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ABSTRACT. We previously demonstrated that alternaric acid,
a host-specific toxin produced by the plant pathogenic fungus
Alternaria solani, in the presence of Ca?" and Mg*, stimulated in
vitro phosphorylation of His-tagged calcium-dependent protein
kinase 2 from potato cultivar Rishiri (RiCDPK2). Herein, we report
that Solanapyrone-A (SpA), a non-host-specific toxin produced by A.
solani, inhibited the phosphorylation of RiCDPK?2 in the presence of
Ca?" and Mg?". However, SpA stimulated RiCDPK?2 phosphorylation
in the absence of these cations. Based on the current findings,
we suggest that RiCDPK2 may mediate SpA-induced signaling
independent of Ca?" and Mg*, leading to a compatible interaction
between potato and 4. solani.
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INTRODUCTION

Biological toxins are important factors in disease development; toxins cause physi-
ological changes in host cells such as alteration in cell membrane permeability leading to
rapid increase of electrolyte loss (Otani et al., 1995). Treatment of potato tuber slices with
alternaric acid, a host-specific toxin (HST), resulted in delayed cell death when infected
with an incompatible species of Phytophthora infestans, suggesting that alternaric acid acts
as a suppressor of hypersensitive defense response (HR). To better understand the role of
toxins related to HR in potato as well as their relation to suppressors of HR in the interac-
tion of potato and P. infestans, we investigated the effect of Solanapyrone-A (SpA; Ichihara
et al., 1985; Oikawa et al., 1998), a non-host-specific toxin (NHST) from Alternaria solani,
on the phosphorylation of purified RiCDPK2 (Hassan et al., 2000), a new isoform of the
calcium-dependent protein kinase (CDPK) gene family from potato cv. Rishiri (R -gene),
which is speculatively localized to the cytosol of the cell (Okuta et al., 1999). We also exam-
ined the effect of Ca*" and Mg?* on the interaction of SpA and RiCDPK?2. Additionally, we
examined HSTs as determinants of pathogen compatibility with respect to the ability of SpA
to inhibit HR-related signaling. Our results indicated that SpA may play a role in regulating
toxin-CDPK interaction by influencing phosphorylation of RICDPK?2 independent of Ca*
and Mg*".

MATERIAL AND METHODS
SpA preparation

SpA used in this study was purified from cultured fluid of 4. solani as reported previ-
ously (Ichihara et al., 1983; Langsdorf et al., 1989). The fungus was grown in potato glucose
medium at 25°C for 25 days. The chloroform extract of the culture filtrate was subjected to
silica gel column chromatography and SpA was eluted with a mixture of benzene and ethyl
acetate. The biological effect of SpA on plant leaves was studied using fully expanded com-
pound leaves obtained from tomato cv. Fukuju-II. Leaves were disinfected with 0.05% sodium
hypochlorite and rinsed several times with distilled water. The surfaces of 2 leaves per plant
were gently punctured uniformly over an area of ~15 mm? with a needle before SpA treatment.
Each leaf was treated with 30 pL SpA in different concentrations (0.1, 0.25, 2.5, and 25 mM)
and incubated in aseptic moist conditions at 25°C under a 14-h light period. The leaves were
assessed for initiation of necrosis 24 h after SpA treatment.

His-RiCDPK2 preparation

Full-length RiCDPK?2 cDNA (1488 bp, DDBJ accession No. AB0551809) was cloned
into the pCR-expression vector (Invitrogen, Carlsbad, USA) and transformed into Escherichia
coli (BL21 pLysS) for expression. Purification was achieved using a histidine affinity column
as per manufacturer instructions. Purified RICDPK2 was dialyzed extensively using 10 mM
Tris-HCI (pH 8.0, 0.1% Triton X-100). The final protein concentration, which ranged from 80
to 100 pg/mL, was determined with the Bio-Rad (Hercules, CA, USA) protein assay kit ac-
cording to Bradford (1976) using bovine serum albumin as a standard.
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Phosphorylation assay

Purified RiCDPK2 was used for the phosphorylation assay and the effect of SpA on
the protein was studied in vitro using the previously reported method (Furuichi et al., 1994).
Assays were performed on a 96-well microtiter plate with a total volume of 155 pL/well.
Assays were triggered by adding adenosine triphosphate (ATP; final concentration 0.9 mM)
followed by incubation for 10 min at 30°C. Subsequently, 1-naphthol (0.2%, Wako, Tokyo,
Japan) dissolved in stock alkali solution (1.5 M NaOH, 0.7 M Na,CO,) and 2,3-butanedione
(0.06%, Wako) was added to each sample for color development. Absorbance was determined
in the microplate reader (BioRad 3500) at 595 nm with 10-min intervals for 40 min. The tem-
perature was maintained at 30°C during the reading intervals.

RESULTS AND DISCUSSION

In the biological assay, necrosis of tomato leaves was not observed until 5 days after
SpA treatment (Figure 1). The visible concentration-dependent effect of SpA appeared much
later compared to our earlier study with alternaric acid (AA) in which necrotic symptoms visibly
appeared within 24 h after AA treatment. These observations were indicative of the fact that SpA
was not active during the early period of infection, and became active at a later stage after 5 days
of infection. In contrast, the detection of AA in the germination fluid of the fungus suggested its
possible role during the early period of infection (Langsdorf et al., 1990; Langsdorf et al., 1991).

Figure 1. Biological assay of the effect of Solanapyrone-A (SpA) on tomato leaves. The leaf surface was gently
punctured with a needle and treated with micromolar concentrations of SpA. Observations were made 5 days after
SpA treatment. Treated leaves were incubated in aseptic moist conditions at 25°C under a 14-h light period. SpA
concentrations: a. 0.1 uM; b. 0.25 uM; ¢. 2.5 uM; d. 25 puM; e. control (water only).
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To determine whether purified RICDPK2 exhibits Ca*- and Mg**-dependent phos-
phorylation, the phosphorylation experiments were conducted both in the absence and pres-
ence of 100 pM Ca*" alone or with Ca?* and 0.9 mM Mg** together added concurrently with
ATP. RiCDPK2 phosphorylation was stimulated to approximately 50% immediately after Ca®*
addition and to approximately 60% when Ca?* and Mg*" were added together (Figure 2a). In
similar experiments, effect of 25 uM SpA on RiCDPK2 phosphorylation was also investi-
gated. RiCDPK2 phosphorylation immediately increased up to 43% in the presence of SpA
(Figure 2b). Stimulation of phosphorylation was sustained even after 40 min. The effect of
SpA on RiCDPK2 phosphorylation was then measured in the presence or absence of either
Ca*" or Ca*" and Mg?* together. SpA initially inhibited phosphorylation of RiICDPK?2 with Ca**
by approximately 44%, which increased over time (Figure 2c), and the phosphorylation activ-
ity reached approximately the same level as that without SpA after 30 min, although it was
slightly stimulated at 40 min (Figure 2¢). In the presence of both Ca?>* and Mg?*, SpA inhibited
RiCDPK2 phosphorylation up to around 70% (Figure 2d).
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Figure 2. Effect of Solanapyrone-A (SpA), on the phosphorylation of His-RiCDPK2 in the presence of Ca*" and/
or Mg?". a. Effect of Ca?" or Mg?'; b. effect of SpA; ¢. Effect of SpA with Ca*; d. effect of SpA with Ca?* and
Mg?*. Final concentrations: 1.5 pg RiCDPK2, 25 uM SpA, 100 uM Ca*', and 0.9 mM Mg*". The control treatment
(absence of His-RiCDPK2) was identical for all the experiments in Panels a-d. Data are reported as means + SD
for two independent experiments.
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This inhibition decreased slowly over 40 min and a stimulatory trend was observed
after 40 min (Figure 2d). The initial inhibition (70%) of RiCDPK2 phosphorylation by SpA
with both Ca?* and Mg** (Figure 2d) was more important than that of Ca®* alone, as the infec-
tion process inflicts damage at the surface of affected cells and results in the accumulation of
Ca?" and Mg?" at the site of infection at the early stage. Given that Ca*" and Mg?" stimulated
RiCDPK2 phosphorylation (Figure 2a) and that SpA inhibited RiCDPK2 phosphorylation in
the presence of Ca*" and Mg?* (Figure 2d), SpA may inhibit RiCDPK2 phosphorylation during
A. solani infection in the presence of Ca*" and Mg?". RICDPK2 phosphorylation in SpA-treated
reactions in the presence of Ca?* and Mg** increased gradually after 10, 20, 30 and 40 min (Fig-
ure 2d) as compared to the reactions without Ca** and Mg?*, demonstrating that these cations
play an important role in stimulating RICDPK2 phosphorylation. Moreover, a deletion mutant
of the RiICDPK2 kinase domain showed weak phosphorylation activity (data not shown). In a
separate study, we found that RICDPK2 phosphorylation was inhibited by AA in the presence
of Ca?" at 5 min after treatment, but was stimulated in the presence of both Ca’" and Mg?* (Has-
san et al., 2001). These results, together with our previous findings, suggested that AA and SpA
interaction with RICDPK2 resulted in different requirements for Ca** and Mg?**.

AA (Tabuchi et al., 1994), as a primary determinant of pathogenicity, mimics HSTs
during disease development, showing an early effect on the plasma membrane of the host cell
(Langsdorfet al., 1991; Otani et al., 1995) and is thought to play a role in the infection process
leading to the suppression of HR (Langsdorf et al., 1990). Since AA significantly delayed HR
in potato in a manner similar to that of a suppressor of HR derived from P. infestans, it was
presumed that AA may stimulate RiICDPK2 activity resulting in the inhibition of HR in the
host plant. While HSTs are assumed to act as suppressors of HR (Nishimura and Kohmoto,
1983; Otani et al., 1991) the role of NHSTs is yet to be clearly defined in pathogenesis. SpA
is an NHST that causes necrotic lesions on the leaf of the host plant. Indeed, in our bioassay
we observed that SpA caused necrosis in tomato leaves 5 days after treatment, contrary to AA
that caused necrosis in leaves during the early period (within a few hours after treatment).
Therefore, we speculated that SpA plays a role at a later stage of infection (several days after
the infection process) and that SpA-mediated necrosis differed from HR, which is an early
process localized to the infection site and detectable in a single cell. Furthermore, SpA inhib-
ited RiICDPK2 phosphorylation in vitro in the presence of Ca*" and Mg*, while AA stimu-
lated RiCDPK2 phosphorylation in the presence of Ca?* and Mg*". Our studies suggest that
RiCDPK2 may mediate the signals of SpA that have a distinct role in the induction of necrosis
and are most likely independent of Ca* and Mg*".
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