amor et al. 1991).

UDP-GIc is the substrate for callose synthase (Tsai & Hassid 1973;
Feingold et a/. 1958; Brett 1978). However, several compounds stimulate
enzyme activity. For example, Ca?* ions and B8-glucosides such as cellobiose
decrease the K,, for UDP-Gic and increase the V,, of the reaction (Delmer
1987b). However, the B-glucoside is not incorporated into the final product
(Hayashi et a/. 1987). Digitonin also increases enzyme activity and although
it contains a f-glucoside linkage, digitonin cannot substitute for cellobiose in the
assay (Hayashi et a/. 1987). In addition, the B-glucoside glucosyl dioleoyl
diglyceride, isolated from mung bean, stimulates callose synthase activity 20-
fold (Callaghan et a/. 1988). Although callose synthase activity can be
enhanced by these various compounds in vitro, it is not clear if they have any
regulatory role in vivo.

To obtain more information about enzymes involved in callose
biosynthesis, several laboratories are trying to purify the enzymes. This has
proven to be quite difficult because the enzymes are membrane-bound and are

composed of several subunits. More progress has been made by studying 8-



7

glucan synthesis in bacteria and fungi. The genes encoding 8 (1-4) glucan-
synthesizing enzymes of the bacterium Acetobacter xylinum have been
identified as an operon of four genes which have been cloned and sequenced
(Wong et a/. 1991; Saxena et a/. 1990,1991). Cyclic diguanylic acid has been
identified as an activator in vivo of A. xylinum B (1-4) glucan synthase (Ross
et al. 1990) and polyclonal antibodies have been produced to the catalytic
subunit (Wong et a/. 1990). These polyclonal antibodies cross-react to plant
membrane proteins (Mayer et a/. 1991). The peptides of cotton that cross-
react to these antibodies also bind cyclic diguanylic acid and contain amino acid
similarity to the A. xylinum protein (Amor et al. 1991).

Girard and Fevré have developed the Oomycetous fungus Sapro/egnia
monoica, as a model system for studying both g (1-3) glucan synthase and 8
(1-4) glucan synthase. The B (1-4) glucan synthase is stimulated by
phosphorylation based on several lines of evidence, i) enzyme stimulation by
ATP but not non-phosphorylating analogues, ii) labelling of peptides by
[32P]ATP, and iii) reduction of 8 (1-4) glucan synthase activity by phosphatase
treatment (Girard & Fevré 1991b). Either the synthesizing enzyme or an
activator of the enzyme may be phosphorylated. In addition, the 8 (1-4) glucan
synthase of S. monoica is activated by cyclic diguanylic acid, an activator of
A. xylinum B (1-4) glucan synthase; therefore, the enzymes of these two
organisms may be related (Girard et a/. 1991). Girard and Fevré (1991a) have
also identified a stimulator of 8 (1-3) glucan synthase from membranes of S.

monoica which has a molecular weight greater than 20 kD and is associated
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with a protein that is not necessary for enzyme stimulation. This may be a
glycoside activator of S. monoica but it is not related to the GTP-dependent
protein required for Saccharomyces cerevisiae B (1-3) glucan synthase (Kang
& Cabib 1986).

Efforts to purify plant 8 (1-3) glucan synthases have resulted in the
enrichment of several peptides (Wasserman et a/. 1992). Subunits have been
partially purified by solubilization of the enzyme from the membranes with
detergents (Wasserman et a/. 1991), product entrapment to enrich for peptides
bound to the glucan (Hayashi et a/. 1987; Frost et a/. 1990), photoaffinity
labelling of enzyme subunits with 5-azido-UDP-Glc (Frost et a/. 1990), and
identifying peptides bound to callose synthase inhibitors (i.e. formaldehyde, 5’
diphospho-pyridoxal (Mason et a/. 1990) and chlorpromazine (B.P. Wasserman;
personal communication)). Sufficient purification of some subunits has been
obtained to try to clone the genes encoding these subunits (B.P. Wasserman;
personal communication) allowing analysis of the callose synthesizing genes
and their regulation.

Ca?* ions improve callose synthase activity and in some cases are
required for activity. Kauss (1987) proposed that callose synthase may be
regulated by Ca?* influx, perhaps by Ca?* channels. Since the activation by
Ca?* is reversible, the effects appear to be due to the allosteric effects of Ca?*
on the enzyme rather than covalent modification (Kauss 1987).

Walton and Earle (1985) determined that victorin-sensitive oat mesophyli

protoplasts produce an extracellular polysaccharide (EPS) in the presence of low
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concentrations of victorin. In Chapter 3 this EPS is identified as callose.
Because victorin causes symptoms of calcium deficiency (Marinos 1962:
Hanchey et a/. 1968), added calcium alleviates the symptoms caused by
victorin and C. victoriae (Doupnik 1968), and because Ca?* levels may regulate
the callose-synthesizing enzyme (Kauss 1987), calcium channel agonists,
calcium channel antagonists, calcium chelators, and a calmodulin inhibitor [also
an inhibitor of callose synthase (B.P. Wasserman; personal communication) and
Mg?*-dependent phosphatidate phosphohydrolase activity (Walton & Possmayer
1989)] were tested for effects on EPS biosynthesis (Chapter 3).

Callose production in response to victorin is related to victorin sensitivity
and C. victoriae susceptibility. Since AICIl, also induces callose in these
protoplasts, the relationship between EPS production and Al tolerance of oats,
barley, and wheat was tested (Chapter 4).

Callose synthase activity appears to be latent in vivo in uninduced
tissues. Perhaps the enzyme is constitutively present but its activity is
regulated by the plant. If this is the case, then the amount of callose synthase
activity isolated from membranes of induced tissue will not differ from that of
uninduced tissue. This was examined using protoplasts to study the callose
synthase activity in microsomes of victorin-treated and untreated protoplasts

(Appendix 1).



CHAPTER 2

The exo B (1-3) glucanase produced by Cochliobolus carbonum
is required for wild type growth on 8 (1-3) glucan

but not for pathogenicity of maize.
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ABSTRACT

The sequences of the N-terminus and of an internal peptide of the exo 8 (1-3)
glucanase of Cochliobolus carbonum were used to design degenerate
oligonucleotides. Genomic DNA and these oligonucleotides were used in a
polymerase chain reaction (PCR) to amplify a 1.1 kb fragment. This fragment
was used as a probe to isolate the genomic copy of the gene, EXG1. The gene
was sequenced. The gene was disrupted by transformation-mediated
homologous recombination using a plasmid containing a fragment from the
coding region and hygromycin resistance as a dominant selectable marker.
Disruption of the exo 8 (1-3) glucanase gene was shown by genomic Southern
blotting. When grown on oat bran cereal, the culture filtrate from this mutant
still contained 44% of the wild type B (1-3) glucanase activity. This enzyme
activity was due to enzymes other than the EXG1 gene product. These other
B(1-3) glucanases coeluted from hydrophobicinteractionchromatography-HPLC
with B (1-3)(1-4) (mixed-linkage) glucanase activities. The mutant caused
disease symptoms similar to wild type isolate 2R15 on susceptible maize. The
mutant was unable to grow in culture as well as the wild type with g (1-3)

glucan as the sole carbon source.

1



INTRODUCTION

Plant cell walls act as a defense or barrier to invasion by pathogens. A
number of cell wall-degrading enzymes have been identified from plant
pathogens including cellulases, xylanases, arabinanases, mannanases, and
galactosidases (Bateman 1964; Bateman & Bassham 1976; Cooper 1984;
Anderson 1978; Van Etten & Bateman 1969). These enzymes have been
studied to understand their role in aspects of pathogenesis, not only in initially
penetrating plant tissue but also in obtaining nutrients, colonizing plant tissues,
causing disease symptoms, and inducing defense responses within the host
plant. Pectolytic enzymes play a role in plant tissue maceration in soft rot
diseases caused by Erwinia species (Collmer & Keen 1986). Pectolytic
enzymes can also release elicitors from the cell wall and thereby induce
phytoalexin biosynthesis (Lee & West 1981; Davis et a/. 1984) and other plant
defenses (Bishop et a/l. 1984; Collmer & Keen 1986). Wood-decaying fungi
produce cell wall degrading enzymes which, in some cases, allow the pathogen
access to nutrients from dead tissue (Liese 1970).

In several examples, molecular genetic approaches have been used to
test the importance of particular enzymes in pathogenicity. Cutinase had been

previously determined to be necessary for penetration of plant tissue by

12
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Fusarium solani f.sp. pisi based on use of cutinase-specific inhibitors (Maiti &
Kolattukudy 1979). However, disruption of this cutinase gene did not affect
the pathogenicity or virulence of this pathogen on pea (Stahl & Schafer 1992).
Scott-Craig et a/. (1990) tested the involvement of endo-polygalacturonase in
pathogenesis by targeted gene disruption. Frequently more than one pathogen-
produced enzyme degrades a particular substrate making it difficult to assess
the importance of a particular enzyme activity without multiple gene
disruptions.

Plant cell wall polysaccharides can be part of an active defense response
of plants. De novo formation of papillae in response to attempted infection has
been correlated with resistance in some diseases (Bushnell & Bergquist 1975;
Hinch & Clarke 1982; see Chapter 1). Callose is a major component of many
papillae (Aist 1976). If callose biosynthesis is an important defensive barrier
against pathogen invasion (Smith 1900; Aist 1976) then it might be beneficial
to a pathogen to be able to degrade callose.

An exo B(1-3) glucanase capable of degrading callose has been purified
from Cochliobolus carbonum (van Hoof et al. 1991). The EXG 17 gene, encoding
the exo B (1-3) glucanase, has been cloned and disrupted in C. carbonum to

determine the role of this enzyme in the infection of maize by this pathogen.



MATERIALS AND METHODS

Fungal cultures. Cochliobolus carbonumisolate 2R15 (recently renamed isolate
SB111) was stored and grown in still culture as described (Walton & Cervone
1990). Growth of mycelia for protoplast and DNA isolation was by the method
of Scott-Craig et al. (1990). Fungal growth for isolation of 8 (1-3) glucanase
was as previously described (van Hoof et a/. 1991) on MS medium containing
0.2% sucrose and 1% oat bran cereal (Quaker oat bran cereal; Quaker Oats
Co., Chicago, IL: referred to as oat bran in the text). MS medium contained,
per liter, 2 g yeast extract, 0.181 g MgSO,, 0.149 g KCI, 1 g (NH,),SO,, 0.65
g KH,PO,, 1 ml trace element stock (per 100 ml 0.1 g MnSO,H,0, 0.1 g boric
acid, 0.01 g CuSO,, 0.01 g ZnSO,H,0, and 2 g FeSO,). Growth of C.
carbonum isolate 2R15 and the exo B (1-3) glucanase mutant were compared
in 30 ml MS medium in 250-ml flasks supplemented with 2% sucrose, 1% oat

bran, or 1% laminarin (Sigma).

Isolation of the Exo B(1-3) Glucanase Gene. Peptide sequences of the N
terminus (AIVDGYWLNDLSGK) and an internal fragment (SKPQYETL) of the
exo B(1-3) glucanase (van Hoof et a/. 1991) were reverse translated and
degenerate oligonucleotides were synthesized (Biochemistry Macromolecular
Synthesis Lab, MSU). Oligonucleotide 1 was a 128-fold degenerate 17-mer,
TAYTGGYTNAAYGAYYT synthesized as the coding strand; and oligonucleotide

2 was a 64-fold degenerate 17-mer, GTYTCRTAYTGNGGYTT, synthesized as

14
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the noncoding strand of the internal peptide fragment. (N indicates A,C,G, or
T, Y indicates C or T; R indicates A or G;) These oligonucleotides (100 pmoles)
were used as primers in the polymerase chain reaction (PCR; Perkin-Elmer Cetus
DNA Thermal Cycler;Perkin-Eimer Corp., Norwalk, CT) using 100 ng C.
carbonum isolate 2R15 genomic DNA as the template. The reactions also
contained 50 yM each of dATP, dCTP, dGTP, and dTTP, 10 ul 10x buffer, and
1 U Taq polymerase. PCR conditions were as follows: 94°C for 3 min to
denature the template, 40 cycles of denaturation at 94°C for 1 min., annealing
of primers at 50°C for 2 min, and extension at 72°C for 3 min. This was
followed by 72°C for 7 min. to complete DNA extension. DNA was size
fractionated by agarose gel electrophoresis in 1x TAE buffer (Sambrook et al.
1989). The 1.1 kb PCR product was used as a probe to screen a genomic
library. Hybridizing plaques were isolated and inserts from these phage

particles were cloned by standard methods (Sambrook et a/. 1989).

DNA Methods. Fungal DNA was isolated by the method of Yoder (1988).

DNA was transferred from agarose to Zetaprobe (Bio-Rad; Richmond CA) by the
method of Reed and Mann (1985). DNA probes were labelled by the primer
extension method of Sambrook et al. (1989). Southern blots were
prehybridized and hybridized at 65°C using 10°-10° cpm/ml of probe
(Sambrook et a/. 1989). The C. carbonum isolate 2R15 genomic library was
made by standard procedures using lambda EMBL 3 (Scott-Craig et a/. 1990)

and was screened by the method of Sambrook et a/. (1989).
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DNA Sequencing. DNA sequence was determined by the dideoxy-method
(Sanger et al. 1977) using Sequenase (United States Biochemicals) and the
manufacturer’s protocol using double stranded DNA prepared by the method

of Sambrook et al. (1989). DNASIS software was used for sequence analysis.

Transformation-Mediated Gene Disruption. The vector used for transformation
(pPHG1) was made by cloning a fragment of pUCH1 containing the gene
encoding hygromycin phosphotransferase (Turgeon et a/. 1987) into Bluescript
(Stratagene) containing an internal 0.3 kb C/a | fragment of the exo 8 (1-3)
glucanase gene. Protoplasts were isolated from mycelial cultures of C.
carbonum isolate 2R15 methods similar to Panaccione et a/. (1988) using 1%
Novozym 234 and 1% Driselase. These protoplasts were transformed with
pHG1 as previously described (Scott-Craig et a/. 1990) after complete digestion

at the unique Bg/ |l site internal to the C/a | fragment.

Analysis of Putative Transformants. Single conidia of transformants were
selected on 10 ug/ml hygromycin to ensure nuclear homogeneity. Maize
cultivar Pr x K61 plants were inoculated with conidial suspensions (10*
conidia/ml) of C. carbonum isolate 2R15 and two independent transformants
(T1 and T3). Disease progression was evaluated daily. The fungus was
reisolated from the plant to ascertain that the transformants had remained

resistant to hygromycin after growth on the plants.
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Purification of the Exo 8 (1-3) Glucanase Enzyme. Exo S(1-3) glucanase was
purified from C. carbonum 2R15 wild type and transformant by methods of van
Hoof et a/. (1991). The concentrated fraction was separated by HIC-HPLC
using the method of van Hoof et a/. (1991) with the modification that the
concentrated fraction was not fractionated by anion exchange HPLC prior to
HIC (hydrophobic interaction: Biogel TSK-Phenyl-5PW, BioRad, Richmond, CA)-

HPLC.

B (1-3) Glucanase assays. Enzyme activity was determined by the method of
van Hoof et a/. (1991) using the reducing sugar assay of Lever (1972).
Routinely, the assays were started by adding 60 ul 1% laminarin to 300 ul
containing 50 ul of enzyme preparation and all other components of the
reaction. After 20 min incubation, 25 ul of the reaction was added to 1.5 mi
p-hydroxy benzoic acid hydrazide. Mixed-linkage glucanase was determined by

the same method using B(1-3)(1-4)glucan (Sigma) as the substrate.

Chemicals. 7aqg DNA polymerase, and restriction enzymes were obtained from
Boehringer Mannheim. Novozym 234 was purchased from Novo Nordisk
Biochemicals. Driselase, DEAE cellulose, and p-hydroxy benzoic acid hydrazide
were purchased from Sigma. Hygromycin was obtained from Calbiochem, and
ampicillin from US Biochemicals. [*?P]-alpha-dCTP, 800 Ci/mmol, and [*®S]-
alpha-dATP, 1400 Ci/mmol, were purchased from New England Nuclear. All

other supplies were molecular biology or reagent grade.



RESULTS

Probe and gene isolation. Degenerate oligonucleotides 1,
TAYTGGYTNAAYGAYYT, and 2, GTYTCRTAYTGNGGYTT, amplified a single
1.1 kb PCR product using C. carbonum 2R15 DNA as the template at a 50°C
primer annealing temperature. This PCR product hybridized to a single band in
each lane of a genomic blot of C. carbonum isolate 2R15 DNA (Fig. 1). The
single band of hybridization in each lane indicated that a single 1.1 kb PCR
product was obtained lacking these restriction sites and is consistent with a
single copy of this sequence in this fungal strain. This PCR product was then
used to isolate genomic clones and a 9.8 kb Bam HI and 2.8 kb Sa/ | fragment
that hybridized to the PCR product were subcloned. Both strands of a 2.8 kb
region were sequenced (Fig. 2). The oligonucleotides used for PCR and the
DNA sequences encoding the peptide sequences were located within this
fragment 1.18 kb apart (Fig. 2). The amino acid sequence was deduced from
the nucleic acid sequence in the reading frame containing the peptide fragments
determined directly (boxed amino acids, Fig. 2). The peptides used to design
the PCR primers are in different reading frames and there are two stop codons
between them. Therefore, an intron may be spliced from within the PCR-
amplified region. Based on the consensus sequence of introns (Ballance 1991)

there are potential splice sites which would remove a 152 bp intron and place
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Figure 1: Genomic Southern blot of Cochliobolus carbonum. Isolated DNA was
digested with various restriction enzymes, separated by gel electrophoresis,
blotted to nylon membrane and probed with the 1.1 kb PCR product. B=Bam

HI, V=Eco RV, X=Xho |, E=Eco Rl, S=Sal |.
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Figure 2: Nucleotide sequence of the genomic copy of the exo £ (1-3)
glucanase gene. Restriction sites: Bold =intron splice consensus sequences,
boxes = peptide sequences determined directly, underline = putative introns.

Nucleotide sequence is written above the amino acids it encodes.
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AAAAGACGCAAGACATGGAGCCACCCAAATGGCCGCATGTGTAGTCGCGCACCAAGAGTG 60
CAAACCATACCTCCGTGTGACCTTTGAGCGGGAGCCAGTAAGGAATCCTGACCGGGTCCT 120
GCCTGTTTGTGAGCTGCTCCGGGGAGTGTTCATCCTCGATCCACCCGGTGTAGTGAACGT 180
CGCGTTTACACGATGATAAAACCGGGGCTACAAGGAATGTGTTGACAGAATACTTAAATA 240
GAGAGCATCACCTGCCTTTGAGACATTCCCATCTCTACTACGCTCTACATTTCCTTGTAT 300
AAAGTGTCCTTCAATTCACTTTGCTGCTCAATCGGAAATCTGCTGGTCTGAAGTTCACGA 360
GCATGCGTTTTTCTTCTTTGCTCGCCTGCCTAGGTGCAGTCGGCAT TCAAGCCGCTGCTA 420
MRFSSLLACLGAVGIQAARI
TACGTACGAAGATGTCTTCCGCTTTACAACTCCTGGTTACTGACACTTTGTAGCATTCCA 480
R T K1
AAGGCGTGT YGATAACACTACCGACAGTGGAAGTCTTGATGCTGCTCAAGCTGCGGCTGC 540
6 S LDAAQARANRK
TATAGTCGATGGCTACTGGCTAAACGATCTCTCCGGCAAAGGCAGAGCCCCTTTTAACAG 600
¢ GRAPF NS
CAACCCGAACTACAAGGTCTTCCGAAATGTCAAGGAT TACGGAGCGAAGGGTAABCAATT 660
NP NYKVFEENVKDYGAKA
ITTTTTCACATTGATCTTGAGGATATAACTAACCGATTTGTAGGTGACGGTGTCACTGAG 720
TGATGCCTTCAACCGTGCCATCTCTGACGG TTGCGGCCCAT
GACTCGTCAACTGACAGCCCAGCTGTTGTTTACGTGCCTTCTGGAACCTATCTCATCAAC 840
VVYVPSGTYLTIN
AAGCCCATCATCTTCTACTACATGACTGCTCTCATCGGCAACCCCCGCGAACTTCCCGTC 900
KPI1II1FYYMNTALIGNPRETLTPYVY
CTCAAGGCTGCATCTTCACTCCAAGCTCTTGCTCTGATCGACGGAAGCCCCTACAGCAAC 960
LKAASSLQALALIDGSPYS SHN
CAAAACGGTGAGCCCGGCTGGATCTCAACCAACTTGTTCTTGCGCCAAATCCGCAACTTG 1020
Q NGEPGWISTNLTFLRGIRNL
ATCATCGATGGCACTGCTGTTGCACCAACATCGGGT TTCCAGGCTATCCATTGGCCCGCC 1080
1 1 DGTAVAPTSGFQATLIHNWWEPA
TCTCAAGCCACCACGATCCAAAATGTCAAGATCCGCATGACACAGGCGTCCAACTCTGTT 1140
$ QAT TIQNVKIRMKMT QASNSYV
CACGCTGGTATCTTTGTCGAGAATGGATCTGGCGGTCATATGGCCGACCTCGACATCACC 1200
HWAGTIFVENSGSGGHMNADLDTIT
GGTGGTCTGTACGGCATGAACATTGGCAATCAGCAGT TCACCATGCGTAACGTCAAGATC 1260
G GLYGMNTIGNR G QFTMRNVKI
TCCAAGGCTGTCGTCGGTATCTCACAAATCTGGAACTGGGGCTGGCTGTATTCTGGTCTC 1320
S KAVVGISQIWNWGEGWLYSGHL
CAGATCAGCGACTGCGGCACTGCTTTCTCCATGGTTAACGGTGGCTCTGCTGGCAAACAG 1380
QI $DCGTAFSMHYVNGGSAGEKDS
GAGGTTGGCTCCGCCGTCATCATCGATTCTGAGAT TACCAACTGCCAAAAGTTTGTCGAC 1440
EVGSAVIIDSETITNCQKTFUVD
TCAGCATGGTCGCAGACCAGCAACCCTACCGGT TCCGGCCAGCTCGTCATTGAGAACATC 1500
$ AW S QTS NPTGSGAQLVIENI
AAGCTCACCAACGT TCCCGCTGCTGTTGTCAGCAATGGCGCCACTGTCCTCGCTGGCGGE 1560
KLTNVPAAVYSNGATVLAGE
TCTCTTACCATCCAGACCTGGGGTCAGGGCAACAAGTACGCACCCAACGCATCTGGCCCA 1620
S LTI QT WGQGNKYA APNASGEGHE®P
TCCAAGTTCCAGGGCGCCATCAGCGGTGCCACTCGTCCCACTGGTCTCCTCCAGAACGGE 1680
S KFQGAISGATRPTGLLO QNG G
AAGTTCTACTCCAAGTCGAAGCCACAGTACGAGACTCTCAGCACTTCAAGCTTTATCAGT 1740
kK § ; STSSFI1S
GCCCGCGGTGCAGGTGCAACCGGTGATGGTGTCACTGACGACACACGCGCCGTCCAGGCT 1800
ARGAGATGDGV T TDDTRAVA QA

1800 GCCGTCACTCAGGCCGCGTCTCAGAACAAGGTCCTCTTCTTCGAGCACGGCGTCTACAAG 1860

1861

1921
Figure 2,54,

A VT QAASQQNKVYVYLTFTFEWMHKWGYVY VYK
GTCACCAACACCATCTACGTTCCCCCCGGCTCCCGCATGGTCGGTGAGATCTTCTCCGCC 1920
VT NTI1IVYVPPGSRMVYGETITFSA
ATCATGGGCTCTGGCAGCACCTTCGGCGACCAAGCAACCCCGTCCCCATTATCCAAATCG 1980
I M G S 6 ST FGDAQATPSPL SKS
GCAAGCCCGGCGAGTCCGGCAGCATCGAGTGGTCCGACATGATTGTCCAGACCCAAGGCG 2040
A S PASPAASSGPT



22

these peptides in the same reading frame without stop codons between them
(Fig. 2). The exact ATG start of the protein cannot be determined because the
mature protein appears to be post-translationally processed; there are stop
codons in the reading frame near the N-terminus of the mature protein.
However, there are potential intron splice sites which would remove 74 bp,
bringing a Met into frame with the other peptides and removing stop codons
(Fig. 2).

Gene disruption. C. carbonum isolate 2R15 was transformed using the vector
pHG1. Hygromycin-resistant transformants were analyzed for changes in the
restriction pattern of DNA isolated from the transformants and wild type (Fig.
3A). The results are consistent with multiple insertions at the Bg/ Il site (Fig.
3B,C) and disruption of the gene.

Properites of transgenic fungus. a: enzyme activity in the mutant. Culture
filtrates from the transformant still contained the ability to degrade laminarin (8
(1-3) glucan). After concentration and dialysis of the culture filtrate, the
transformant contained 44% of the activity of the wild type per unit protein.
The culture filtrate was chromatographed on DEAE-cellulose with a 0.4 M KCI
step gradient. All fractions (including the void volume of the wild type)
containing enzyme activity were collected, pooled and 0.5 mg protein was
fractionated by HIC-HPLC. A peak of UV absorption and a peak of enzyme
activity eluted at 33 min in the wild type enzyme preparation (Fig. 4A),
consistent with the properties of the enzyme when purified by van Hoof et al.

(1991). This peak of UV absorption was absent in the transformant and the
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Figure 3: A: Genomic Southern blot of transformants. DNA was isolated from
C. carbonum wild type (WT) and transformant (T1; T3), digested with Eco RV
or Hind 1ll, blotted to nitrocellulose and probed with the 0.3 kb C/a | fragment

of the exo B8 (1-3) glucanase gene. B: Restriction pattern expected in wild type

and transformant after £co RV digestor C: Hind lll. = = 0.3 kb C/a | fragment

used as the probe.
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Figure 4: Characterization of 8 (1-3) glucanase activities by HIC-HPLC. Wild
type (A) and mutant T1 (B) enzyme preparations were fractionated by HIC-

HPLC and fractions were assayed for B (1-3) glucanase activity. C)
Mixed-linkage glucanase activity of HIC-HPLC fractions. (-®-=wild type;

X =mutant; enzyme activity in OD,,,/ul fraction).
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33 min fraction of the transformant contained only 2% of the enzyme activity
of the wild type (Fig. 4B). Therefore, the gene has been successfully disrupted
and the transformant does not produce the exo B (1-3) glucanase that was
purified. However, in assaying the other fractions from HIC-HPLC, activity was
located in fractions eluted at 28 min and at 31 min in both wild type and
mutant preparations (Fig. 4A,B). These fractions also contain 8 (1-3)(1-4)
(mixed-linkage) glucanase activity which is absent in the 33 min fraction (Fig.
4C). Therefore, the B (1-3) glucanase activity observed in the mutant is not
from the exo B (1-3) glucanase activity but from different enzymes that coelute
with B (1-3)(1-4) glucanases.

b: disease. Susceptible maize plants that had been inoculated with mutants
(T1, T3) or wild type (2R15) showed no differences in the rate of development
or severity of disease (Fig. 5). Since mycelia isolated from the plants infected
with the mutants were still hygromycin resistant, this disease progression was
not due to reversion of the mutant.

c: growth in culture. The mutant grows equally well as wild type on 1% oat
bran or 2% sucrose (Fig. 6). The mutant’s ability to grow on 1% laminarin was

reduced by 65% (Fig. 6,7).

DISCUSSION

The gene encoding the exo B (1-3) glucanase produced by C. carbonum

h as been disrupted by transformation-mediated homologous recombination.
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Figure 5: Pathogenicity of wild type and mutants. Two-week old
Pr x K61 plants were infected with conidia of C. carbonum isolate 2R15 (wild
type) or mutants (2R15 T1 or 2R15 T3). The photograph shows the plant 6 d

following infection.
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Figure 6: Comparison of growth of mutant and wild type on several media. MS
media containing as carbon source 2% sucrose, 1% oat bran, or 1% oat bran
were inoculated with wild type (2R15) or mutant (T1) and growth as dry mat

weight was compared after 4 d and 8 d (+1 SE (n=2)).
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Figure 7: Growth of mutant and wild type C. carbonum on laminarin. MS

media containing 1% laminarin as carbon source was inoculated with C.

carbonum isolate 2R15 or mutant T1. The photograph shows fungal growth

after 5 d.
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This enzyme is not required for pathogenicity of C. carbonum on susceptible
varieties of maize (Fig. 5) but is necessary for wild type growth on 8 (1-3)
glucan (Fig. 6,7). However, other enzymes are produced by this fungus which
are capable of degrading laminarin in enzyme assays and coelute with mixed
linkage (8 (1-3)(1-4)) glucanases. These mixed-linkage glucanases may be
capable of degrading both £ (1-3) glucans and mixed-linkage glucans or there
may be two different enzymes in these fractions. The remaining 8 (1-3)
glucanase activity in the mutant may be important to the plant-pathogen
interaction and therefore compensate for the absence of the exo £ (1-3)
glucanase during infection of susceptible maize.

The B (1-3) glucanases (possibly the mixed-linkage glucanases) clearly
cannot convert laminarin to compounds capable of supporting fungal growth
(Fig. 6,7). However, the mutant grows as well as the wild type on oat bran as
a carbon source (Fig. 6). If the mixed-linkage glucanase can degrade £8 (1-3)
glucans then one reason for the decreased growth may be that the mixed-
linkage glucanases are induced when the fungus is grown on oat bran, which
contains mixed-linkage glucans, but cannot be induced by g (1-3) glucans
alone. Alternatively, the mixed-linked glucanases may not be able to degrade
the laminarin to saccharides small enough to be metabolized.

The 28 min and 31 min fraction containing B (1-3) glucanase and

£ (1-3)(1-4) glucanase activity were not identified during the original purification
of the exo B (1-3) glucanase (van Hoof et a/. 1991). However, the overall yield

of 8 (1-3) glucanase was only 32% (van Hoof et a/. 1991). Some of the lost
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enzyme activity may have been due to these other enzymes. Since "enzyme
preparations up until the anion exchange HPLC fractionation did degrade mixed-
linked glucan" (van Hoof et a/. 1991), these enzymes must have been
separated from the enzyme preparation fractionated prior to HIC-HPLC.
Analysis of the mutant allowed the identification of these other enzymes able
to degrade B (1-3) glucans (Fig. 4C). In addition, we were not trying to purify
the enzyme and therefore reduced the losses in enzyme activity while trying to
identify the remaining laminarin-degrading enzymes.

Exo B (1-3) glucanase is not required for pathogenicity of C. carbonum
on maize. However, we cannot conclude that the ability to degrade 8 (1-3)
glucans is not important to pathogenicity. As a result of the disruption of the
exo B (1-3) glucanase it is now known that other enzymes can degrade this
substrate. Since many monocots cell walls contain mixed-linkage glucan
(Stinard & Nevins 1980; Henry & Stone 1982), these enzymes may also play
a role in cell wall degradation if they are capable of degrading both substrates.
The ability to degrade both a component of the cell wall and a potential defense

response polysaccharide may make these enzymes important to pathogenicity.



CHAPTER 3

Victorin induces mesophyll protoplasts of susceptible oat varieties

to produce an extracellular (1-3) 8-p-glucan (callose)
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ABSTRACT

Victorin induces mesophyll protoplasts of susceptible varieties of oats to
produce an extracellular polysaccharide (EPS) (Walton & Earle 1985. Planta
165:407). A number of other chemicals were tested for ability to induce EPS
synthesis. The trivalent salts of Al, Gd, In, Y, and Yb also induced EPS
synthesis but those of Sc, Fe, Ga, Cr, and La do not. Digitonin induced EPS
synthesis but four other detergents tested do not. Based on chemical analysis,
EPS induced by AICI, is composed solely of glucose in 1-3 linkages. This is
consistent with previous data that Sirofluor and Calcofluor fluoresce in the
presence of EPS and that EPS is degraded by laminarinase (8 (1-3) glucanase)
and crude hemicellulase but not pectinase (polygalacturonase). EPS is a (1-3)
B-D-glucan (callose). A number of studies have suggested that Ca?* is involved
in the response of susceptible oats to Cochliobolus victoriae and to victorin.
Furthermore, callose synthase has been hypothesized to be regulated by Ca?*.
Calmodulin inhibitors, calcium channel agonists and antagonists, calcium
chelators, and calcium ionophores neither prevented the induction caused by
victorin nor induced EPS synthesis by themselves. Removal of calcium from
the external medium did not affect EPS production. Overall, no evidence for

the direct involvement of Ca2* in victorin-induced callose synthesis was found.
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