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Abstract
Non-host resistance is more durable than race-specific resistance and may involve more signaling systems than race-specific resistance. An

array of chemicals capable of specifically inhibiting/affecting most of the vital systems of the plant cell was employed to evaluate a range of

systems vital in promoting non-host resistance in the Fusarium solani f. sp. phaseoli/pea endocarp interaction. The parameters measured included

pisatin synthesis, hypersensitive discoloration, fungal growth, PR gene induction, and DNA damage. Specific inhibitors of protein phosphatases 1

and 2A (calyculin A, okadaic acid, cantharidin and endothall) and two kinase inhibitors (staurosporine and K-252a from Nocardiopsis sp.) were

comparable to fungal challenge in inducing pisatin accumulation. These treatments could often break non-host resistance to a bean pathogen, F.

solani f. sp. phaseoli. At low concentrations the treatments transiently enhanced resistance to the pea pathogen, F. solani f. sp. pisi. Nitric oxide and

superoxide-generating compounds, salicylic acid, methyl salicylate, and jasmonic acid implicated, as effectors in other systems had no major

detectable effect. Thus the broad array of inhibitors delineated cellular functions associated with non-host disease resistance in pea and tentatively

excluded some signaling systems reported in other systems.
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1. Introduction

Plants possess a strong stable immunity called non-host

resistance that affords them protection against most of the plant

pathogenic organisms in their environment. The exceptions are

the true pathogens that have successfully established a strategy

for by-passing this immunity. The non-host resistance response

of pea endocarp tissue to the bean pathogen, Fusarium solani f.

sp. phaseoli was utilized to investigate components of plant

immunity. The development, biochemistry and molecular

biology of this resistance response can be accurately monitored

within a 6 h window [1], because without a cuticle barrier,

signaling between host and pathogen is rapid. The development

of a susceptible response to a true pea pathogen, F. solani f. sp.

pisi, can similarly be monitored. The initiation or cessation of

fungal growth can be viewed directly since the resultant growth
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involves minimal, if any, tissue penetration or physical

wounding [2]. The cuticle-free surface also enables the use

of a ‘‘chemical genomics’’ approach. Chemical genomics has

been defined as the genomic response of a biological system to

chemical compounds, the objective being to use low molecular

weight compounds to identify a response gene family and

elucidate the function of these genes and those in related

families. In the case of pea defense there is a large number of

genes activated by fungal challenge [3]. In this report we have

extended the definition to ‘‘using small molecules to modify or

disrupt the functions of genes/proteins to complement the data

derived from other genomic tools’’.

The chemicals in this study were selected to determine which

of the plant’s vital processes are involved in developing

resistance and were less informative of the actual gene families.

The parameters utilized to follow the immune response were:

fungal growth, DNA damage, activation of plant defense genes,

development of hypersensitive discoloration and phytoalexin

production. The pea phytoalexin, pisatin, is a small antifungal

isoflavonoid. Pisatin initially accumulates to high concentrations
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in a resistance reaction as opposed to a susceptible reaction

where initially low concentrations continue to accumulate and

eventually exceed those of the non-host resistance reaction [1].

Compounds whose effects were monitored included putative

effectors such as salicylic acid and jasmonic acid and those that

affect kinases, phosphatases, topoisomerases, methylases,

acetylases, DNA replication, nucleases, and protein synthesis.

DNA-specific compounds were also assessed (Table 1).

Previous research on the pea endocarp/Fusarium system

have identified two signals, chitosan and DNase, released by the

pathogen that can each independently induce the resistance

response against the pea pathogen [1,6]. The orderly progr-

ession of events starts with the release of these elicitors. Within

20 min alterations occur in the plant nuclei that affect

sedimentation velocity [7]. Within 3 h the transcription of

some of the pathogenesis-related (PR) genes has increased and

DNA fragmentation is evident, as are activities of increased

enzyme product of the PR gene, phenylalanine ammonia lyase

[3,6,8]. The growth of the bean pathogen subsides at 5–6 h and

the accumulation of the isoflavonoid pisatin commences at 6 h

[1]. The growth of the true pea pathogen F. solani f. sp. pisi,

though minimal at 6 h, resurges within 18 h. After 18 h cell

death and a yellow green pigmentation becomes evident [1],

that exists as a component of a defined lesion or of a broader

tissue coloration. In the pea endocarp this pigmentation appears

to result from an increase in and polymerization of phenolics.
Table 1

A list of compounds with reported inhibitor or effector potential that were screened o

pisatin accumulation

Inhibitor/effector

Salicylic acid (SA), jasmonic acid (JA), methyl salicylate

Catechol

Benzothiadiazole (BTH)

Methotrexate

N-Acetyl-cysteine

Citrulline, L-arginine

Sodium nitroprusside, S-nitroso-N-acetylpenicillamine (SNAP)

NG-Nitro-L-arginine (NNA)

Diphenyl iodonium (DPI)

Okadaic acid, calyculin A, endothall, cantharidin

Staurosporine

Rescovitine, olomucine

K-252a

Genistein

Teniposide, sobuzoxane, aurintricarboxylic acid

Distamycin A

Apicidin

Trichostatin, n-butyric acid

Antipain

Cycloheximide

Mimosine, cyclophosamide

Melphalin, carmustine

Mitoxanthrone

N-Ethylmaleimide

Caspase I–II, I–III, I–IV inhibitors

4,6-Diamido-2-phenylindole (DAPI)

Cisplatin

Amphoterin B
This hypersensitivity response (HR) does not share the lesion-

drying symptoms typical of the hypersensitive response

accompanying resistance to bacterial pathogens on plant leaves.

Phytoalexin production and PR gene activation have been

correlated with both race-specific resistance and non-host

resistance [4,5,9–11]. Recently, the silencing of genes in

isoflavone biosynthetic pathways has been shown to disrupt

disease resistance in soybean cotyledons [12]. Pisatin

degradation by the pathogen is associated with increased

virulence, but is not the sole determinant of pathogenicity

[13,14]. Some of the defense genes in this system have been

cloned and characterized, however more than 200 clones

identified as being up regulated by plus/minus hybridization

analyses were obtained suggesting a number of functions

associated with the interaction remain unknown [3].

Five pea genes were chosen to follow PR gene induction

following phosphatase inhibitor treatment. Each of the selected

genes has been identified as playing a role in the defense

response of pea. The pea HMG A gene has been the most

extensively studied. The nuclear protein coded by this gene

recognizes PR gene promoter sequences containing long

stretches of adenine (A) and thymine (T). HMG A, is a nuclear

protein with ‘‘AT hooks’’, and is regarded as an architectural

transcription factor [16,17]. HMG A reportedly can positively

or negatively regulate transcription by attaching to the AT-rich

regions of genomic DNA [18]. The enzyme products of the
n pea pod tissue for effects on non-host resistance, hypersensitive responses, and

Function

PR gene inducer [28]

Metabolite of salicylic acid [29]

SA-like function [30,31]

Produces reactive oxygen species [32]

Increases free radical scavengers [33]

Substrates for NO synthesis [34]

Releases NO/NO donors [35]. NO is involved

in cell to cell signaling [15,36].

Competitive inhibitor of NO synthase [15]

NO synthase inhibitor [37]

Ser/Thr protein phosphatase 1 and 2A inhibitors [38–41]

Phospholipid/calcium kinase inhibitor [42], Ser/Thr

protein kinase inhibitor [43]

Cyclin-dependent kinase inhibitor [44]

CaM kinase inhibitor [45] Ser/Thr kinase inhibitor [46]

Tyrosine-specific kinase inhibitor [47]

Topoisomerase II inhibitors [48–50]

Competes with HMG A for AT-binding [18,51]

Histone demethylation inhibitor [52]

Histone deacetylase inhibitors [53]

Inhibits aldehyde proteases [54]

Inhibits eukaryotic protein synthesis [55]

Inhibit DNA replication [56]

DNA alkylating agents [57,58]

Intercalates into AT-rich DNA, inhibits DNA synthesis [59]

Nuclease-inhibiting DNA alkylating agent [60]

Involved in programmed cell death [61,62]

Binds AT-rich regions of DNA [63]

Produces DNA–protein crosslinks in DNA [64]

Destroys fungal membrane permeability [65]
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phenylalanine ammonia lyase (PAL) gene and the chalcone

synthase (CHS) gene catalyze steps in the pisatin synthesis

pathway [19]. The mRNA from the disease resistance response

(DRR) gene, DRR206d is sustained at high levels in peas when

resistance is induced by an incompatible pathogen. A homolog

of DRR206d has been shown to be associated with lignan/lignin

synthesis [20,21]. The gene product from PR10 (DRR49a)

accumulates in peas that successfully resist F. solani f. sp.

phaseoli and has homology with a plant gene coding for RNase

[22,23]. Finally, the pea ubiquitin gene was used as a control.

Pisatin production depends on two of these gene products and

its accumulation is an indicator of the induction of the host

response [24].

The importance of phosphatase and kinase functions was

noted in the initial screening of pea responses based initially on

the monitoring of phytoalexin production, fungal growth, and

hypersensitive coloration and subsequently on DNA damage

assessment, PR gene and HMG A gene expression.

Many of the compounds utilized affect major cell functions

in both plant and animal systems. This strategy provides an

alternative to gene targeting in plants, as the pea is recalcitrant

to gene transformation techniques [15]. This report reiterates

the importance of phosphorylation and maintenance of PR gene

activation and its associated protein-synthesis potential in the

non-host resistance of peas. The treatments included individual

effectors/inhibitors alone, effectors/inhibitors in combination

with F. solani f. sp. phaseoli, effectors/inhibitors with chitosan

and chitosan alone and in combination with the standard

elicitation by F. solani f. sp. phaseoli macroconidia or crab shell

chitosan.

2. Materials and methods

2.1. Array of compounds

All of the compounds, except BTH (a gift from Roy

Navarre), were obtained from Sigma–Aldrich (U.S.A.) or

Calbiochem (EMD Biosciences Inc., San Diego, CA, U.S.A.).

Reported targets of the inhibitor/effector compounds are

summarized in Table 1. These compounds were applied both

as single treatments and in combination with standard

elicitation by F. solani f. sp. phaseoli macroconidia or crab

shell chitosan (dissolved in dilute acetic or citric acid and

neutralized to pH 6.0; Vanson Halosource, Redmond, WA,

U.S.A.). The marketed definitions by suppliers of the inhibitor

compounds often indicate specific targets; however some of the

inhibitors used in this study are known to have secondary

effects. The attribution to a given target was resolved in part by

utilizing multiple inhibitors for similar processes.

Immature pods of uniform size (3 cm length) from green-

house grown Pisum sativum L. cv. Lance were used in this

research [8]. Fifty microliters of each treatment was distributed

with a smooth glass rod to the surface of pod halves (four per

treatment) and incubated at 22 8C for 24 h. Each of the array

compounds was applied to the pea pods in half-fold dilutions

typically starting at 1 mg/ml and extending to as low as

0.0015 mg/ml with or without F. solani f. sp. phaseoli
macroconidia (3 � 107 macroconidia/ml) and with chitosan at

two concentrations. Pod tissue was assayed 24 h post-treatment

for pisatin accumulation, hypersensitive response, fungal

growth, and general condition of the tissue. Compounds showing

an initial effect on one or more of the parameters were assayed

two additional times. F. solani f. sp. phaseoli or F. solani f. sp. pisi

macroconidia (3 � 107 macroconidia/ml) were combined with

the treatment just prior to application. For DNA damage and gene

expression assays, the incubation time was terminated at 5 h by

immediately freezing the intact pod halves in liquid nitrogen.

2.2. Fungal material

Fungal cultures of F. solani f. sp. phaseoli strain W-8 (ATCC

no. 38135) and F. solani f. sp. pisi strain P-A (ATCC no. 38136)

were maintained on potato dextrose agar supplemented with 3 g

whole pea pods at room temperature to provide macroconidia

for experiments. Macroconidia were harvested by gently

scraping fungal spores from agar plates.

2.3. Pisatin assay

To measure pisatin production, treated pods at 24 h post-

inoculation were placed in 5 ml hexane. After 24 h the pisatin-

containing hexane layer was decanted off and the hexane

volatilized away at room temperature in a ventilation hood. The

pisatin was recovered from the dried residue with 95% ethanol

and quantitated in a spectrophotometer at 309 nm (1.0 OD unit

at 309 nm = 43.7 mg/ml pisatin). The samples were also

qualitatively assayed for the characteristic 320–230 nm pisatin

UV spectrum.

2.4. Microscopic assay of fungal growth and

hypersensitivity

Growth of F. solani f. sp. phaseoli and pisi on the pea

endocarp was evaluated as follows: hyphae were stained with

cotton blue and visible growth was estimated using the length

(57 mm) of the macroconidia proper as a measure. Fungal

growth of the hyphal tip extending less than half the length of

the macroconidia was termed germinated (GT); no growth was

termed zero (0); growth three times the macroconidia length

was termed fair growth (F); growth seven times the length was

termed good growth (G); growth greater then seven times the

length within 24 h was termed massive growth (M). The growth

of a minimum of 50 macroconidia on the pea pod endocarp

surface was recorded for each assay. The yellow green color of

the hypersensitive response in the presence of the array

compounds with the fungi was visually compared in the light

microscope to the F. solani f. sp. phaseoli-induced hypersensi-

tive reaction.

The phosphatase inhibitor action directly on F. solani f. sp.

phaseoli and pisi macroconidia was evaluated in 96 well plates

in Vogel’s media [27]. Two replications of concentration

gradients for each compound started at 10 or 100 mg/ml and

extended to 10 half-fold dilutions. The growth of �50

macroconidia in each well was evaluated at 24 and 48 h.
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2.5. Nucleic acid extraction

RNA and DNAwere extracted using the method described in

[25]. Briefly, 0.6 g tissue was pulverized in liquid N2 and 2 ml of

buffer #1 (5 M Na percholate, 0.5 M Tris base, 2.5% SDS and

0.02% polyvinylpyrrolidone). Following centrifugation at

11,000 � g at 4 8C, the supernatant was removed and the

nucleic acids precipitated with 2.5 volumes of ethanol. After

centrifugation, the pellet was dissolved in sterilized distilled

water and subjected to a phenol–chloroform extraction. The

nucleic acids were precipitated from the aqueous phase (2.5

volumes ethanol, �20 8C) and the 10,000 � g pellet was

redissolved in sterilized distilled water and combined with an

equal volume of 4 M LiCl2. The RNAwas precipitated at�20 8C
for 3 h and pelleted, leaving the DNA in solution. The RNA was

solubilized in sterilized distilled water and reprecipitated in 0.25

volume 3.0 M potassium acetate and 2.5 volumes ethanol and

stored at �80 8C prior to quantification. The DNA was

redissolved in sterilized distilled water and precipitated with

ethanol in preparation for DNA damage assessment.

2.6. DNA damage assessment

To resolve DNA damage caused by single strand nicks, a

6 mg aliquot of DNAwas dissolved in water and combined with

1% melted chromatin grade agar (50 ml total; BioRad Inc.,

Hercules, CA, U.S.A.). The solidified 50 ml agar gel mold was

suspended in alkaline buffer (30 mM NaOH, 4 mM EDTA)

overnight to allow the diffusion of smaller segments of single

stranded DNA into the buffer [26]. The DNA was precipitated

from the diffusate (0.5 volume 2 M potassium acetate and 2.5

volumes 95% ethanol) and electrophoretically separated on a

1% agarose gel.

2.7. Quantitation of gene-specific RNA content

with RT-PCR

In preparation for RT-PCR, RNA from the pea pods was

transcribed into DNA using a reverse transcriptase kit from

Invitrogen (Carlsbad, CA, U.S.A.).

Several primers were constructed to follow the accumulation

of RNA specific, via real-time PCR, for HMG A and the PR

genes of interest (Table 2). The first strand primer (50-
TATGACACGCGTCGACTAGC (T)17-30) was used during

first strand synthesis to ensure that only RNA messages were

being amplified by binding to the poly-A tail. The AdPrime

primer (50-TATGACACGCGTCGACTAGC-30) recognizes and
Table 2

Primers for genes used in RT-PCR

Gene Accession number

HMG A X99373

PAL D10003

CHS D88261

DRR206d U11716

PR10 (DRR49a) U31669

Ubiquitin L81142
binds the sequence on the first strand primer, ensuring that the

DNA product is generated from the extracted pea RNA. All of

these primers bind the 30 end of the sequences and work with

the 50 AdPrime to amplify a portion of the gene of interest in

order to confirm its presence in the extracted RNA solution.

2.8. Polymerase chain reaction (PCR) and electrophoresis

PCR was performed to analyze the first strand synthesis as

well as to optimize the functionality of the primer pairs. The

PCR mixture included 2 ml first strand synthesis DNA, 2 ml

10� buffer (Invitrogen), 1.2 ml 2.5 mM dNTPs (Promega,

Madison, WI, U.S.A.), 0.8 ml 50 mM MgCl2 (Invitrogen),

0.6 ml 20 mM AdPrime primer (an add on extention contruction

of non-homologous sequence on an oligo dT primer), 0.6 ml

20 mM of the other primer of interest, 12.6 ml ddH2O, and

0.2 ml Taq polymerase (Invitrogen). The thermocycler program

was set for 1 cycle at 94 8C for 4 min; 50 cycles of 94 8C for

40 s, 60 8C for 30 s, and 72 8C for 20 s; 1 cycle of 72 8C for

7 min. cDNA from both the first strand synthesis and the PCR

were separated by gel electrophoresis to verify product size.

2.9. RT-PCR

Following first strand synthesis, 3 ml of the first strand

solution are combined with 1 ml of AdPrime, 1 ml of the gene-

specific primer of choice, 12.5 ml of SYBR Green Supermix

(BioRad Inc., Hercules, CA, U.S.A.), and 7.5 ml distilled water.

This mixture was centrifuged briefly before being placed in

PCR tubes (Midwest Scientific, St. Louis, MO, U.S.A.). These

tubes allow for visualization of the fluorescence by the iQ

iCycler PCR instrument (BioRad Inc.). The iQ iCycler was

programmed to run the PCR protocol as well as a melt curve

from 60 to 95 8C. The RT-PCR product was also run on a 1.5%

agarose gel with a 1 kb standard to allow for product

visualization. RT-PCR data was obtained from three separate

RNA extractions.

3. Results

The chemicals and their reported inhibitor or effector actions

on vital cell processes screened on pea pod tissue for effects on

non-host resistance, pisatin-inducing ability, and hypersensitive

response are listed in Table 1. The results of the initial screening

of inhibitor/effector compounds on the induced accumulation of

pisatin are presented in Table 3. The accumulations are expressed

as percentage of pisatin induced by treatment with F. solani f. sp.
Primer name Primer sequence (50–30)

HMB-559F CCTAATGCACCACCGAAGACTC

PAL-4072F AGTTGAAGACCCTCTTGCCA

CHSY-UNI TACATGATGTACCAACAAGG

DRR206dV1588 CTAGTCTTTTATTTTCATGACA

PR10 1513 AGCATAGTTGGTGGTGTTGG

Ubiq2174 GTGAATGTTGCGTAGCCATC
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Table 3

The initial screening of inhibitor/effector action on pisatin production, Fusarium solani f. sp. phaseoli growth (Fsph), and the hypersensitive response (HR) following

the treatment of the pea pod tissue

Inhibitor/effector Low concentration

(mg/ml)

Pisatin

(% Fsph)

High concentration

(mg/ml)

Pisatin

(% Fsph)

Fsph HR

Low

concentration

High

concentration

Low

concentration

High

concentration

Okadaic acid 0.5a 87a 40a 2a 0b Mb +b �b

Calyculin A 0.15 46 10 286 GT G + �
Endothall 15 144 500 110 0 M + �
Cantharidin 15 130 250 202 0 0 + +

Staurosporine 6 136 100 153 0 G + +

Rescovitine 125 0 500 16 0 0 + +

Olomucine 10 4 500 13 0 0 + +

K-252a 25 14 800 74 0 0 + +

Genistein 7 0 60 0 P GT + +

NNA 50 0 400 0 0 0 + +

DPI 60 5 1000 0 nd nd nd nd

SNAP 150 0 600 4 0 0 + +

Na nitroprusside 60 0 500 0 G G + +

Citrulline 250 6 1000 0 F 0 + +

L-Arginine 250 0 1000 0 0 0 + +

N-Acetyl-cysteine 62 0 1000 0 P P + +

Antipain 30 15 1000 0 nd nd nd nd

Mitoxanthrone 62 0 1000 9 0 0 + +

DAPI 62 0 1000 14 0 0 + +

Distamycin A 30 2 500 35 0 0 + +

Trichostatin 6 0 100 7 0 GT + +

n-Butyric acid 15 5 250 0 0 0 + +

Teniposide 12 0 400 0 0 0 + +

Sobuzoxane 500 10 1000 2 0 0 + +

Aurintricarboxylic 31 0 250 23 0 0 + +

Apicidin 62 9 500 21 0 0 + �
Cycloheximide 3 15 200 0 P F � �
Cisplatinum 6 0 200 0 0 P + +

Melphalin 250 6 1000 0 0 0 + +

N-Ethylmaleimide 7 0 500 2 0 0 + +

Caspase I–II 15 0 1000 3 0 F + +

Caspase I–III 7 0 500 5 0 0 + +

Caspase I–IV 250 0 1000 0 0 0 + +

Methotrexate 62 3 1000 0 G F + +

Mimosine 31 20 500 0 F G + +

Cyclophosamide 31 0 500 10 GT 0 + +

Salicylic acid 30 0 1000 0 0 0 + +

Methyl salicylate 7 0 500 0 0 0 + +

Catechol 62 0 500 0 0 F + +

Jasmonic acid 15 0 250 0 P 0 + +

BTH 15 0 1000 8 0 0 + +

a The surfaces of four pea pod halves (0.6 g) were treated with 50 ml of the indicated treatment. Pisatin was extracted 24 h post-treatment and its quantity was

expressed as percentage of that induced by the F. solani f. sp. phaseoli (Fsph) macroconidia (4 � 105/ml) inoculated control. These data were the most significant and

except from comprehensive dose response treatments typically including a half-dilution series of seven concentrations. The concentrations selected for the table were

those most closely representing the induction range.
b The same dilutions of compounds were combined with macroconidia applied to the pod and assayed for HR and fungal growth. Fungal growth of 50 propagules/

treatment was evaluated after 24 h (see Section 2). GT: germ tube is visible; M: massive growth; G: good growth; F: fair growth; P: poor growth; 0: no detectable

growth; +: visible HR; �: no detectable HR; nd: not determined.
phaseoli alone and indicate how alterations in certain vital

cellular functions were associated with specific processes

affecting the development of non-host resistance in pea pod

tissue. Some of the compounds that effectively promoted pisatin

accumulations at their higher concentrations allowed growth of

F. solani f. sp. phaseoli at rates greatly higher than water-treated

tissue. This suggests that an attempt to block a single process may

have a narrow window of effects on the total non-host resistance

response. Pisatin-inducing ability assessed for cantharidin and
endothall alone or in combination with F. solani f. sp. phaseoli or

chitosan, due to their dramatic influence, is presented in Fig. 1

and is an example of the analyses repeated and presented as

supplemental data for all of the compounds tested. Based on the

initial screen of the hypersensitive response, fungal growth, and

pisatin production, the phosphatase inhibitors (okadaic acid,

calyculin A, cantharidin, and endothall), and kinase inhibitors

(staurosporine and K-252a) were reassessed to both verify

concentrations effective in pisatin production (Table 4) and their
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Fig. 1. The effect of cantharidin and endothall on pisatin production of pea pod

tissue (0.6 g) treated with 50 ml of the indicated concentrations expressed in mg/

ml. Fusarium solani f. sp. phaseoli (4 � 105 macroconidia/ml) were included in

‘‘Fsph’’ treatments. Chitosan concentration was 1 mg/ml. Pisatin was assayed

after 24 h. The format of this bar graph for these two compounds was that used

for the other compounds in the first screening.

Table 5

Effects of phosphatase and kinase inhibitors, selected on the basis of pisatin

induction potential, on the pea tissue’s resistance to F. solani f. sp. phaseoli

Treatment Effect of inhibitor on non-host resistancea

Okadaic acid 0.5–10 mg/ml, breaks resistance; 0.01–0.2 mg/ml,

resistance was maintained

Calyculin A 0.3–10 mg/ml, breaks resistance; 0.03–0.15 mg/ml,

resistance was maintained

Cantharidin 0.01–1000 mg/ml, resistance was maintained

Endothall 0.25–1000 mg/ml, breaks resistance; 0.01–0.03 mg/ml,

resistance was maintained

Staurosporine 25–100 mg/ml, breaks resistance; 1 mg/ml,

resistance was maintained

K-252a 25–400 mg/ml, resistance was maintained

Distamycin A 300–100 mg/ml, resistance was maintained

a The pod surfaces of four pod halves (0.6 g) were treated with 50 ml of the

indicated treatment. This data is a portion of the comprehensive assays of each

individual inhibitor/effector compound applied in treatments in half-dilution

series of seven concentrations (see Section 2). The growth of>50 propagules of

F. solani f. sp. phaseoli (1 � 106 macroconidia/ml) applied with the compound

was examined cytologically by cotton blue staining 24 h post-inoculation.
subsequent potential to alter the non-host resistance in pea pod

tissue (Table 5). Serine/threonine phosphatase inhibitors,

primarily those specific for protein phosphatases 1 and 2A,

enhanced the accumulation of pisatin as shown in Table 3, often

at very low concentrations (e.g. calyculin A at 0.6 mg/ml). Except

for the cantharidin treatment, the pisatin-inducing treatments

applied at higher concentrations were accompanied by

significant growth of the bean pathogen, F. solani f. sp. phaseoli,

and termed ‘‘breaks resistance’’ in Table 5. The protein kinase
Table 4

A comparison of the pisatin-inducing potential of phosphatase and kinase

inhibitors at lower effective concentrations

Treatment Concentration

(mg/ml)

Pisatin

(mg/g fr.wt.)

S.E. t groupinga

Calyculin A 2 193 11 A

Okadaic acid 1 227 5 A

Cantharidin 100 145 13 B

Endothall 100 154 30 B

K-252a 50 43 9 C

F. solani f.

sp. phaseoli

4 � 106 207 10 A

Water 0 0 0 D

Chitosan 1000 46 7 C

Mean data is based on three replications of 0.3 g pod tissue. Pisatin was

extracted after 24 h. Treatment vol. = 25 ml. SAS analysis provided an F value

of 37 and Pr > F = < 0.001.
a Treatments in the same t group are similar and those in different groups are

statistically different.
inhibitors staurosporine and K-252a, inhibitors of phospholipid/

calcium kinase, Ser/Thr protein kinase, and CaM kinase

respectively were also effective in inducing pisatin (Tables 1

and 4). Staurosporine, but not K-252a, was also able to break

resistance to F. solani f. sp. phaseoli (Table 5).

3.1. Pisatin induction

Minimal, but still effective, concentrations derived from the

initial screening data were utilized in a three-replication

experiment comparing four phosphatase inhibitors and a kinase

inhibitor. These comparisons indicated the higher potency of

calyculin A and okadaic acid compared with the other inhibitors

shown in Table 4. Accumulations of pisatin that occurred

following inoculations with F. solani f. sp. phaseoli are initially

more rapid than those following F. solani f. sp. pisi inoculations

and in general are characteristic distinctions of susceptibility and

compatibility. Pisatin was not detected in water-treated pod

tissue. Treatment of the pea pods with 0.6–10 mg/ml of calyculin

A resulted in high levels (>100 mg/g fr.wt.) of pisatin

accumulation. However, the net effect of high concentrations

of calyculin A at the tissue surface was to break resistance to F.

solani f. sp. phaseoli allowing fungal growth to persist (Table 5).

The lower concentrations of calyculin A (0.03–0.15 mg/ml)

were less disruptive and the non-host resistance was retained.

Comparatively higher concentrations of the chromatin-altering

distamycin Awere capable of inducing pisatin without breaking

resistance (Table 5).

3.2. Cytological assessment

Cytological examination of inoculated pea pod tissue

indicated that both okadaic acid (0.01–0.06 mg/ml) and

calyculin A (0.03–0.07 mg/ml) treatments induced transient

resistance to F. solani f. sp. pisi. The photographic illustration

of how the high and low concentrations of calyculin A affected

fungal growth is presented in Fig. 2. A higher concentration of
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Fig. 2. Growth of F. solani f. sp. phaseoli (3 � 106 macroconidia/ml) and F. solani f. sp. pisi (3 � 106 macroconidia/ml) on pea endocarp tissue 24 h after inoculation in

water or with calyculin A. (A)F. solani f. sp.pisi with calyculin A (0.03 mg/ml) (growthof the three macroconidia was totally suppressed. Thepositive HRis indicated bya

yellow pigmentation accumulation). (B) F. solani f. sp. phaseoli (the growth of three macroconidia was suppressed in this water treatment). The morphological distortion

of hyphal tips and the very adjacent yellow green pigment deposit is indicative of a typical non-host resistance response. (C) F. solani f. sp. phaseoli with calyculin A

(2.5 mg/ml) (the fungal growth indicates that resistance has been broken). (D) F. solani f. sp. pisi (typical growth of the true pathogen 24 h post-treatment with water).
calyculin A, 2.5 mg/ml, diminishes resistance to F. solani f. sp.

phaseoli (Fig. 2C). The resistance against F. solani f. sp. pisi

that is generated by calyculin A at 0.03 mg/ml (Fig. 2A) became

diminished after 3 days resulting in a continuation of fungal

growth (Table 6). The normal non-host resistance and

susceptibility responses are shown in Fig. 2B and D,

respectively. Staurosporine (25–100 mg/ml) was able to break

resistance; however cantharidin, K-252a, and distamycin A

were capable of inducing high levels of pisatin (Table 3)

without detectable alteration of fungal growth (Table 5). These

results implicate a potential role of phosphatase inhibitors in

initiating or diminishing the plant’s defense response.

3.3. Phosphatase inhibitor action directly on the fungus

The growth of both F. solani f. sp. phaseoli and pisi are

inhibited directly by calyculin A, starting at 10 mg/ml. Okadaic

acid did not inhibit either at 10 mg/ml. Endothall did not inhibit

either at 100 mg/ml the highest level used. Cantharidin

inhibited F. solani f. sp. phaseoli starting at 25 mg/ml and F.

solani f. sp. pisi at 12 mg/ml. Thus the fungal growth that was

inhibited when lower levels of these inhibitors were applied to

the pea tissue appeared to be indirect and dependent on the

plant’s induced response (Table 6).

3.4. Inhibitors with low level pisatin induction

A second function of the inhibitor array was its ability to

assess other metabolic processes that may have lesser importance

in the non-host resistance of peas. Compounds with little or no
potential to induce pisatin (<30% of Fsph induced pisatin)

include: salicylic acid, methyl salicylate, catechol, jasmonic

acid, benzo(1,2,3)thiadiazole-7-carbothioic acid-S-methyl ester

(BTH), hydrogen peroxide, methotrexate, N-acetyl-L-cysteine,

citrulline, L-arginine, sodium nitroprusside dehydrate, NG-nitro-

L-arginine, NW-nitro-L-arginine, diphenyl iodium, mimosine,

genistein, rescovitine, olomucine, teniposide, sobuzoxane, N-

ethylmaleimide, cycloheximide, cisplatinum, carmustine, cyclo-

phosamide, melphalin, mitoxanthrone, DAPI, trichostatin,

sodium butyrate, amphotericin B and caspase inhibitors II, III

and IV (Table 3). Some of these compounds had an observable

influence on the accumulation of pisatin when combined with

chitosan or the F. solani f. sp. phaseoli inoculum in the initial

screen (data not shown).

3.5. Treatment combinations

The induction of pisatin by F. solani f. sp. phaseoli was

enhanced by certain concentrations of endothall, cantharidin,

staurosporine, olomucine, apicidin, NG-nitro-L-arginine, sodium

nitroprusside, antipain, carmustine, and sobuzoxane. Alter-

nately, the F. solani f. sp. phaseoli induction of pisatin was

suppressed by salicylic acid, methyl salicylate, citrulline,

L-arginine, methotrexate, okadaic acid, endothall, K-252a,

aurintricarboxylic acid, cycloheximide, cisplatinum, melphalin,

mitoxanthrone, DAPI, distamycin A, sodium nitroprusside,

N-acetyl-L-cysteine, and carmustine (data not shown). The

induction effect on pisatin accumulation appeared to be additive

when calyculin Awas applied at 0.01–0.07 mg/ml (Table 7) with

the fungal spore suspension.
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Table 6

A comparison of the effects of two phosphatase inhibitors on the growth of the

bean pathogen, F. solani f. sp. phaseoli, and the pea pathogen, F. solani f. sp.

pisi, on pea pod tissue

Treatment Treatment

concentrationa

(mg/ml)

F. solani f. sp.

phaseoli

F. solani f. sp.

pisi

24 h growthb HRc 24 h growth HR

H2O only

okadaic acid

GT + GT–G +

10 M + M �
2 G + G +

1 G + F +

0.5 F + G +

0.25 0 + G +

0.125 F + F +

0.06 0 + GT–0*** +

0.03 0 + 0** +

0.01 0 + 0* +

Calyculin A 10 G + G +

5 M + M +

2.5 P + G �
1.2 G + G �
0.6 P + G �
0.3 F + G +

0.15 0 + F +

0.07 0 + P*** +

0.03 0 + P +

a Fifty microliters of the indicated treatment was applied to the pod surface of

four pea pod halves along with 1 � 105 macroconidia/ml of the fungus.
b Growth of 50 propagules/treatment was analyzed 24 h after inoculation.

GT: germtube is visible; M: massive growth; G: good growth; F: fair growth; P:

poor growth; 0: no growth (see Section 2). The asterisks indicate the relative

level of growth resumed after 3 days.
c +: the yellow-green discoloration of a hypersensitive-like response (HR)

was detected in the vicinity of the fungal spore; �: no HR.
Chitosan-promoting accumulations of pisatin were

enhanced by certain concentrations of inhibitors, especially

methyl salicylate, citrulline, L-arginine, cantharidin, stauros-

porine, rescovitine, K-252a, okadaic acid, DAPI, distamycin A,
Table 7

Effect of calyculin A and calyculin A plus Fusarium f. sp. phaseoli (Fsph) on

pisatin accumulation

Treatmenta Concentration

(mg/ml)

Treatment

only pisatin

(mg/g fr.wt.)

Treatment plus

Fsph pisatin

(mg/g fr.wt.)

Calyculin A 10 189 � 1 201 � 10

Calyculin A 5 157 � 10 196 � 3

Calyculin A 2.5 176 � 6 189 � 5

Calyculin A 1.25 153 � 31 273 � 6

Calyculin A 0.6 107 � 31 271 � 10

Calyculin A 0.3 81 � 40 257 � 16

Calyculin A 0.15 31 � 26 205 � 22

Calyculin A 0.07 10 � 8 248 � 10

Calyculin A 0.03 10 � 3 258 � 9

Calyculin A 0.01 13 � 10 144 � 35

Water 0 0 � 0 66 � 29b

a The exposed pod surface of two replications of 0.3 g pea pods were treated

with 12 ml of the indicated concentrations of calyculin A. Pods were harvested

and extracted following 24 h incubation at 22 C. SAS analysis indicated an F

value of 27.58 and Pr > F = < 0.0001.
b F. solani f. sp. phaseoli pisatin induction was 66 � 29 mg/g fr.wt.
n-butyric acid, NG-nitro-L-arginine, N-acetyl-L-cysteine, teni-

poside, and sobuzoxane and alternately were suppressed by

concentrations of salicylic acid, catechol, endothall, aurintri-

carboxylic acid, apicidin, cycloheximide, melphalin, mitoxan-

throne, and sodium nitroprusside (Fig. 1; data not shown).

3.6. Breaking non-host resistance

In addition to the phosphatase and kinase inhibitors, various

concentrations of some of the other compounds can enable

the growth of F. solani f. sp. phaseoli on the pea pod surface.

These include methotrexate, sodium nitroprusside, N-acetyl-L-

cysteine, mimosine, and cycloheximide (data not shown).

3.7. DNA damage assessment

The DNA of the entire pea pod was extracted from treated and

untreated pea pods at a 6 h time point and examined by taking

6 mg of DNA from each treatment and entrapping it in 1%

agarose molds that were subsequently submerged in an alkaline

buffer to allow the small and moderate sized DNA fragments,

which become single stranded, to leach out into the buffer. Minor

DNA fragmentation was associated with the phosphatase

inhibitors endothall and calyculin A and fungal treatments of

pea pods, shown in Fig. 3. F. solani f. sp. phaseoli and pisi treated

pods released the most DNA, suggesting the most extensiveDNA

damage. Endothall at 60 and 30 mg/ml were next in terms of

possible damage above that of the water control. The calyculin A

0.1 mg/ml treatment also showed DNA damage greater than the

water control. These DNA fragments are detectable from tissue

treated with pisatin-inducing concentrations of phosphatase

inhibitors, except for the higher concentration treatment of

okadaic acid (125 mg/ml). This okadaic acid treatment so

severely altered the structural integrity of the pod tissue that it

may have interfered with the DNA fragmentation process.
Fig. 3. DNA damage assessment based on the separation of small DNA

fragments released from 6 mg extracted genomic DNA retained in agarose

gel molds. Genomic DNA was extracted from tissue treated 6 h with: water

(lane 1), F. solani f. sp. phaseoli (Fsph; 1 � 106 macroconidia) (lane 2), F.

solani f. sp. pisi (Fspi; 1 � 106 macroconidia) (lane 3), cantharidin, 250 mg/ml

(lane 4), 125 mg/ml (lane 5), endothall 60 mg/ml (lane 6), 30 mg/ml (lane 7),

chitosan 1 mg/ml (lane 8), calyculin A 5 mg/ml (lane 9), 0.5 mg/ml (lane 10),

0.1 mg/ml (lane 11), okadaic acid 125 mg/ml (lane 12), 1.5 mg/ml (lane 13),

and untreated, unsplit (lane 14). DNA damage above that of the water control

caused by F. solani f. sp. phaseoli and pisi, endothall at 60 and 30 mg/ml, and

calyculin A treatments was observed. Similar results were obtained in repeated

experiments.
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Table 8

RT-PCR detectable levels of expression of pea defense genes and HMG A

Treatments Concentration

(mg/ml)

PAL PR 10 CHS DRR206 HMG A Ubiquitin

Water 1 1 1 1 1 1

Calyculin A 0.003 2.6 1.6 5.3 0.1 1.2 0.5

Okadaic acid 0.0028 4.7 0.7 4.1 0.4 1.0 �0.3

Fsph 2 � 106 spores/ml 0.4 2.0 0.1 0.2 1.4 0.7

Pisi 2 � 106 spores/ml 0.9 1.8 0.5 1.3 0.7 �0.8

Chitosan 1.0 1.4 5.5 5.5 0.1 �2.2 1.0

Expression of the defense genes, PAL, PR 10, CHS, and DRR206 compared with the water treatment were changed (fold changes, derived from Ct values, within 5 h)

by chitosan, the compatible fungus (Pisi) and incompatible fungus (Fsph). Chitosan rapidly suppressed the transcription of HMG A.
3.8. PR gene induction

RNAwas extracted from challenged tissue at a 5.5 h window

to monitor PR genes. The relative RNA accumulations of five

pea genes in treated pea pods was followed with RT-PCR

analyses, utilizing the pea ubiquitin gene as a reference. Each of

the treatments as well as the water control was assayed for each

gene. Melt curves of the RT-PCR products were also

determined to ensure that the RT-PCR product was indeed

the DNA of interest (data not shown). The effects of calyculin

A, okadaic acid, chitosan, F. solani f. sp. phaseoli, and F. solani

f. sp. pisi on the activities of five pea genes are presented in

Table 8. Messenger RNA accumulations specific for the five

pea genes at this time point were evaluated by using gene-

specific primers to synthesize a first strand of DNA under

uniform conditions. Different concentrations of calyculin A and

okadaic acid were associated with major increases in the gene

products such as chalcone synthetase and phenylalanine

ammonia lyase over those of the water-treated control in the

first 5 h. The HMG A transcription factor gene experienced

only a minor change within 5 h. A low level of change was

obtained with the ubiquitin gene.

4. Discussion

A major benefit visualized from the employment of this

inhibitor array study was to further implicate or exclude

signaling pathways from the pea system that are potential

signaling chemicals studied in other systems. Signals and

signaling disrupting chemicals including, reactive O2
�, H2O2,

nitric oxide, salicylic acid, jasmonic acid, catechol, methyl

salicylate, and BTH, had no apparent major effect on the pisatin

production in peas. Chemicals, including methotrexate and S-

nitroso-N-acetyl penicillamine, that generate reactive oxygen

species and nitric oxide, respectively, and citrulline and arginine

that are precursors to signaling agent NO likewise did not have a

significant role in the disease resistance response of pea.

At higher concentrations phosphatase inhibitors disrupt non-

host resistance. This suggests that phosphatase inhibitors target

processes that initially affect resistance, yet the inhibitor

persistence in tissue eventually negatively affects processes

vital for both resistance and normal metabolic processes.

Currently there is no evidence that fungal-derived phosphatase

and kinase inhibitors are involved in this fungal/plant interaction.
The mechanisms of how these alien compounds complement or

detract from the natural responses induced by chitosan or the F.

solani f. sp. phaseoli inoculum are not known. The biotic

inducers, chitosan and Fsph DNase, both produced by F. solani f.

sp. phaseoli are more efficient inducers of a more stable disease

resistance [66–68]. We reported earlier that the biotic elicitors

released from this formae speciales target nuclear DNA causing

subtle but detectable alterations of the pea genomic DNA [6,8].

Furthermore, certain DNA-specific chemicals are potent

inducers of PR genes and pisatin accumulation [6]. Also TUNEL

assays indicated fungal-induced DNA strand breaks within the

nucle of adjacent pea cells. The breaks are also associated with

fragmentation of genomic DNA, nuclear distortion observed

with fluorescent tags, and PR gene induction [6,69]. All of these

alterations were observed following treatment with the patho-

gens or an array of various DNA-influencing compounds

including the biotic elicitors, Fsph DNase, and chitosan. The

chromatin isolated from pea tissue treated with fungi or pisatin-

inducing polyamines changed sufficiently to expose new

attachment sites for DNA-specific marker compounds [8]. All

these previous results point to the genomic DNA or associated

nuclear proteins as targets for stimulating the defense response.

Although in the current study indicates that was minor DNA

fragmentation detected following induction by the most active

inhibitors, the diversity of the potential actions suggest a more

complicated effect than simply DNA alteration. The remarkably

potent induction of phytoalexin production by extremely low

concentrations of inhibitors such as calyculin A suggests that the

phosphorylation state of cellular proteins can also be central in

initiating the general non-host defense response.

The serine/threonine phosphatase inhibitors are reportedly

specific for protein phosphatases 1 and 2A; both of which have

been found in pea tissue [70,71]. Individual phosphatase

inhibitors have been previously shown to enhance PAL

activity and isoflavonoid production in soybeans [72,73]. They

can also mimic elicitor action in inducing rapid hyperpho-

sphorylation of specific proteins [74]. The silencing of

phosphatase synthesis can result in the activation of plant

defense responses in other plants [75]. The observation that

resistance and phytoalexin production in pea can be

manipulated by both phosphatase and kinase inhibitors

suggests a complex of actions on multiple proteins rather

than simply a control of the phosphorylation state of a central

protein. Targets of kinase and phosphatase inhibitors could be
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nuclear kinases and phosphatases that either enhance or

detract from protein’s ability to reside in sites within the

vicinity of nucleosomes or particular promoter regions.

The mechanism responsible for the minor DNA damage that

occurs with the inhibitor treatments is not as apparent as that

from other elicitors particularly the Fsph DNase [6,69,76]. The

low level inhibitor-caused damage indicated by the recovered

DNA fragments represents a very early alteration of host DNA

even though the fragments comprise only a small part of the

entire genomic DNA. This damage however, appears to be the

only effect consistent with the previously reported elicitors of

this system. The phosphatase inhibitors endothall and calyculin

A showed the most DNA damage above the water control and

thus provide some commonality of action on chromatin that

may initiate the transcription of PR genes and accumulation of

pisatin. Chromatin structure can be changed with the

phosphorylation state of proteins that are associated with

DNA [75,77,78]. Chromatin changes associated with gene

transcription have been more intensely studied in other

systems. Recent reports on nucleosome assembly and gene

activation may provide valuable insights into the activation of

the plant defense response. Such reports indicate that the

repression of certain genes requires appropriate nucleosome

assembly [79,80]. The reverse side of the picture is that

disassembled nucleosomes require reassembly to maintain

suppression. Most importantly, in the absence of reassembly,

transcription activators are not required for gene activation. In

the pea system there are multiple possibilities for the

disassembly of chromatin structure: (1) single strand excision

via Fsph DNase, (2) DNA conformational changes via DNA-

specific agents, (3) competition for histone sites on DNA by

chitosan, and (4) exclusion of a transcription factor from a

promoter site via alteration of phosphorylation of HMG A

[1,6,8,17,18,78]. Each action could participate in the activation

of defense gene transcription, albeit somewhat non-specifi-

cally. However, in nature where the plant is challenged by a

wide variety of pathogens, some non-specificity may be

required.

In recognizing that the conformation of chromatin is

becoming an intensively studied approach to understand gene

activation in eukaryotic organisms, these results suggest that

the phosphorylated states of chromatin proteins such as HMG A

and the histones be given renewed attention [81]. This study

also draws attention to the phosphatase inhibitor’s potential to

both alter the non-host resistance by breaking resistance to the

growth of a bean pathogen and temporarily suppress growth of

a pea pathogen. Additionally, optimal inhibitor concentrations

can enhance PR gene transcription within the early hours and

very significantly enhance phytoalexin accumulation within

24 h.
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