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The inoculation of pea endocarp tissue with the bean
pathogen Fusarium solani f. sp. phaseoli results in a non-
host resistance response causing a complete cessation of
fungal growth within 6 to 8 h. In addition to previously
reported elicitation by chitosan, we now report that com-
ponents of this response are also induced by a DNase re-
leased from this fungus. A single band of protein corre-
sponding with DNase activity elicits phytoalexin produc-
tion and the accumulation of RNA homolegous with the
pathogenesis-related (PR) genes DRR49, DRR206, and
DRR230. Both the enzyme activity and the eliciting po-
tential of the Fusarium DNase (Fsp DNase) are heat stable
but susceptible to digestion by proteinase K. Fsp DNase
mimics the intact fungus in inducing resistance against F.
solani f. sp. pisi. Also, Fsp DNase causes similar cytologi-
cally detectable changes in pea tissue, such as increasing
hypersensitive discoloration and diminishing fluorescence
of Hoechst 33342—stained nuclei and fluorescein diacetate
stained cells.

Additional keywords: fungal elicitor, hypersensitive response,
plant defense.

Nonhost disease resistance is considered to be resistance
expressed against plant pathogenic organisms not adapted to
the host plant. Although the genetics of nonhost resistance
have not been defined with the precision of those of race-
specific resistance (Hadwiger and Culley 1993), the defense
genes expressed in the nonhost resistance response of peas
are some of the same genes ultimately activated in race-
specific resistance (Daniels et al. 1986; Hadwiger et al. 1992;
Wagoner et al. 1982). Some of these host genes have been
cloned and characterized (Chang et al. 1992, 1993a, 1993b,
1995; Chiang and Hadwiger, 1990, 1991; Culley et al. 1995;
Fristensky et al. 1985, 1988). However, much remains to be
known about how the fungal genes of the pathogens and their
protein products signal activation of the plant defense genes.
Here we report that a single fungal protein of known function
has the potential to signal this activation.

Proteins appear to employ multiple routes in eliciting de-
fense responses. The soybean enzyme B-1-3-endoglucanase
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can digest fungal cell walls to release phytoalexin eliciting
glucans (Keen and Yoshikawa 1983). The pea enzymes f3-
glucanase and chitinase release chitosan-like oligomers from
Fusarium solani macroconidia that elicit pisatin production in
peas (Kendra et al. 1989). Certain bacterial pathogens can
release proteins termed “harpins” that appear to be required
for the hypersensitive response (HR) (He et al. 1993). The
fungal pathogen Rhynchosporium secalis releases the peptide
NIP1 that elicits defense reactions in barley (Hahn et al.
1993). Erwinia carotovora subsp. carotovora produces a va-
riety of exo-enzymes, of which pectate lyase and polygalac-
turonase, but not cellulase, promote increased f-1,3-
glucanase mRNA accumulation in tobacco (Palva et al. 1993).
Some proteins (peptides) are specifically encoded by aviru-
lence genes (Van den Ackerveken et al. 1992) or toxin genes
(Wolpert et al. 1994) of the pathogen.

The bean pathogen Fusarium solani (Mart.) Sacc. f. sp.
phaseoli (Burkholder) W. C. Snyder & H. C. Hans. produces
a heat stable extracellular DNase (Fsp DNase) capable of
making random single-stranded nicks in single- or double-
stranded DNA (Gerhold et al. 1993). Increases in this DNase
activity are induced when the fungus contacts pea endocarp
tissue or when it is subjected to nutrient starvation in culture.
The DNase activity from F solani f. sp. phaseoli is released
from intact fungal cells and can be detected within the nuclei
of pea pod tissue 6 h after inoculation (Gerhold et al. 1993).
This raises the possibility that this enzyme is one of the com-
ponents responsible for the structural alterations of nuclei
detectable microscopically in infected pea tissue (Hadwiger
and Adams 1978) and the corresponding increase in disease
resistance response (DRR) gene transcription (Chang et al.
1993a). We now report that the treatment with Fsp DNase of
endocarp tissue increases production of pisatin and accumu-
lation of RNAs homologous with three DRR genes previously
shown to be elicited by the fungus or by DNA-specific com-
pounds that affect DNA conformation (Loschke et al. 1983;
Fristensky et al. 1985; Hadwiger, 1988).

RESULTS

Fsp DNase elicits pisatin production.

An extracellular DNase from F solani f. sp. phaseoli (Fsp
DNase) has been previously characterized and partially puri-
fied (Gerhold et al. 1993). This enzyme activity is present in
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cell-free filtrates from fungal cultures that have attained
maximal growth in nutrient depleted media. Pure enzyme was
isolated from the culture medium following filtration to re-
move fungal tissue, heat treatment, ammonium sulfate frac-
tionation, isofocusing, and sodium dodecyl sulfate (SDS) gel
electrophoresis (see Materials and Methods). The enzyme
eluted from an acrylamide gel strip was reconstituted follow-
ing SDS removal and was shown to retain some enzyme ac-
tivity (~5 enzyme units pl™") (see Materials and Methods) as
well as the potential to elicit pisatin production of 13 pg per
g™! of tissue within 24 h after treatment of pea endocarp tis-

Table 1. Fusarium (Fsp) DNase as an inducer of pisatin in immature pea
pod endocarp tissue

Pisatin, pg/g

Treatment?® Concentration fresh weight® HR"
H,O 0 -
Fusarium solani {. sp. 5.5x 10° pl! 201 =1 +
phaseoli spores
Fsp DNase in H,0 64 units pl™! 97 %7 +
32 units pl! 545 ++
16 units pl™! 22+4 -
8 units pl~! 252 st
4 units pl™! 16+3 -
2 units pl! 9+5 -
1 units pl-! 9+2 -
Fsp DNase in 20 mM MnCl, 64 units pl™! 96+ 5 +++
32 units pl-! 33+5 +++
16 units pl™! 73+3 +
8 units pl™! 52+18 ++
4 units pl™! 507 +
2 units pl! 29+1 -
1 units pl™! 252 -
F. solani f. sp. phaseoli 5.5x 10% pl! 176 + 8 +++
spores in 20 mM MnCl,
MnCl, (20 mM) 62 -

* The endocarp surface of pea pods (0.3 g fresh weight) was treated with
100 ul of the enzyme preparation (purified through isofocusing) or
controls and incubated for 26 h at 22°C.

® Hypersensitive response. After 24 h: +++ = HR observed as one in-
tensely yellow-green cell per 2 normal surface cells; ++ = one yellow-
green cell per 20 normal cells; + = scattered, light yellow-green cells; —
= all surface cells appear normal; sl = slight coloration.

Table 2. Effect of EDTA (in vivo) on the induction of pisatin by
Fusarium solani f. sp. phaseoli (Fsp) DNase

Treatment? Elicitor Pisatin pg/g
concentration fresh weight

H,0 e 0

H,0 + 10 mM EDTA® ces 0

F. solani f. sp. phaseoli 3.6 x 10° spores ml™! 173+ 8°

F. solani f. sp. phaseoli + 3.6 x 10% spores ml™! 189 + 26

10 mM EDTA

Fsp DNase 32 units pl™! 49+12

Fsp DNase + 10 mM EDTA 32 units pl™! 0

Fsp DNase 16 units pl™! 280

Fsp DNase + 10 mM EDTA 16 units pl™! 0+0

Fsp DNase 8 units pl™! 43+13

Fsp DNase + 10 mM EDTA 8 units pl™! 1x1

Fsp DNase 4 ynits p1™! 25+8

Fsp DNase + 5 mM EDTA 4 units pl™! 2%2

sue. Table 1 relates the phytoalexin-inducing potential of the
Fsp DNase activity present following purification through the
isofocusing step. This enzyme (64 units pl™') is capable of
eliciting pisatin accumulation of 97 ug per g of tissue after 24
h (Table 1). Within 24 h of Fsp DNase treatment, patterns of
endocarp epidermal cells become yellow-green in an HR
similar to those observed in the pea’s response against intact
Fusarium macroconidia. The intensity of this hypersensitive
discoloration increases (Table 1) when the enzyme treatment
is supplemented with MnCl,, previously shown to increase
the catalytic activity of the enzyme in vitro (Gerhold et al.
1993). Although the manganese supplement produced no
further increase in the maximum level of pisatin accumula-
tion, it augmented the pisatin levels elicited by lower concen-
trations of the enzyme and generally enhanced the intensity of
the HR.

In an alternative effort to examine the necessity for DNase
catalytic activity in the elicitation of pisatin, the effect of
complexing divalent cations with EDTA was evaluated (Table
2). It was previously reported that 10 mM EDTA completely
inhibits the single-stranded DNA nicking action of Fsp
DNase in vitro (Gerhold et al. 1993). EDTA (10 mM) applied
to the endocarp surface simultaneously with eliciting concen-
trations of Fsp DNase also negated the pisatin-eliciting action
of this enzyme. In contrast, EDTA did not inhibit the ability
of E solani f. sp. phaseoli spores to induce pisatin produc-
tion. In subsequent experiments, utilizing treatments with
lower spore concentrations, the level of pisatin accumulation
was significantly reduced by EDTA but not eliminated, indi-
cating the presence of other fungal elicitors not requiring
metal complexes.

Proteinaceous nature of the DNase elicitor.

The Fsp DNase activity is stable to 100°C temperature but
not to proteinase K (Gerhold et al. 1993). Therefore to de-
termine if the pisatin-eliciting potential is stable to protease
digestion, the isofocused DNase-active fractions were tran-
siently exposed to proteinase K linked to acrylamide beads
for 1 h at 65°C. The proteinase K treatment destroyed the in-
ductive properties of the Fsp DNase active fraction, indicating
the proteinaceous nature of the elicitor (Table 3). Both the
enzymatic activity of Fsp DNase assayed in vitro and the po-

Table 3. Destruction of the phytoalexin eliciting potential of Fusarium
solani £. sp. phaseoli (Fsp) DNase by proteinase K

Prior treatment Pisatin pg/g
Elicitor of elicitor fresh weight
H,O None 0
Fusarium solani (4.5 x None 291 +1

107 spores)
H,0 Proteinase K beads only 6+1
65°C,1h
Fsp DNase Digestion with Proteinase 4+4
K beads 65°C, 1 h?

Fsp DNase only 65°C1h* 43+13
Fsp DNase only None 59+34

# The endocarp surface of pea pod halves (0.5 g) was treated with 200 pl
of the indicated concentrations of fungal spores or Fsp DNase (from 35
to 70% ammonium sulfate fractionation after dialysis) and adjusted to
the indicated molarity of EDTA immediately before use.

b Pisatin accumulation after 24 h presented as the mean and mean devia-
tion of two samples.
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® Fsp DNase active fractions (70 units pl™') recovered from the isofocus-
ing step of purification (see Materials and Methods) were subjected to
digestion with approximately 0.5 units of proteinase K-acrylic beads
(Sigma P-0803). The beads were precipitated and removed following
digestion; 100 ul of each treatment was applied to the endocarp surface
of 0.25 g of pea pods for 24 h at 22°C.



tential to stimulate pisatin accumulation are retained at this
incubation temperature in the absence of proteinase K treat-
ment. It remains to be determined unequivocally if the elici-
tation is dependent on the enzyme activity per se or simply its
secondary protein structure.

Protein concentration and specific activity
of the DNase elicitor.

An earlier report indicated moderate pisatin production in
peas can be stimulated 24 h after treatment with high concen-
trations (1 mg ml™") of basic proteins, such as poly-L-lysine or
cytochrome C (Hadwiger et al. 1974). Conversely, many non-
basic proteins with known biological functions did not elicit
pisatin accumulation. For example, a serum albumin concen-
tration of 1 mg ml™' did not elicit pisatin accumulation. The
elicitations of pisatin production by basic proteins and poly-
mers such as chitosan may be attributable to their abundant
positive charges.

Are the nuclease units applied to pea endocarps within the
same magnitude as the Fsp DNase units generated in a spore
inoculum and are they biologically significant? The pisatin
production—inducing Fsp DNase elicitor obtained from cul-
ture filtrates or from spore suspensions following contact with
pea lissue contained concentrations of total soluble protein
below 1 mg ml™". The crude enzyme activity accumulating in
the supernatant of a spore suspension (2 x 10’m1™') 4.5 h af-
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Fig. 1. A slot blot of 8 pg of total RNA from 0.3 g of pea pods treated
with 100 pl of H,0, Fusarium solani f. sp. phaseoli spores or dilutions
of Fusarium (Fsp) DNase or micrococcal DNase, hybridized with probes
for pea disease resistance response (DRR) genes 230, 206, and 49 (see
Materials and Methods). The pH1 probe is from a bean cDNA clone
often utilized for the constitutive control (Lawton and Lamb 1987).
RNAs in lanes 1 and 2 were extracted from water-treated pods at 0 and 8
h, respectively. Lane 3, 8-h treatments with F solani f. sp. phaseoli
spores (3 x 10° mI™); lane 4, Fsp DNase 100 units pl'; lane 5, 50 units
pl"; lane 6, 25 units pl'; lane 7, 12 units pl°'; lane 8, 6 units pi™'; lane
9, micrococcal DNase 25 units; lane 10, micrococcal DNase 2 units. Fsp
DNase units are described in Materials and Methods. Micrococcal
DNase units (1 unit will produce 1.0 pmole of acid soluble polynucleo-
tide from native DNA min™') represent total units applied per sample.

B B

ter contact with the endocarp tissue is 8 DNase units pl™' in a
solution of 0.675 pg of protein pI™' (sp. act 11.8 units pg™*
protein). The projected DNA plasmid linearization capability
from each spore in this suspension is 40 pg of DNA in | h.
Each pea nucleus contains 12.6 pg of DNA. DNase from the
culture filtrate purified through the isofocusing step contains
680 DNase units per =g of protein. Because this purified
elicitor is low in protein and high in DNase activity, the elicit-
ing action may result more from the high catalytic activity of
DNase than a noncatalytic charge effect attributable to the
protein per se.
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Fig. 2. The time course of accumulation of RNAs homologous with dis-
ease resistance response (DRR) genes 49, 206, and 230 following these
treatments: Lane H, 0.3 g of pea endocarp tissue with 100 ul H,O; lane
S, Fusarium solani f. sp. phaseoli spores; lanes E and D, 242 and 121
units pl~!, respectively, of isofocus-purified Fusarium (Fsp) DNase. Lane
Z represents the RNA present in freshly harvested intact pea pods. The
northern blot membrane containing 15 ug total RNA per lane was se-
quentially hybridized with probes from the DRR genes 49, 206, and 230
(see Materials and Methods).
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Fig. 3. Fusarium (Fsp) DNase digested with proteinase K does not elicit
increases in RNA homologous with probes from disease resistance re-
sponse (DRR) genes 49, 206, or 230 (see Materials and Methods). Lane
R, pea pod endocarps (0.3 g) treated 10 h with 100 pl of the digestion
reaction buffer only; lane K, Fsp DNase digested | h with proteinase K
at 65°C; lane I, Fsp DNase incubated 1 h at 65°C; lane D, Fsp DNase
receiving no treatment; lane F, Fusarium solani f. sp. phaseoli 1.4 x 10°
macroconidial mi™'; lane H. water. Designations of 100 and 50% indi-
cate concentrations of a stock Fsp DNase that contained 282 units pl~!
and 141 units pl™, respectively.
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Fig. 4. Alteration of nuclear staining (Hoechst 33342) and discoloration of pea endocarp cells treated with compatible and incompatible Fusarium solani
macroconidia (7 x 10° ml™") or with Fusarium (Fsp) DNase ~25 units pl™' (12 pl per pod half). Pea endocarp treated with H,0: A, after 7 h; B, after 24 h.
Fusarium solani f. sp. phaseoli after 21 h: C, fluorescent photo; D, corresponding light photo. Fusarium solani . sp. pisi for 21 h, E, fluorescent photo;
F, corresponding light photo. DNase: G, 7 h; H, 24 h. Matched arrows locate a nucleus in the vicinity of the spore in the fluorescent photo and the corre-
sponding light photo respectively. Single arrow (H) identifies cells discolored in the hypersensitive response. (Bar = 50 microns.)

Fig. 5. Effect of Fusarium (Fsp) DNase on the resistance of pea endocarp tissue to Fusarium solani f. sp. pisi. A, Growth of F solani f. sp. phaseoli
(incompatible); B, F solani f. sp. pisi (compatible) 44 or 72 h (F) following water treatment (25 pl) and simultaneous inoculation of each pod half with 5
ul of a 5 x 10* spore ml™' suspension in H,0. Growth of F solani f. sp. pisi 44 h following inoculation in 25 pl solutions of Fsp DNase per pod half con-
taining 8 units pl™' (C), 2 units plI™! (D), or | unit pI”! (E) simultaneously inoculated with 5 pl of the F. solani f. sp. pisi inoculum. Small lesion size and
sound condition of closely peripheral cells (A and D) are associated with suppression of fungal growth. Also, the hypersensitive discoloration of tissue is
not always associated with suppressed fungal growth (A). (Bar = 50 microns.)
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Fsp DNase elicits accumulation of DRR RNA.

The RNA homologous with the DRR genes DRR230,
DRR206, and DRR49 has been shown to increase in the non-
host resistance response of peas against F solani f. sp.
phaseoli (Fristensky et al. 1985). Three separate pure prepa-
rations of Fsp DNase, renatured from a gel slice following
SDS electrophoresis (see Materials and Methods) elicited the
accumulation of these RNAs in treated pods (data not shown).
Undenatured Fsp DNase purified through the isofocusing step
elicited increases in these DRR RNAs within 8 h following
application of 25 to 100 units ui~! of Fsp DNase to pea tissue
(Fig. 1). A commercial preparation of micrococcal DNase
marginally increases the accumulation of RNA homologous
with DRR230 and DRR206.

Within 3 h of the Fsp DNase application RNA homologous
with DRR genes 49, 206, and 230 begins accumulating (Fig.
2). The times required for these increases are comparable to
those required for their induction by the E solani f. sp.
phaseoli macroconidial treatment of pod tissue. Proteinase K
treatment of Fsp DNase (Fig. 3) effectively reduced its DRR
gene eliciting potential, again indicating the proteinaceous
nature of the elicitor.

Effect of Fsp DNase on nuclear staining.

Fusarium solani spores readily released DNase following
contact with pea tissue (Gerhold et al. 1993), thus the effects
of DNase and spore inoculum on pea tissue stained with the
nuclear stain Hoechst 33342 are compared in Figure 4. In the
course of the water treatment period the endocarp surface
cells progress from cells with intensely staining intact nuclei
to cells with actively extended endocarp hairs possessing
somewhat larger intact nuclei (Fig. 4A, B). The cells in the
vicinity of the incompatible spore retain an intact appearance
except for those in cells immediately in contact with an indi-
vidual spore (Fig. 4C, D). Multiple incompatible spores at a
single location successfully reduce nuclear staining in cells

Table 4. Effect of Fusarium (Fsp) DNase on suppression of Fusarium
solani f. sp. pisi growth following inoculation of 5 x 10~ spores ml™!
onto pea endocarp tissue

Observation®

Treatment 1 2 Resistance”
F. solani £. sp. phaseoli in H,0 <1.0 <1.0 ++++
F. solani £. sp. pisi in HyO 4.11 3.55 0
F. solani f. sp. pisi in 32 U/ul DNase® detd  det. 0
F. solani f. sp. pisi in 16 U/ul DNase 1.01 det. 0
F. solani £. sp. pisi in 8 U/ul DNase 1.70 3.40 0
F. solani f. sp. pisi in 4 U/ul DNase 1.62 2.81 0
F. solani f. sp. pisi in 2 U/pl DNase 1.46 1.57 +
F. solani {. sp. pisi in 1 U/pl DNase 2.46 1.46 ++
F. solani f. sp. pisi in 0.5 U/ul DNase 4.07 2.40 ++
F. solani f. sp. pisi in 0.25 U/ul DNase o 2.09 0

? Each observation value is an average of 50 to 100 observed spore germ
tube extensions calculated as the fold extension beyond the 45 micron
length of macroconidia after 48 h.

® Observation of resistance at 7 days, a continuation of the same group
of pod halves as observation 2: 0 = no resistance; + = degree of preser-
vation of sound pod condition and fungal growth suppression, arbitrar-
ily compared with the incompatible interaction with the F solani f. sp.
phaseoli—treated pods.

¢ U = enzyme units.

 The condition of host surface tissue and fungal mycelia was suffi-
ciently deteriorated to prevent measurements.
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they contact. In contrast, a larger area of epidermal endocarp
cells with unstained nuclei occur adjacent to the compatible
fungal spores from F solani f. sp. pisi (Fig. 4E, F). Uniform
DNase applications reduce fluorescence in large regions and
the entire surface loses fluorescence within 20 h (Fig. 4G).
The nuclei with detectable fluorescence are distorted in
shape. A hypersensitive discoloration of some cells occurs
within 24 h following Fsp DNase application (Fig. 4H).

These results suggest that the pea nuclear DNA in pea cells
becomes changed as a receptor of the stain, possibly by cellu-
lar exclusion of the stain, by production of fluorescence
quenching compounds, by interference with the DNA specific
action of the dye, or by the alteration of pea DNA. The nu-
clear distortions of pea nuclei caused by inoculation with F
solani f. sp. phaseoli and E solani f. sp. pisi have previously
been shown to influence the migration of isolated pea nuclei
in a sucrose gradient (Hadwiger and Adams 1978). The nuclei
from H,O-treated tissue migrate with the greatest density,
nuclei were less dense from F solani f. sp. phaseoli-treated
tissue and least dense from F solani f. sp. pisi—treated tissue.
The catalytic action of Fsp DNase, some of which reportedly
localizes in the pea nuclei (Gerhold et al. 1993), may be as-
sociated with such nuclear alterations.

The effect of Fsp DNase on the viability
of pea endocarp tissue.

Fluorescein diacetate treatments were utilized to estimate
the viability of treated tissue (not shown). In the incompatible
response following inoculation of endocarp cells with E so-
lani . sp. phaseoli the fluorescence of cells immediately in
contact with spore is progressively reduced to nonfluores-
cence during the period from 6 through 13 h, a period in
which water-treated tissue remained brightly fluorescent. Fsp
DNase treatments of pods with 16 through 64 units ul™!
eliminated fluorescence starting at 6 and progressing through
22 h. Treatments with 1 to 4 units pl~! partially reduced fluo-
rescence at 6 h with a progression to normal fluorescence at
13 h. Surface cell viability at 24 h for control and resistant
tissue was also indicated by a lawn of epidermal “hairs” that
developed uniformly on water-treated tissue and from epi-
dermal cells peripheral to lesions with suppressed fungal
growth. These hairs did not develop until after 48 h following
treatments with high concentrations of Fsp DNase.

Effect of Fsp DNase on pea disease resistance.

Pea endocarp tissue challenged with the bean pathogen F.
solani f. sp. phaseoli completely suppresses growth of these
spores shortly following germination (Fig. 5A). Fsp DNase
purified from the culture filtrate through the isofocus step (see
Materials and Methods) and applied to pea tissue simultane-
ously with F solani f. sp. pisi, a pathogen of peas influences
the rate of hyphal extension (Fig. 5C, D, and E). Surprisingly,
resistance was elicited most efficiently when the pea tissue
was treated with 1 or 2 units pl™' of Fsp DNase (Table 4).
High levels of Fsp DNase (32 units pl™") resulted in deteriora-
tion of both plant and fungal cell structure making low-power
microscope photography difficult. This high DNase level to-
tally inhibited growth of both E solani f. sp. phaseoli and f.
sp. pisi in Vogel’s media at 18 h (data not shown). After 7
days pea tissues treated with these high levels supported pro-
lific growth of the pathogen spores surviving the treatment.



Thus, Fsp DNase applied to tissue at low concentrations (1 to
2 units pl™") suppressed the compatible pea pathogen F. solani
f. sp. pisi, possibly because of the plant defense response
elicited. The resistance generated was not as complete or as
long-term as the natural resistance response elicited in pea
tissue against F solani f. sp. phaseoli. Potentially, the Fsp
DNase elicitation contributes along with other elicitors, such
as chitosan, to the signaling of the total defense response.

Genomic DNA following Fsp DNase treatment
in vitro and in vivo.

Genomic pea DNA is readily digested in vitro with Fsp
DNase (Fig. 6, lane 3). DNA extracted from endocarp tissue 4
h following Fsp DNase treatment (100 pl of 16 units pl™' per
0.25 g of pods) was not visibly altered (Fig. 6, lanes 6 and
10), indicating that the enzyme was unable to digest pea DNA
in vivo, that the levels of digestion were below the limits of
detection, or that the repair processes within the pea cells el-
ficiently repaired DNA nicked in vivo. An attempt to digest
the strand opposite from DNA nicks, possibly generated in
vivo by the Fsp DNase, by treating the genomic DNA in vitro
with ST nuclease did not result in a visibly altered gel migra-
tion pattern (Fig. 6, lane 12).

DISCUSSION

Fsp DNase is released in the culture medium of F solani f.
8p. phaseoli under conditions of nutrient depletion or contact
with plant tissue (Gerhold et al. 1993). It has been shown that
Fsp DNase activity is transferred to the nuclei of pea tissue
within 6 h, establishing the necessary logistics for a signaling
function (Gerhold et al. 1993). The Fsp DNase purified from
the E solani f. sp. phaseoli culture media is capable of en-
hancing the accumulation of both the phytoalexin pisatin and
RNAs homologous with the DRR genes 49, 206, and 230,
suggesting that a single enzyme can mimic the induction of a
response similar to that induced by F solani f. sp. phaseoli
macroconidia. Protease K-digested DNase is incapable of
eliciting the defense responses. However, the elicitation ca-
pacity and the enzyme activity are retained following heat
treatment. These results suggest that the elicitor is protein and
that the eliciting potential is heat stable, implying that the en-
zyme protein’s catalytic activity is associated with the elicit-
ing potential. Additionally, the chelation of divalent cations
negates both the catalytic activity of the Fsp DNAse and its
elicitation of pisatin accumulation, whereas the addition of
Mn*? increases both of these properties. The Fsp DNase
functions as a nicking enzyme leaving a 5" phosphate group
and a 3’ hydroxyl group on the nicked DNA strand (Gerhold
et al. 1993) and may utilize this attribute for elicitation. Such
an effect may be difficult to detect in vivo because of the size
of the genome, the transient DNase action, and the low per-
centage of cells effected. Thus far the only detectable changes
in the DNA of the host cell are in the reduced fluorescence of
pea Hoechst 33342 stained nuclei and the nuclear distortion
that also occurs following infection by F solani f. sp.
phaseoli macroconidia or treatment with Fsp DNase. The
specific cellular mode of eliciting action by Fsp DNase re-
mains to be determined.

Because of the variety of DNA-specific and other com-
pounds capable of eliciting plant defense responses, their
modes of action are difficult to assimilate within a single hy-

pothesis. Interestingly, the elicitor-active-sized chitosan oli-
gomers such as those released from F. solani spore (Kendra et
al. 1989) have in common with Fsp DNase the ability to
cause single-strand nicks in plasmid DNA in vitro in the pres-
ence of copper ions (Kashige et al. 1994). The potential
nicking action on DNA by chitosan octamers and Fsp DNase
in vivo could be capable of releasing helical tensions in
genomic DNA (Hadwiger et al. 1989). Such DNA damage
would be followed by DNA repair but possibly not until some
transcription positive changes have occurred. The interrela-
tionships of DNA damage, repair, replication, and transcrip-
tion are only now becoming fully recognized (Culotta and
Koshland 1994).

MATERIALS AND METHODS

Plant and fungal source.

Fusarium solani f. sp. pisi strain PA (ATCC No. 38136)
pathogenic on peas and F solani f. sp. phaseoli strain W-8
(ATCC No. 38135) pathogenic on beans were maintained on
pea shoot supplemented potato dextrose agar (PDA; Difco,
Detroit, MI). Pods were harvested from Pisum sativum cv.
Alcan plants grown in sand in a greenhouse.

Fsp DNase purification.
One liter of crude enzyme was prepared by growing F so-
lani f. sp. phaseoli strain (W-8) macroconidia on a rotary
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Fig. 6. Effect of Fusarium (Fsp) DNase on pea genomic DNA. Lambda
DNA digested with HindIll, EcoRI, and BamHI (marker lanes 1 and 7.
Pea genomic DNA (5 pg) from nontreated pods nondigested (lane 2) and
pea genomic DNA digested in vitro 1 h with 16 units of Fsp DNase (lane
3). Pea genomic DNA (5 pg) extracted from of 0.5 g of pods: directly
after harvest (lane 4), 4 h after pods were split and treated with H,0
(lane 5) or 4 h after treatment with 200 ul of Fsp DNase (16 units ul™hy
for 4 h (lane 6). Aliquots (5 ug) of the same DNA lots separated in lanes
4, 5, and 6 were digested overnight with 40 units BamHIII and separated
in lanes 8, 9, and 10 respectively. Aliquots (5 pg) of the same genomic
DNA lots shown in lanes 4 and 6 after digestion with 400 units S1 nu-
clease for 1 h are separated in lanes 11 and 12, respectively.
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shaker for 8 days at 22°C in liquid minimal Vogel’s media
(Vogel 1956) supplemented with 0.2% casein hydrolysate,
1% glycerol, and 1% sucrose. The culture medium was sepa-
rated from the mycelial growth by filtration through nylon
fabric (0.2 x 0.2 mm pore size) followed by a brief heat
treatment (to 100°C) and centrifugation 10 min at 12,000 x g.
The supernatant containing the enzyme was fractionated with
ammonium sulfate and the enzymatically active 35 to 70%
pellet was retained (Gerhold et. al. 1993). The ammonium
sulfate was removed with dialysis against buffer D (1 mM
KPO, buffer pH 7.4, containing 1 mg phenylmethylsulfon-
ylfluoride liter!). The enzyme preparation was fractionated
by isofocusing in a Rotofor cell (BioRad, Hercules, CA)
within an ampholyte pH range of 4.0 to 6.5 (Sigma, St. Louis,
MO). The activity peaked at pH 4.25. The active fractions
were dialyzed against buffer D and reduced in volume with
spin filters (Amicon, Inc., Beverly, ME) that retained mole-
cules in excess of 10,000 MW and Fsp DNase. The DNase
was further purified to a single band of activity utilizing dis-
continuous SDS electrophoresis in 10% acrylamide gel
(Laemmli 1970). Gel strips 25 mm long and 4 mm wide were
placed in dialysis tubing with 100 pl of H,O and were subse-
quently eluted and renatured by dialysis against buffer D. The
DNase activity assay was recovered as a single band from an
individual gel slice. Three such preparations of Fsp DNase,
regarded as pure enzyme, were renatured in this manner and
utilized as elicitor. The isofocus purified Fsp DNase fraction
was utilized in most elicitor assays because it had not been
subjected to denaturation and provided adequate catalytic
units for large-scale experiments. Six additional bands lightly
stained with brilliant blue were detected in the isofocused
fraction when total Fsp DNase from a 2-liter culture filtrate
preparation through isofocusing was electrophoresed.

Enzyme assay.

One unit of Fsp DNase enzyme activity was designated as
that able to convert 50% of 0.2 pg of supercoiled circular
DNA of plasmid pDC49¢-40 (pea DRR49e promoter-GUS
construct in pUC 18) to the linear form in 1 h at 37°C.
pBR322 was also utilized as alternate substrate. The reaction
mixture (6 pl volume) typically contained 0.2 pg of super-
coiled plasmid DNA in 5 pl of reaction buffer (50 mM MES
pH 6.0, 10 mM MnCl,) and 1 pl of the enzyme preparation.

Proteinase K digestion of DNase.

Fsp DNase active fractions 121 units pl™! in 100 pt of H,O
from the isofocusing stage of purification (see above) were
incubated 1 h at 65°C in PK buffer (50 mM Tris, pH 7.5, 5
mM CaCly) with or without 0.1 g (0.5 units) of proteinase K-
acrylic beads. The proteinase K beads (Sigma) were removed
by centrifugation and the supernatant dialyzed against 5 mM
KH,PO,, pH 7.5. The digested enzyme and controls were as-
sayed for DNase activity as described above and assessed as
elicitors.

DNase elicitation of defense responses.

Immature pea pods 2 cm in length were freshly harvested
from greenhouse-grown plants and broken free from the calyx
end. The pod halves were separated and treatments of 100 =}
applied to the exposed endocarp tissue. Initially, a treatment
containing electrophoretically pure Fsp DNase (see Materials
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and Methods) was utilized to determine that the single protein
band comigrating with the DNase activity was able to elicit
pisatin production. Experiments requiring greater quantities
of enzyme utilized the Fsp DNase enzyme from the isofocus-
ing purification step (see above). One hundred microliters of
the enzyme preparations were typically applied to 0.25 g of
immature pod for each experimental sample. Samples were
stored at —70°C following the incubation period.

Pisatin production.

After 24 h of incubation at 22°C following elicitor applica-
tions to the endocarp surface, the pods were immersed in 5-ml
hexanes for 18 h. The hexanes were evaporated in a dark
hood, the pisatin-containing residue was dissolved in 1 ml of
95% EtOH, and the pisatin quantitated by ODsg absorbance
(Cruickshank and Perrin 1961).

DRR gene RNA accumulation.

The RNA accumulating after elicitor treatment was ex-
tracted as described previously (Fristensky et al. 1985). Fif-
teen micrograms of total pea RNA was applied to each well of
a 1% agarose formaldehyde gel and electrophoretically sepa-
rated. Slot and Northern blotting utilized the following
probes: DRR49a, EcoRI fragment containing 740 bp of the
coding region of pI49 (Fristensky et al. 1988); DRR206a, 480
bp EcoRV/HindIIl fragment containing the entire coding re-
gion of DRR206 (Fristensky et al. 1988); DRR230a, BamH1/
HindIII fragment with the entire 480-bp coding region of
DRR230 (Chiang and Hadwiger 1990); and pH1, a bean cDNA
(Lawton and Lamb 1987) utilized as a constitutive control.

Cytological observations.

Pea pods treated with Fusarium solani macroconidia or
preparations of DNase were placed endocarp surface down in
solutions (50 pg ml™") of the DNA-specific Hoechst 33342
stain for 10 min. The intact endocarp surface was viewed di-
rectly and photographed in a fluorescence microscope with-
out fixation, sectioning, or compression by a cover slip. En-
docarp surface cell viability was estimated utilizing fluores-
cein diacetate (FDA). Fifteen microliters of FDA stock solu-
tion (1 mg of acetone per ml) was added to a 500-pl drop of
H,0. The pod endocarp surface was inverted into this drop for
10 min and was subsequently viewed directly in a fluorescent
microscope.

The progression of F. solani spore germination and growth
was followed by cotton blue-lactic acid staining and viewed
under low-power magnification. The distance the hyphae pro-
gressed was evaluated in multiples of the F solani f. sp. pisi
spore lengths (45 microns). At least 50 individual observa-
tions were incorporated into the average growth for each
treatment point.

Assay of Fsp DNase effect on F. solani growth in vitro.

DNase activity 64 units pl™!' purified through isofocusing
was applied to three wells of a micro-dilution plate and each
continuously diluted by half to cover the range 32 units pl™! to
0.03 units pl™'. Fusarium solani f. sp. pisi or F solani f. sp.
phaseoli macroconidia (~50 spores 25 ul™') in Vogel’s me-
dium (Vogel 1956) were applied to those and control wells
and growth at 25°C observed microscopically and visually
through 48 h.
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