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ABSTRACT

BIOCHEMICAL AND PHYSIOLOGICAL ASPECTS

OF THE PLANT HOST RESPONSE IN THE FUSARIUM

DRY ROT DISEASE OF POTATO

By

Yihua Zeng

Although the dry rot of potato caused by fungal pathogen Fusarium

sambucinum Fuckel (Teleomorph, Gibberella pulicaris (Fries) Sacc.) has been

known for more than half of a century, knowledge of the development of this

pathogen in host tissue is lacking. Light and electron microscopy revealed that the

pathogen was able to infect potato tuber tissue within 12 hr after inoculation, and

the infection process involved enzymatic degradation of host middle lamella and

cell walls. Toluidine blue staining and lignin-thioglycolate assay showed that

deposition of lignin-like materials in the cell walls of infected cells was not

detected until 24 hr after inoculation. Phenylalanine ammonia-lyase (PAL),

cytoplasmic peroxidase (PO) and ionically bound cell wall peroxidase activity were

induced after inoculation. The increase in PAL activity was preceded by

accumulation of PAL mRNA. The production of chlorogenic acid (CGA) was

suppressed by the pathogen.

Cladosporium cucumerinum, a non-pathogen of potato, was able to induce

a localized resistance to infection by F. sambucinum. This resistance was evident

within 24 hr after inoculation with C. cucumerinum where enhanced host general

responses included induction of enzyme activity such as PAL, cytoplasmic and cell



wall bound PO, and coniferyl alcohol dehydrogenase (CAD). These increased

enzyme activities were thought to contribute to the accumulation of lignin-like

materials which may play an important role in host defense against F.

sambucinum.

Two major potato steroid glycoalkaloids (SGA) a-solanine and a-chaconine

inhibited spore germination and growth of F. sambucinum in vitro. a-Chaconine

had a higher toxicity than a-solanine in every test. The toxicity of SGA was

greater at pH 7 than at pH 6. The combination of a—chaconine and a-solanine

showed a synergistic inhibitory effect on spore germination and growth of the

fungus. In potato tuber discs, accumulation of SGAs was completely suppressed

by pathogen F. sambucinum and partially suppressed by non-pathogen C.

cucumerinum. The SGA accumulated in aged potato tuber discs may play a role

in the general defense response against F. sambucinum infection.
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A REVIEW OF THE LITERATURE

Potato Dry Rot Caused By Fusarium sambucinum

Fusarium dry rots of potato (Solanum tuberosum L.) occur world-wide but

are particularly common in Europe and North America (Boyd, 1952). In

Michigan, Fusarium sambucinum Fuckel (Teleomorph, Gibberellapulicaris (Fries)

Sacc.) is the major causal agent of potato dry rot and causes significant economic

losses in the field, during storage and in transit. This soil borne pathogen infects

tubers only through wounds (Nielson, 1990). After germination on the wounded

tubers or potato seed pieces, the fusoid-lanceolate—like macroconidia infect tubers

and the hyphae first grow inter-cellularly and then intra-cellularly (Nielson, 1990).

The infected tissue becomes macerated and in a few weeks a dry, brown rot

develops. Under humid (70-95 % relative humidity) and warmer (15-35 0C)

conditions, the disease development can be accelerated and secondary infection by

other pathogens such as Erwinia spp. may also occur (Nielson, 1990). This will

cause more damage and loss of tuber tissues.

Although Fusarium dry rot disease was described many years ago (Small,

1944), only a limited number of resistant cultivars has been identified. Currently,

the main and the most effective way to control this disease is the use of fungicides.

However, because of both the increase in resistance of pathogens to fungicides

(Desjardins et al, 1993; Staub, 1991) and the environment pollution due to the use

of large quantities of fungicides, breeding potato varieties that are resistant to

Fusarium dry rot is considered an important goal for some breeding programs.

However, resistance to Fusarium is likely a multi—gene trait (Corsini and Pavek,

1986) and little is known about the mechanism of resistance in potato tuber to the

disease. A study of biochemistry and physiology of host responses to infection by
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F. sambucinum will provide useful information for breeding for resistance to this

pathogen.

Host Responses To Wounding And Some Pathogen Infections In Potato Tuber

And Other Plant Tissues

Wound responses

Wound healing is a common response of potato tuber tissues to injury

(Artschwager, 1927). It occurs in two steps. Following wounding, the cell layer

that is three to five layers away from the wound surface starts to divide in both

inward and outward directions and forms brick-shaped cell layers that possess no

intercellular spaces. This is called wound-periderm. During the time of wound-

periderm formation, cell walls of the top several cells become suberized

(Artschwager, 1927; Wigginton, 1974).

The wound healing process is mainly controlled by temperature and relative

humidity (Artschwager, 1927; Wigginton, 1974). At room temperature and high

humidity (70—95% RH), wound-periderm starts forming at 4-5 days after wounding

while suberization starts at 2-3 days and is completed at 8-9 days (Barckhausen,

1978; Cunningham, 1953; Kolattukudy, 1981, Wigginton 1974). At temperatures

lower than 10 °C, suberization and wound periderm formation are inhibited

(Schippers, 1971). In water saturated atmospheres, wound periderm formation can

also be retarded by the induction of cell proliferation at the wound surface

(Wigginton, 1974). Recently, Morris et al (1989) have suggested that the humidity

of the environment might be relatively more important in affecting the wound

healing process than the temperature, because high relative humidity accelerates

wound periderm formation and reduces the thickness of the layer of desiccated

cells. In general, both temperature and relative humidity have very crucial effects
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on suberization and wound periderm formation in potato tubers.

Wound healing not only prevents water loss from the injured tissue, it also

reduces pathogen infections (Barckhausen, 1978; Bostock and Stermer, 1989). The

suberized wound-periderm is generally considered to be a physical barrier which

restricts pathogen invasion (Bostock and Stermer, 1989). O’Brien and Leach

(1983) have reported that suberized cell layers and wound-periderm together

provide a physical barrier that prevents F. sambucinum from penetrating further

into the potato tuber of resistant cultivars. Escande and Echandi (1988) have also

shown that higher soil temperature accelerated the wound healing process in potato

seed pieces and consequently reduced infections by different soil borne pathogens

as well as infections by a combination of several fungal and bacterial pathogens.

Aging under optimal conditions can promote not only suberization but also

stimulate the synthesis of resistance factors. Using the potato soft rot system,

Zucker and Hankin (1970) were able to show that even the removal of 0.3 mm of

the suberized layer from aged potato tuber slice could not convert the slice into

complete maceration by purified pectate lyase from Erwinia carotovora, as

occurred in the control. This indicated that the tissue deeper than 0.3 mm from the

wound surface might contain other compounds such as chlorogenic acid-linked

carbohydrate polymers (Riley and Kolattukudy, 1975) which prevent pectate lyase

from reaching its substrate. It is also possible that the tissue might contain

inhibitors of pectate lyase.

Wounding also stimulates steroid glycoalkaloids (SGA) accumulation. a-

Solanine and a-chaconine, the main SGA in potato, are found normally in tuber

peel, sprouts and leaves (Gull and Isenberg, 1960; Paseshnichenko, 1957). The

concentration of SGA increases largely after injury and their accumulation is

thought to be associated with the wound repair mechanism (Fitzpatrick et al, 1977;
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Ishizaka and Tomiyama, 1972; Lisker and Kué, 1977;). Also they are toxic to

microorganisms. It has been demonstrated that a-chaconine is more toxic than a-

solanine (Allen and Kué, 1968; McKee, 1955; 1959; Sinden et al, 1973; ). a-

Chaconine contains a rhamnose-glucose-rhamnose sugar moiety and an aglycone

called solanidine while a-solanine contains glucose-galactose-rhamnose moiety and

solanidine. The differential fungitoxicity may therefore be determined by the sugar

moiety (Roddick and Rijnenburg, 1987; 1988). In addition, the toxicity of both

compounds increases as the pH level in the media increases (McKee, 1955; 1959).

It has also been reported that a-solanine and a-chaconine may have synergistic

effect on membrane stability (Roddick and Rijnenberg, 1987; 1988). This raises

the possibility that SGA may interact with other chemicals to produce effects on

invading microorganisms in plant tissues. Reports on the role of SGA in disease

resistance have been inconclusive (1959; Allen and Kué, 1968; Deah et al, 1973;

Frank et al, 1975; McKee, 1955). As suggested by Kué (Allen and Kué, 1968;

Locci and Kué, 1967), SGA may be part of a general defense mechanism of potato

tubers.

Accumulation of lignin and lignin-like materials

Lignins are phenolic polymers composed of p—coumaryl, coniferyl and

sinapyl alcohols. In higher plants, lignin deposition in host cell walls after

pathogen infection has been thought to be one of the mechanisms of disease

resistance (Grisebach, 1981; Ride, 1983; Friend, 1981). The role of pathogen or

non-pathogen induced lignin or lignin-like materials in disease resistance has been

discussed for the last twenty years. As suggested by Ride (1983), induced

lignification may (a) increase physical strength of cell walls which restricts further

invasion by pathogens; (b) make the cell walls more resistant to cell wall
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degrading enzymes produced by pathogens; (0) provide lignin precursors that are

toxic to pathogens; ((1) restrain movement of nutrients and water from host to

pathogen resulting in reduction of disease development; (e) reduce the plasticity

of fungal cell wall by lignifying the growing hypha] tips. To date, some of these

hypothetical events have been tested and some of the mechanisms have been

demonstrated. Using 3H-phenylalanine and l“C-cinnamic acid labelling techniques,

Ride was able to show that lignification occurred in the upper epidermal walls in

wheat leaves within 12— 19 hours after inoculation with non-pathogens (Ride, 1975;

Ride and Pearce, 1979). The lignified epidermal walls were resistant to wall-

degrading enzymes but not to delignifying chemicals. They were also resistant in

vitro to fungal degradation by some wheat pathogens (Ride, 1980). Pathogen

induced lignification has also been shown to occur in some resistant cultivars. In

wheat carrying a resistance gene to stem rust, lignification occurred more rapidly

than susceptible plants (Beardmore et al, 1983). Similar results were obtained with

the cucurbit-Cladosporium cucumerinum system. Hammerschmidt et a1 (1984)

confirmed the results of Hijwegen (1963) that lignin deposition was more rapid in

resistant cucumber plants than in plants susceptible to Cladosporium cucumerinum.

Furthermore, Hammerschmidt and Kué (1982) have provided evidence that fungal

hyphae could be lignified in vitro. The results from the above experiments strongly

supports some of Ride’s hypotheses.

In potato tuber tissues, rapid deposition of lignin-like materials has been

shown by Friend and co-workers (1973) to occur in response to incompatible races

of Phytophthora infestans. It was also demonstrated (Ampomah and Friend, 1988)

that tuber discs from a resistant cultivar showed a higher and faster response to the

infection by a complex race of Phytophthora infestans and to Phoma exigua. The

host resistance to infection was correlated with the deposition of insoluble phenolic
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materials including both lignin and suberin. The inhibition of PAL by inhibitor

amino-oxyacetic acid (AOA) before inoculation greatly reduced the deposition of

lignin-like materials and resulted in further penetration of the tissue by the fungi.

Similarly, Hammerschmidt (1984) has reported that Cladosporium cucumerinum,

a non-pathogen of potato was also able to induce rapid deposition of lignin-like

materials in cell walls of potato tuber tissues. The inhibition of accumulation of

these induced lignin-like materials by a PAL inhibitor caused a state of

"susceptibility” in the tissue to C. cucumerinum.

However, results showing that lignification was not a major factor in disease

resistance have also been reported. As pointed out by Ride (1983), this difference

may be due to the different host-parasite combinations, implying that pathogen-

induced lignification may play a major role in host defense response in some host-

parasite interaction, while in other cases the phytoalexins are playing a more

" important role in host resistance. Conceivably, pathogen-induced lignification and

phytoalexin accumulation may also be complementary. First lignification may

occur and restrict the further invasion by pathogens. Infection may then be further

inhibited by phytoalexin accumulation or vice versa. More modern techniques are

employed to researches of plant pathology, such as either suppressing the

production of coniferyl alcohol dehydrogenase (CAD), the second to the last

enzyme in lignin biosynthesis, by introducing antisense RNA gene of CAD or

over-expressing CAD gene to enhance CAD production and subsequently reduce

or enhance lignification in transgenic plant, which will allow us to address the role

of pathogen-induced lignification in plant defense response more specifically in the

future.
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Induction of the activity of enzymes in phenylpropanoid biosynthesis

Many reports on changes in secondary metabolism in plant tissues following

pathogen infection have been published in the past 50 years. Among them, many

of the studies have focused on the increase in activity of some key enzymes in

phenylpropanoid biosynthesis pathway in response to pathogen infection.

Phenylalanine ammonia-lyase (PAL; EC 4.3.1.5) is the first enzyme of general

phenylpropanoid pathway and its regulatory role has been well studied (Jones,

1984). PAL deaminates L-phenylalanine to t-cinnamic acid. Through hydroxylation

or methoxylation reactions the pathway provides a pool of substituted cinnamic

acids that are subsequently activated to coenzyme A thioesters by specific CoA

ligases. These coenzyme A thioesters are precursors for the synthesis of lignin,

flavonoids, and other secondary metabolites (Grisebach, 1981).

PAL activity can be induced by pathogen infections and by fungal elicitors.

Using protein synthesis inhibitors, Hadwiger et a1. '(1972) were able to show that

the induced PAL activity might be due to de novo synthesis in both biotic and

abiotic elicitor-treated pea tissue. Because of the non-specificity of protein

synthesis inhibitors, the inhibition might be due to the inhibitory effects on the

whole tissue metabolism. Using enzyme 2H-labelling techniques, Lawton et at

(1987) have provided convincing evidence that the increase in PAL activity in

elicitor-treated bean cells was due to an increased rate of de novo protein

synthesis. With antibodies specific for PAL, several researchers have conducted

in vivo pulse-labelling and in vitro translation experiments to confirm the de novo

synthesis of PAL in response to the elicitor treatments or fungal infections (Cramer

et al, 1984; Hahlbrock et al, 1981; Lawton et al, 1983a; Lawton et al, 1983b).

After PAL cDNA clones became available, various researchers were able to

conduct Northern and nuclear run-off experiments which showed, at DNA level,
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that induction of PAL activity in the treatments resulted from new transcription of

PAL (Chappell and Hahlbrock, 1984; Cramer et al, 1984; Cramer et al, 1985;

Edwards et al, 1985; Frizemeier et al, 1987; Lawton et al, 1987). These studies

also demonstrated that there is a differential expression of defense genes between

the incompatible and compatible interaction (Bell and Ryderet, 1986 ). Since PAL

activity can be induced by wounding, abiotic and biotic elicitors as well as

pathogen infection, it is usually taken as a general marker to monitor changes of

plant secondary metabolism.

Coniferyl alcohol dehydrogenase (CAD; EC. 1.1.1.2), the second to the last

enzyme in the lignin biosynthesis pathway has also been studied in relation to

pathogen-induced lignification. This enzyme reduces cinnamyl aldehydes to

corresponding cinnamyl alcohols, which are later oxidized by peroxidase and

polymerized into lignin. Because of its position in the lignin pathway, it is

considered to be a specific marker for lignin biosynthesis. There have been some

reports showing CAD activity can be induced by fungal infection and elicited by

fungal elicitors and the increase in CAD activity is consistent with the

accumulation of lignin (Moerschbacher et al, 1986, 1988, 1990). The studies of

CAD activity in plant lignification have been mainly performed at the enzyme level

for the past twenty years. To date, CAD enzyme protein from several plant species

(tobacco, pine, soybean, poplar and spruce) has been purified into homogeneity

and characterized (Halpin et al, 1992; Luderitz and Grisebach, 1981; O’Malley et

al, 1992; Sami et al, 1984; Wyrambick and Grisebach, 1975, 1979). Recently,

CAD cDNA clones from loblolly pine and tobacco have been obtained (Knight et

al, 1992; O’Malley et al, 1992). It is anticipated that the induction of CAD

activity in plant defense responses will be investigated at molecular level in the

near future.
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Peroxidase (PO; E.C. 1.11.1.7) is the last enzyme in lignin biosynthesis.

It oxidizes cinnamyl alcohols to radicals that polymerize non-enzymatically into

lignin. A great number of lines of evidence from P0 studies have shown that PCs

are associated with pathogen-induced lignification (van Loon, 1986). In cucumber

plants, three acidic PO isozymes are associated with induced resistance (Smith and

Hammerschmidt, 1988). Many similar studies on the correlation between PO

isozyme activity and host defense response have been reported (Graham and

Graham, 1991; Kerby and Somerville, 1989; Mohan and Kolattukudy, 1990;

Reimers et al, 1992). Although there have been overwhelming numbers of reports

on the study of PO, very few studies have addressed the role of specific PO

isozymes in plant defense responses. Since there are many isozymes of P0 in plant

tissues and they are extremely sensitive to environmental stress, any change of

isozyme activity may reflect an important alteration in host metabolism. Therefore,

only by fully understanding the function of each PO isozyme can we elucidate the

role of P0 in plant defense responses.

Using molecular techniques, several researchers have been able to isolate

cDNA clones of some PO isozymes associated with pathogen-induced lignification

and suberization (Lagrimini, 1991; Roberts and Kolattukudy, 1988). Recently,

following the availability of cDNA clones of PO isozyme, several researchers have

investigated the function of specific PO isozyme using plant transformation system.

Lagrimini (1991) reported that the activity of an anionic P0 was over-expressed

in transgenic tobacco plants containing the peroxidase gene. As a result, rapid

browning and lignin deposition in response to wounding in the pith tissue of

transgenic plants were observed. In addition, kinetic analysis of enzymatic reaction

in vitro showed that the purified P0 was able to polymerize phenolic acids in the

presence of H202. This indicated that the anionic P0 was fully capable of
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catalyzing polymerization of phenolics.

Another study on the function of PO isozymes using transgenic plant system

came from Kolattukudy’s laboratory (Sherf et al, 1993). A tomato gene sequence

encoding an antisense transcript of an anionic PO, which was previously correlated

to suberization, was introduced into tomato plants via Agrobacterium—mediated

transformation. The introduction of the antisense gene successfully knocked out the

production of this endogenous anionic PO. Unexpectedly, no significant changes

in terms of appearance of the plants, suberization, content and composition of

aliphatic components of suberin were detected. For this reason the authors

speculated that it might be due to the substitution of other P0 in the plant

metabolism. From the results provided by these experiments, it is clear that more

investigations of PO function using molecular approaches are needed in order to

elucidate specific functions of PO isozyme in basic plant physiology as well as in

plant defense responses.

Accumulation ofphytoalexins

Phytoalexins are low molecular wight compounds that are toxic to a broad

range of microorganisms. They are produced in plant tissues after infection by

pathogens. Since Miiller’s (1949) fust experiment on phytoalexin using the potato-

Phytophthora infestans system, which led to his definition of phytoalexin concept,

numerous reports on the study of phytoalexins have been published. In several

cases, experimental evidence does support the idea that phytoalexins have a role

in disease resistance (Hahn et al, 1985; Sato et al, 1971). The results of Van Etten

and co-workers (Kistler and Van Etten, 1984; Tegtmeier and Van Etten, 1982)

have demonstrated that highly virulent isolates of Nectria haematococca were able

to detoxify pisatin, the phytoalexin produced by pea, while those isolates with low
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virulence were not able to detoxify pisatin and were sensitive to it. It was also

shown by Van Etten et a1 (Shafer et al, 1989) that transfer of the pisatin

detoxification gene (demethylase gene, pda) into maize pathogen Cocholiobolus

heterostrophus increased its virulence on pea. However, a saprophyte Aspergillus

nidulans could not be converted into a pea pathogen by the same gene transfer.

These studies provided evidence that pisatin plays an important role in disease

resistance in pea.

Direct evidence that phytoalexins inhibit fungal growth due to their

accumulation in plant tissue came from the work by Snyder and Nicholson (1990).

Both susceptible and resistant young sorghum have the ability to produce 3-

deoxyanthocyanidin flavonoids, which are phytoalexins with a red-orange color.

After maturation, the susceptible cultivars lose the ability to produce the

phytoalexins and become susceptible. Whenjuvenile sorghum was inoculated with

the fungus Colletotrichum graminicola, the phytoalexins were produced in

inclusions in the cells under attack and later produced in the adjacent cells. The

phytoalexins were released and deposited onto the fungal hyphae. Eventually the

fungus and the infected cells died.

More direct evidence showing that disease resistance resulted from

phytoalexin gene expression has been presented by Hain et al (1993). They

transferred grapevine stilbene synthase genes into tobacco so that the tobacco

produced the phytoalexin resveratrol due to over expression of the introduced

genes. The transgenic tobacco was more resistant to Botrytis cinerea. This study

demonstrated that plant resistance against pathogen infection can be enhanced by

introducing a foreign gene for phytoalexin biosynthesis. The significance of this

study may be questioned because of the use of Botrytis cinerea, which is not a

strict tobacco pathogen, to challenge the transgenic tobacco plants. However, there
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is a positive correlation between the phytoalexin resveratrol concentration in

grapevine and resistance to the pathogen.

Phytoalexins are also produced in potato tubers upon infection with

pathogens. Among them, rishitin and lubimin are very commonly produced

fungitoxic sesquiterpenes 0(ué, 1982). It has been known that rishitin inhibits

growth of Phytophthora infestans, the potato late blight fungal pathogen (Kué,

1982). However, in the potato-Fusarium sambucinum system, the fungus has been

was able to tolerate rishitin and detoxify lubimin (Desjardine and Gardner, 1989b;

Desjardine et al, 1989a). Genetic analysis demonstrated that the highly virulent

strains of Fusarium sambucinum are tolerant of rishitin and the tolerance is

inheritable (Desjardine et al, 1993).

In general, it seems that phytoalexins play an important role in disease

resistance in plant-facultative parasite system. However, in the plant-obligate

parasite system, the role of phytoalexins would be less important and the

combination of gene-for-gene effect and phytoalexin inhibitory effect may be

ultimate results of plant disease resistance.

Accumulation of chlorogenic acid (CGA)

Chlorogenic acid (CGA; 3-O-(caffeoyl) quinate) is one of the end products

of phenylpropanoid metabolism. It is normally present in potato tuber peel in high

quantity and it accumulates in tuber tissue after illumination (Lamb and Rubery,

1976), infection (Friend at al, 1973; Smith and Rubery, 1981) and wounding

(Cottle and Kolattukudy, 1982). Wounding stimulates CGA accumulation with a

gradually increasing rate within 12 days (Cottle and Kolattukudy, 1982). It is

thought that wound-induced CGA accumulation may be one of the wound healing

processes but its role in wound healing is still unknown.
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Pathogen-induced CGA accumulation has been reported (Friend et al, 1973;

Smith and Rubery, 1981). In potato tissue, CGA accumulated in the first 40 hr

after infection by Phytophthora infestans and this accumulation was parallel to the

induced PAL activity. After 50 hr, the increased accumulation of CGA fell and

this was explained as a consequence of conversion of CGA into other metabolites

(Smith and Rubery, 1981). In fact, in potato tuber discs the conversion of CGA

into a caffeoyl moiety, which later is incorporated into "lignin-like” materials, has

been demonstrated (Taylor and Zucker, 1966). In addition, an enzyme that cleaves

CGA, and in the presence of CoA, generates caffeoyl-CoA and quinic acid has

been reported (Rhodes and Wooltorton, 1976). This clearly indicates that the

conversion of CGA to other secondary metabolites could occur in vivo.

With regard to the role of CGA in disease resistance, CGA is generally

considered less toxic to a broad range of microorganisms than its oxidation

products, the quinones, and therefore the accumulation of CGA and its oxidation

products may be part of plant general defence response (Kué, 1972).
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ABSTRACT

The pathogenesis of potato dry rot fungal pathogen Fusarium sambucinum

Fuckel (Teleomorph, Gibberella pulicaris (Fries) Sacc.) was studied at the light

microscopic (LM) and electron microscopic (EM) level. Light and electron

microscopy revealed that the pathogen was able to infect potato tuber tissue within

12 hr after inoculation. The infection process involved enzymic degradation of host

middle lamella and cell walls. Toluidine blue staining showed that very little

amount of lignin-like materials were deposited in the cell walls of infected cells at

12 hr. However, at 24 hr after inoculation, deposition of some lignin-like materials

was observed in the tissue already colonized. The results obtained with lignin-

thioglycolate assay were in agreement with those with toluidine blue staining.

Phenylalanine ammonia-lyase (PAL), cytoplasmic peroxidase (PO) and

ionically bound cell wall peroxidase activity were induced after inoculation with

the spore suspension. The increase in PAL activity was preceded by accumulation

of PAL mRNA. Cell wall PO activity increased at a higher rate than cytoplasmic

P0. The production of chlorogenic acid (CGA) was suppressed by the pathogen.

Plate assay for polygalacturonase (PG) and pectate lyase (PL) clearly showed in

vitro production of these two cell wall degrading enzymes by the pathogen.
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INTRODUCTION

Although Fusarium dry rot disease was described many years ago (Small,

1944) and pathogenesis of dry rot causing fungal pathogens, Fusarium caeruleum

(Lib.) Sacc. and F. avenaceum (Fr.) Sacc.( McKee, 1954), has been described

histologically, no information of the pathogenesis ofF. sambucinum (Teleomorph:

Gibberella pulicaris), the important dry rot causal agent in the North of America,

was available at the ultrastructure level. In addition, knowledge of the host

response to the infection at early stages was also lacking. Thus, the goal of this

study was to investigate the infection process of Fusarium dry rot disease at the

light and electron microscopic levels, to determine the in vitro production of

pectolytic enzymes by the fungus and to examine certain host responses to the

infection.

MATERIALS AND METHODS

Preparation of potato tuber discs

Tubers of potato (Solanum tuberosum L.) cultivar Russet Burbank stored for

2-6 months at 4°C were used in all experiments. The tuber disc preparation

procedure described by Hammerschmidt (1984) was followed. Briefly, the tubers

were taken from the cold room and warmed up at room temperature (RT)

overnight. The tubers were then washed with tap water and soaked in 5% of

Chlorox for 5-10 min to disinfect tuber skin surface. Prior to slicing, the tubers

were dipped into 95 % ethanol (EtOH) and then flamed. The tubers were then

sliced into 0.5-0.8 cm thick slices and discs were cut out from central parenchyma

tissue with 2.0 cm diameter core borer. The discs were rinsed three times with
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sterile water and then placed in Petri dishes lined with moist Whatrnan 3 MM filter

paper.

Fungal materials

Fusarium sambucinum was isolated from diseased tuber and single spore

cultured on potato dextrose agar (PDA) plates. The stock culture was stored at 4

0C. F. sambucinum from 7-10 day old culture grown at RT was used for

inoculation. The fungal spore suspension was made by flooding the plate with 10-

15 ml of sterile distilled water. The spores then filtered through four layers of

cheesecloth and adjusted to a concentration of 2x106 spores/ml for inoculation. The

spore suspension (50 pl) was applied onto the discs. The discs were then incubated

at RT in the dark.

Light microscopic observation of F. sambucinum infection in potato tuber

tissue

At 12 and 24 hr following inoculation, the discs were soaked in 95% EtOH

for at least 3- hr in order to clear out soluble phenols. Then the discs were sliced

longitudinally into 1-2 cell layer thick sections with a Hooker microtome. The

sections were first rinsed with water and stained with 0.1% toluidine blue 0 in 0.1

M Na-phosphate buffer, pH 6.5 for 2-3 min, then rinsed with water for 2-3 times.

The stained tissue sections were mounted as a temporary slide and observed with

a light microscope.

Electron microscopic observation of F. sambucinum infection in potato tuber

tissue

The procedures described by Stein (1991) were used for EM sample
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preparation. Briefly, at different time points after inoculation with F. sambucinum,

tissue samples were collected from the top 1 mm thick layer of potato tuber discs.

The tissue was cut into approximately 1 mm3 pieces and fixed in 2.7%

glutaraldehyde in 0.1 M Na-phosphate buffer, pH 6.8 with four changes during

overnight fixation at 4 0C. The fixed samples then were post-fixed in 1% 030, in

the same buffer at 4 °C for 90 min and rinsed twice with the buffer for 15 min

each. Following post-fixation, the samples were dehydrated with series of EtOH

(25, 50, 75, 95 and 100%) for 15 min each at RT.

For SEM sample preparation, the EtOH dehydrated samples were processed

by critical point drying and mounted onto a aluminum stubs. After coated with

gold for 3 min at 20 mA, the samples were viewed and photographed with a 35

CF JEOL scanning electron microscope.

For TEM sample preparation, the EtOH dehydrated samples were put into

four changes of Spurr’s (1969) epoxy embedding media and polymerized at 65 °C

for 18 hr. Following polymerization, the samples were cut into silver-gold sections

(approximately 90 nm thick) on a Reichert Ultracut E Ultramicrotome and placed

on copper 300 mesh grids. Grids were stained in a saturated aqueous solution of

urinal acetate for 30 min and then in lead citrate. Grids were viewed and

photographed with a 201 Phillips transmission electron microscope.

Plate assay for pectolytic enzyme production of F. sambucinum

Production of pectolytic enzymes in culture by F. sambucinum was tested.

For polygalacturonase (PG) activity test, the procedures described by Scott-Craig

(1990) were followed. Briefly, the culture medium was made up with 5 g

polygalacturonate, 2 g (NH4)2SO4, 15 g agar and 1000 ml distilled water at pH

5.5. An agar plug (0.5 cm diameter) containing F. sambucinum spores and hyphae
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was placed in the plate. Incubation was carried out at RT in the dark for 2—4 days.

After incubation, the plate was flooded with 5 ml of 0.4 N HCI for 10 min and

then rinsed several times with water. The presence of a halo around the fungal

colony indicated the ability to produce PG which breaks down polygalacturonate.

For pectate lyase (PL) activity test, a plate assay was also used. The plate was

made up with the same medium as that used for PG assay but contained 0.2 mM

CaCl2 and its pH was adjusted to 8.0 with Tris-HCI. After incubation, the plate

was also flooded with 0.4 N HCl and the presence of halo around the fungal

colony showed the production of PL by the fungus.

PAL and cytoplasmic PO extraction and assays

At intervals after inoculation with a F. sambucinum spore suspension, the

top 0.5 mm layer of discs was peeled and extracted with acetone at -20°C to make

an acetone powder. One hundred mg of acetone powder was extracted in five ml

of 0.1 M sodium borate buffer containing same amount of PVP in weight, pH 8.8

for one hr at 4 0C and filtered through two layers of cheesecloth and then

centrifuged at 10,000 xg for 20 min at 4 °C. After centrifugation, the supernatant

was used for PAL and cytoplasmic PO assays. PO activity was assayed by

spectrophotometric procedure described by Borchert (1978). For PAL assay,

procedure of Rahe et al (1970) was used. The protein content of enzyme extracts

was determined by the method of Bradford (1976).

Extraction of ionically bound cell wall PO

A modified procedure from Grison and Pilet (1985) was used for ionically

bound cell wall PO extraction. Briefly, 0.2 g of the acetone powder was stirred in

10 ml of 0.05 M sodium phosphate buffer (pH 6.0) for 2 hr at 4 °C and
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centrifuged at 1000 xg for 6 min. The pellet was washed 2 times with 2 ml of the

buffer and once with water then centrifuged at 1000 xg for 6 min. The pellet was

re-suspended in 1 ml of 1 M CaCl2 and stirred for 0.5 hr at room temperature and

then centrifuged at 13,000 xg for 20 min at 4 0C. The supernatant was used for

assay of ionically bound cell wall PO. After being dialyzed against water and

lyophilized to dryness, the samples were redissolved in water, centrifuged again

at 13,000 xg for 5 min at 4 °C. The supernatant was used for IEF-PAGE analysis.

Electrophoresis of PO

Native activity PAGE (Hames, 1981) was used to separate the acidic

cytoplasmic PO. After electrophoresis, PO isozymes were visualized by staining

the gel with 200 ml of 0.05 M sodium acetate buffer solution (pH 5.5) containing

40 mg of 3-amino-9-ethylcarbazole, 10 ml of N,N, dirnethylforrnamide and 63 pl

of 30% H202 (Graham et al, 1965).

A commercially available, pre-made IEF gel (pH 3-10, 124 x 129 x 3.75

mm, ISOLAB, INC., Akron, OH, USA) was used for separating isozymes of

ionically bound cell wall P0. The anode buffer was made up with 1 M H3PO4 and

the cathode buffer contained 1 M ethanolamine, 30 mM arginine and 30 mM

lysine. The gel was run at 10 °C at SW for 10 min, 10W for 45 min, 15W for 15

min and finally at 20-25W for 5 min. The Protein Test Mixture 9 from Serva

company was used as PI standards. Following electrophoresis, the gel was also

stained with the acetate buffer to visualize the isozymes. Isoelectric points of PO

isozymes were determined by running the protein standards with the samples.

Slot blot analysis of PAL mRNA

The. procedure described by Yeh et al (1991) for total RNA extraction was
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followed. At intervals after inoculation with F. sambucinum, total RNA was

isolated from the top 0.5 mm layers of the discs and 7.5 pg of each RNA sample

was used for slot blot analysis. The procedure described by the manufacturer

(Schleicher and Schuell) was followed. Briefly, the total RNA sample was mixed

with water to a volume of 100 pl and then added to 300 pl of 6.15 M

formaldehyde in 10 x SSC. After incubated at 65 °C for 15 min, the samples were

loaded onto the slot blotter and house vacuum was applied. When the samples

were drained out under vacuum, the wells were then washed with 400 pl of 10 x

SSC under vacuum until it was completely drained out. After the samples were

transferred onto the membrane, the membrane was baked at 80 °C for two hr in

preparation for pre-hybridization. Two hour pre-hybridization and overnight

hybridization were performed at 42 °C as described by Miniatis et al (1982). The

32P-labelled PAL cDNA clone from potato was used as a probe. The clone was

kindly provided by Dr. K. Hahlbrock (Fritzemeier et al, 1987). The procedures

described by Feinberg and Vogelstein (1983) were used for random priming

synthesis of 32P-labeled probe. Following hybridization, the blot was finally

washed in 0.1 x SSC at 65 °C for 10 min and exposed to X-ray film.

Measurements of lignin and chlorogenic acid content

The top 0.5 mm layers of discs were also used for the measurements of

lignin-like materials and chlorogenic acid content. The thioglycolate procedure

described by Hammerschmidt (1984) was used for lignin assay. The procedure

from Sheen (1971) was used for chlorogenic acid content measurement.

Effect of aging of tuber discs on F. sambucinum infection

Thediscs were aged in the moist dishes at RT for different time of periods
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and then inoculated with 50 pl of the fungal spore suspension at concentration of

2 x 10‘ spore/ml. The disease development in the discs was recorded three days

following inoculation.

Effect of wounding of aged tuber discs on F. sambucinum infection

At different time points of aging, a ca. 2 mm deep wedge was cut on the

top tissue of each disc and 50 pl of the fungal spore suspension at the same

concentration was applied immediately after cutting. Three days following

inoculation, the disease development was recorded.

RESULTS

Light microscopic observation of F. sambucinum infection in potato tuber

tissue

At 12 hr after F. sambucinum infection, the tissue stained with toluidine

blue showed some purple-blue in the cell walls of cells adjacent to the cut surface

(large arrow head), which indicated deposition of phenolics (Fig. 1-1 A and B).

The fungal hyphae were stained as red to purple (small arrow head) (Fig. 1-1 A

and B). At 24 hr, deposition of phenolics ( purple-blue) and lignin-like materials

(purple-green) was observed (large arrow head, Fig. 1-3 A and B) in almost the

whole cell walls of cells next to the cut surface. In the control, the cell walls were

stained purple-blue indicating that phenolics were deposited (Fig. 1-2). A large

number of fungal hyphae were present in the cut surface and on both sides of

lignified cell walls indicating either fungal penetration was completed before the

cell walls were lignified or the hyphae were able to penetrate the partially lignified

cell walls (Fig. 1-3 A and B).
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Fig. 1-1. Light micrograph of toluidine blue stained longitudinal sections of potato

tuber disc at 12 hr after inoculation with F. sambucinum. Note the fungal hypha

(small arrow head) and purple-blue cell walls (large arrow head) indicating

deposition of phenolics in both panels A and B. A, 100x; B, 400x magnification.
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Fig. 1-2. Light micrograph of longitudinal section of un-inoculated potato tuber

discs 24 hr after slicing. Note purple blue cell walls (arrow head) indicating

deposition of phenolics. 50x magnification.
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Fig. 1-3. Light micrograph of longitudinal sections of potato tuber discs 24 hr after

inoculation with F. sambucinum. Note the fungal hyphae (small arrow head) and

host cell walls (large arrow head) indicating deposition of phenolics (purple-blue

in A and B) and some lignin-like materials (purple-green in A). A, 100x; B, 400x

magnification.
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Electron microscopic observation of F. sambucinum infection in potato tuber

tissue

Scanning electron microscopic observation of F. sambucinum infected tuber

tissue revealed that the fungus had germinated at 6 hr after inoculation (Fig. 1-4

A and B). At 12 hr, a large numbers of hyphae could be seen in the infected tissue

(Fig. 1-5 A and B). At 24 hr, more hyphae were present (Fig. 1-6 A) and

penetration of the cell wall by some hyphae was also observed (Fig. 1-6 B and C).

The cell wall materials around penetrating hyphae seemed to be dissolved

indicating enzymatic degradation (Fig. 1-6 B and C).

Transmission electron microscopic observation of infected tissue at 24 hr

after inoculation showed the fungal hyphae (H) were present on and in the host cell

wall (W) (Fig. 1-7 A and B) and in intercellular spaces between cell walls (Fig.

1-8 A and B), indicating enzymatic degradation of host cell wall (Fig. 1-7 A and

B, arrow heads) and of the middle lamella region (Fig. 1-8 A and B, ML)

surrounding the fungal hyphae. This suggested that pectolytic enzymes were

involved in the infection process.

Production of pectolytic enzyme by F. sambucinum

To confirm production of polygalacturonase (PG) and pectate lyase (PL) by

F. sambucinum, a plate assay was used. At lower pH (5.5) in the presence of

polygalacturonate, the fungus produced PG, which breaks down polygalacturonate

into acid soluble oligomers. After acidifying the medium, the areas surrounding

fungal colonies became clear while the rest of the medium precipitated (Fig. 1-9

A). At high pH (8.0) in the presence of polygalacturonate, PL production by the

fungus was also detected (Fig. 1-9 B).
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Fig. 1-4. SEM micrograph of surface of potato tuber disc 6 hr after inoculation

with F. sambucinum showing germinating spores. A, 360x; B, 1,100x

magnification.
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Fig. 1-5. SEM micrograph of surface of potato tuber disc at 12 hr after inoculation

with F. sambucinum showing the fungal hyphae. A, 400x; B, 1,100x

magnification.
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Fig. 1-6. SEM micrograph of surface of potato tuber disc 24 hr after inoculation

with F. sambucinum showing the growing fungal hyphae (A) and penetration and

degradation of host cell wall by the hyphae (B and C). A, 260x; B, 1,300x; C,

1,800 magnification.
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Fig. 1-7. TEM micrograph of longitudinal sections of potato tuber discs 24 hr after

inoculation with F. sambucinum showing the fungal hypha (H) on and in the host

cell wall (W) (panel A and B) indicating enzymatic degradation of the host cell

wall (arrow heads). A, 15,000x; B, 11,500x magnification.
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Fig. 1-8. TEM micrograph of longitudinal sections of potato tuber discs 24 hr after

inoculation with F. sambucinum showing fungal hypha (H) growing in the middle

lamella (ML) between host cell walls (W) (panel A and B), indicating enzymatic

degradation of middle lamella. A, 3,900x; B, 3,900x magnification.
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Fig. 1-9. Plate assay of polygalacturonase (PG) and pectate lyase (PL) activity

produced by F. sambucinum. The clear halos indicate presence of PG and PL

activity in panel A and B, respectively.
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PAL activity and slot blot analysis of PAL mRNA

PAL activity was enhanced through the duration of experiment (Fig. l-10).

The induction of PAL activity occurred within several hours after inoculation with

F. sambucinum and continued to increase at approximately three-fold rate over the

control till 24 hr.

Slot blot analysis (Fig. 1-11) showed that in the inoculated tissue PAL

mRNA accumulated to a higher level over the control by three hr after inoculation

with F. sambucinum and continued to accumulate through the following 24 hr.

PAL mRNA also accumulated at lower rate in the control tissue starting at 3 hr

and reached its highest point at 6 hr. Then the PAL mRNA level declined almost

to zero .

Activity of soluble cytoplasmic and ionically bound cell wall PO and their

isozyme patterns

The activity of soluble cytoplasmic P0 in both control and inoculated tissues

increased after 12 hr (Fig 1-12 A). In the inoculated tissue, the induced PO

activity increased at higher rate and it was 3-fold over the control by 24 hr.

Ionically bound cell wall PO showed a faster increase in activity in the

inoculated tissue (Fig. 1-12 B). This induced PO activity was seen at 12 hr and

continued through the rest of experiment. The ionically bound PO level was

increased 3-fold at 12 hr and 9-fold at 24 hr over the control. In contrary, the

increased PO activity in the control was kept at a extremely low rate through out

the time of experiment.

Both acidic and basic cytoplasmic PO isozyme profiles are shown in Fig.

1-13 A. On IEF polyacrylamide gel (pH 3-10), both PO from control and
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Fig. 1-10. Time course of PAL activity in potato tuber discs after inoculation with

F. sambucinum. Control (421-), inoculated (-I-).

In this study, every experiment was repeated at least twice and each data

point contained three replicates. A representing experimental data were shown.

Bars=SD.
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Fig. 1-11. Slot blot analysis of total RNA from potato tuber discs at different time

after inoculation with F. sambucinum. In order to insure a uniform amount of

RNA was loaded in each slot, the RNA samples were electrophoresed in agarose

gel and stained with ethidium bromide. The approximately equal intensity of

ribosomal bands was observed. Total RNA (7.5 pg) treated with RNAse-free

DNAse was used for each sample and the blot was probed with PAL cDNA from

potato. Each sample contained two replicates. C, control; P, there inoculated. The

numbers represent hours after slicing or inoculation.
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Fig. 1-12. Time course of (A) soluble cytoplasmic and (B) ionically bound cell

wall PO from potato tuber discs after inoculation with F. sambucinum. Control

(421-), inoculated (-l-).
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Fig. 1-13. IEF-PAGE (pH 3-10) of cytoplasmic (A) and ionically bound cell wall

PO (B) isozymes from potato tuber discs inoculated with F. sambucinum. In A,

3 pg of sample protein was loaded in each lane. The arrow heads indicate the PO

isozymes with increased or decreased activity. In B, 0.1 pg of sample protein was

loaded in each lane. The arrow head indicates the isozyme with increased activity.

Control (C), inoculated (F). The numbers represent the hours after inoculation.
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inoculated tissue showed a similar isozyme banding pattern. However, at 24 hr

there were at least three basic isozymes with approximate PI of 10.6, 9.7 and 7.7

(the first, fourth and the last arrow heads from the t0p of the gel) showing an

increase in activity in inoculated tissue and two basic isozymes with approximate

PI of 10.1 and 9.9 (the second and the third arrow heads from the top) showed

decreased intensity. Acidic PO isozymes in inoculated tissue gave a smearing

appearance on IEF gel.

IEF-PAGE of ionically bound cell wall PO from both control and the

inoculated tissue also showed a similar banding pattern (Fig. 1-13 B). However,

in the inoculated tissue an isozyme with a PI of 10 (arrow head) was slightly

increased in its intensity on the gel and there also was smearing of the acidic

isozyme. No acidic isozyme activity was detected in the control.

Accumulation of chlorogenic acid (CGA) and lignin-like materials

CGA accumulated in both control and inoculated tissue (Fig. 1-14 A). In

control tissue, CGA accumulated after slicing. In contrast, CGA level did not

change in the inoculated tissue through out the experimental period. In the first 12

hr, there were no detectable lignin-like materials accumulated in the control (Fig.

1-14 B), while in the inoculated tissue a low level of lignin-materials had been

deposited. After 12 hr, both the control and the inoculated tissues accumulated

lignin-like materials at a similar rate through 24 hr.

Effects of aging and wounding of aged tuber discs on the fungal infection

Table I shows the effects of aging and wounding of aged tuber discs on F.

sambucinum infection. Aging of the tuber discs for two days greatly reduced the

fungal infection. After three days of aging, no infection occurred in the discs.
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Fig. 1-14. Time course of (A) chlorogenic acid (CGA) and (B) lignin-like

materials accumulated in potato tuber discs inoculated with F. sambucinum.

Control (-D-), inoculated (-I-).
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Table I.

Efi'ects of aging and wounding of aged tuber discs on F. sambucinum infection

 

Disease ratings‘

Time of aging
 

 
 

(hr)

Aging onlyb Aging plus woundingc

o +++ +++

24 + +

48 —— —-

72 — —

 

'Disease ratings were recorded at three days after inoculation. + + + =Top layer

tissue of the discs was macerated and became dark brown. + =Slightly browning.

—=No maceration nor browning.

bThe discs were incubated in the moist Petri dishes at RT.

cCa. 2 mm wedge was cut at intervals of aging immediately prior to inoculation.
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Wounding of aged tuber discs by cutting a 2 mm deep wedge on the surface

of the discs could not accelerate infection by the fungus (Table I). The reduction

rate of infection was similar to that of aged tuber discs without wounding. There

was no infection detected after three days of aging.

DISCUSSION

LM and SEM observations of potato tuber tissue inoculated with F.

sambucinum revealed the early establishment of disease infection. Most fungal

spores inoculated to the tuber discs germinated by 6 hr (Fig. 1-4 A and B) and the

fungal hyphae penetrated into host tissue after 12 hr (Fig. 1-1 A and B). By 24 hr,

the fungus had penetrated into 2-3 layer of cells (Fig. 1-3 A). During the first 12

hr of inoculation, no obvious changes were seen in the infected cells as compared

to the control. At 12 hr, very little lignin-like materials (blue-green) but phenolics

(purple-blue) were detected in the wall of cells adjacent to the cut surface. By this

time the fungus had entered into 1-2 layers of host cells (Fig. 1-1 A). The slow

host response may indicate that the pathogen somehow escaped host defense

mechanisms. It was also noticed that there were fungal hyphae in both sides of

some cell walls with some deposited lignin, indicating either the penetration was

completed before deposition of lignin or the hyphae were able to penetrate the

partially lignified cell walls (Fig. 1-3 A and B).

Cell wall degradation by cell wall degrading enzymes produced by

pathogens is found in a wide range of diseases, especially those caused by

nectrophic pathogens. Among the cell wall degrading enzymes, endo-

polygalacturonase (PG) and pectate lyase (PL) are found to be most responsible
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for degradation of cell middle lamella resulting in tissue maceration, which is

commonly seen in diseases caused by nectrophic fungal pathogens (Cooper, 1983).

The plate assay performed in the present study clearly demonstrated that F.

sambucinum, which is nectrophic fungal pathogen, produced PG and PL in the

presence of polygalacturonate in vitro (Fig. 1-9 A and B). Although this is not a

direct evidence that the pathogen produces the enzymes in vivo, the tissue

maceration and the degradation of cell wall (Fig. 1-6 B and C, 1-7 A and B) and

the middle lamella (Fig. 1-8 A and B) during the disease development strongly

suggested that the cell wall degrading enzymes, especially endo-PG was highly

involved in pathogenesis of this disease. Further study is needed to determine how

many cell wall degrading enzymes are produced during infection and their roles

in disease pathogenesis.

At physiology and biochemistry level, the host cells did show some

responses to the fungal infection at early stages. PAL, the first enzyme in

phenylpropanoid metabolism, showed a 2-3 fold increase in the inoculated tissue

at as early as 6 hr (Fig. 1-10). The increased PAL activity was preceded by the

accumulation of PAL mRNA level (Fig. 1-11). Since PAL plays a important role

in phenylpropanoid metabolism (Jones, 1984), the increase in PAL activity clearly

indicated a change in the metabolism of the host in response to the fungal

infection. The host response was also evident by the increase in synthesis of

phenolic compounds including lignin-like materials shown in Fig. 1-14 B.

Although this accumulation was detected between 6—12 hr after inoculation, and

it was not detected in the control tissue, the amount of lignin-like materials either

did not reach the point at which the lignified cell wall could function as physical

barrier against the fungal invasion, or the lignin deposition occurred after the

penetration by the fungus.
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It was also observed that the production of chlorogenic acid (CGA), which

normally accumulates at a high rate after wounding (Kué, 1982), was suppressed

(Fig. 1-14 A) by the pathogen. Generally, it is considered that CGA and its

oxidation products such as quinones which have anti-microbial activity may have

a role in plant general defence response (Friend, 1981; Kué, 1972). The

suppression of CGA production indicated that the fungus somehow escaped from

host defense responses by suppressing host defense mechanism(s).

The host response to the pathogen infection also involved in the increase in

activity of b0th soluble cytoplasmic peroxidase (PO) and ionically bound cell wall

PO (Fig. 1-12 A and B). Compared to the control, ionically bound cell wall PO

activity increased after 12 hr following infection and reached a 9-fold level at 24

hr. Since cell wall is the place where polyphenolics including lignin are

polymerized and deposited (Friend, 1981; Grisebach, 1981; Whitmore, 1976), the

increase in cell wall PO activity may significantly reflect more about the rate of

lignin and other polyphenolics deposition in the cell wall than that of cytoplasmic

P0. In this study, the activity of cell wall P0 was 40 times (absolute values)

greater than that of cytoplasmic PO at 24 hr after inoculation. On IEF-PAGE gel

both PCs showed that basic PO isozymes with high PI changed their activity after

infection (Fig. 1-13 A and B). This also indicated that basic isozymes may be

more sensitive to pathogen infection than the acidic PO isozymes, which are

usually thought to be associated with lignification in plants (Lagrimini, 1991;

Espelie et al, 1986; Espelie and Kolattukudy, 1985). It is not known why the

acidic isozyme from infected tissues smeared on the gels. It is possible that some

acidic isozymes released from the middle lamella were partially degraded by

pathogen cell wall degrading enzymes and contained different sizes of sugar chains

resulting in no distinct molecular weight. Alternatively, the acidic PO isozymes
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were partially degraded in macerated tissue by cyt0plasmic enzymes. From the

results of PO activity in this study, it is obvious that only by fully understanding

the function of each PO isozyme can we elucidate the role of P0 in plant defense

responses.

Aging of wounded potato tuber slices has been known to reduce pathogen

infections. This reduction is thought to be due to two main factors: (a). Wound

healing in which the suberized wound-periderm not only prevents water loss but

also functions as a physical barrier which restricts pathogen invasion (Bostock and

Stermer, 1989; Escande and Echandi, 1988; O’Brien and Leach, 1983); (b).

Synthesis of resistance factors beneath the wounded surface which inhibit either

cell wall degrading enzymes produced by pathogens (Zucker and Hankin, 1970)

or are toxic to pathogens. The two main steroid glycoalkaloids (SGA), a-solanine

and a—chaconine produced in potato tuber tissue after wounding may belong to the

resistance factors. The toxicity of this two SGA to microorganisms and insects and

even animals makes it very possible that they play an important role in general

chemical defense response of host (Allen and Kuc, 1968; Lisker and Kuc, 1977;

McKee, 1955; 1959; Sinden et al, 1973). In present study, two days of aging of

potato tuber discs at RT greatly reduced infection by the fungus (Table I). There

was no detectable disease caused by the fungus in the discs aged for three or more

days. This may be due to the suberized cell wall of wounded surface tissue, which

functions as physical barrier to reduce the fungal invasion. However, the fact that

wounding of the surface of aged discs could not enhance the fungal infection

strongly indicated that there must be chemical defense mechanism(s) functioning

beneath the wounded surface. Further study is needed to elucidate this defense

mechanism(s).
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ABSTRACT

The induction of local resistance of potato tuber tissue to Fusarium

sambucinum by Cladosporium cucumerinum was studied. Resistance to infection

by Fusarium was evident within 24 hours after inoculation with C. cucumerinum.

Previous work has suggested that lignin synthesis is involved in the induced

resistance response to C. cucumerinum. Tissue inoculated with C. cucumerinum

developed levels of phenylalanine ammonia lyase (PAL) that were 5 fold greater

than controls at 24 hours after inoculation. This induced PAL activity was

associated with an increase in PAL mRNA. Northern blot analysis showed that

PAL mRNA accumulated to a higher level than the control by three hours after

inoculation with C. cucumerinum and continued to accumulate over the following

24 hours. Peroxidase (PO) isozymes, especially acidic cytoplasmic and basic

ionically bound cell wall isozymes, were induced to a greater extent by C.

cucumerinum than by wounding alone. At 24 and 48 hours, the activity of ionically

bound cell wall P0 was 5 and 8-fold higher in the inoculated tissue, respectively.

IEF-PAGE analysis of these activities revealed that at least two acidic cytoplasmic

PO and three basic cell wall PO isozymes were induced. Coniferyl alcohol

dehydrogenase (CAD) activity was induced at the same rate in both control and

inoculated tissue at 12 hours and then declined until 36 hours. After that time,

CAD activity in the inoculated tissue increased and reached a small peak at 48

hours and then declined to the same level as the control by 60 hours. These

increased enzyme activities are thought to contribute to the accumulation of lignin-

like materials, which are deposited in the cell wall and restrict fungal invasion.

following inoculation with a non-host pathogen.
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INTRODUCTION

Fusarium sambucinum Fuckel (Teleomorph, Gibberella pulicaris (Fries)

Sacc.) is a major causal agent of Fusarium dry rot of potato (Solanum tuberosum

L.) tubers causing significant economic losses in the field, storage and transit in

North America and Europe (Boyd, 1952, 1972; Seppanen, 1989). This pathogen

infects tubers through wounds and results in a dry, brown rot. Under humid

conditions secondary infection caused by bacteria may also occur. Although

Fusarium dry rot disease was described many years ago (Small, 1944), only a

limited number of resistant cultivars has been identified (Leach and Webb, 1981)

and the mechanism of disease resistance is unknown.

Physical barriers against pathogen invasion in potato tuber tissue include

natural and wound-induced suberization of periderm cell walls (Kolattukudy,

1981), as well as pathogen and non-pathogen induced lignin-like materials

deposited in cell walls (Vance et al, 1980; Hammerschmidt, 1984). Suberin, a

polymer composed of aliphatic and aromatic domains is deposited quickly and

forms a continuous layer in resistant cultivars of potato tubers infected with F.

sambucinum (O’Brien and Leach, 1983). Hammerschmidt (1984) has shown that

a rapid deposition of lignin-like materials in potato tuber cell walls occurred after

inoculation with Cladosporium cucumerinum, a cucumber pathogen. Inhibition of

the accumulation of these induced lignin-like materials by a PAL inhibitor caused

a state of "susceptibility" in the tissue to C. cucumerinum. Therefore, the induced

suberin and lignin must have a role in resistance to F. sambucinum.

This study reports biochemical and physiological studies of C. cucumerinum

induced lignification in potato tuber tissue and the relationship of lignification to

resistance .to F. sambucinum. In order to understand the early events of the
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lignification, the activity of three enzymes, phenylalanine ammonia-lyase (PAL),

peroxidase (PO) and coniferyl alcohol dehydrogenase (CAD) involving lignin

biosynthesis and the contents of lignin and chlorogenic acid in the tissues after

inoculation with C. cucumerinum were examined.

MATERIALS AND METHODS

Fungal materials

Fusarium sambucinum and Cladosporium cucumerinum cultures were

maintained as described by Hammerschmidt (1982, 1984). The concentration of

spore suspension for inoculation of C. cucumerinum was 1x106 spores/ml. For

inoculum of F. sambucinum, a 5 mm diameter agar plug taken from the edge of

growing fungal colony was used for each disc.

Preparation and inoculation of tuber discs

Tubers of potato (Solanum tuberosum L.) cv. Russet Burbank stored for 2-6

months at 4 °C were used in all experiments. For preparation of tuber discs and

inoculation of C. cucumerinum, the procedures described by Hammerschmidt

(1984) were followed.

Measurement of Fusarium dry rot disease development

At different time intervals after inoculation with a C. cucumerinum spore

suspension, each tuber disc was inoculated with a 5 mm diameter agar plug

containing F. sambucinum culture. For the control, the discs were inoculated with

F. sambucinum without prior inoculation with C. cucumerinum. Following
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inoculation with F. sambucinum, the control and inoculated discs were incubated

at room temperature in the dark for two days. After incubation, the depth and

diameter of diseased tissue were measured.

Enzyme extraction and assays

At intervals after inoculation with a C. cucumerinum spore suspension, the

top 0.5 mm layer of each disc was peeled and extracted with acetone at -20°C to

make acetone powder. One hundred mg of acetone powder was extracted in five

ml of 0.1 M sodium borate buffer containing same amount (in weight) of insoluble

PVP, pH 8.8 for one hr at 4 °C and filtered through two layers of cheesecloth and

then centrifuged at 10,000 xg for 20 min at 4 °C. After centrifugation, the

supernatant was used for PAL, PO and CAD assays. Spectrophotometric methods

described by Borchert (1978) and Moerschbacher et at (1986), were used for P0

and CAD assays, respectively. For the PAL assay, procedures from Rahe et al

(1970) were used. The protein content of enzyme extracts was determined by the

method of Bradford (1976).

Extraction of ionically bound cell wall PO

A modified procedure from Grison and Pilet (1985) was used for extraction

of ionically bound cell wall PO. Briefly, 0.2 g of acetone powder was stirred in

10 ml of 0.05 M sodium phosphate buffer (pH 6.0) for 2 hr at 4 °C- and

centrifuged at 1000 xg for 6 min. The pellet was washed 2 times with 2 ml of the

buffer, and once with water and then centrifuged at 1000 xg for 6 min. The pellet

was re-suspended in 1 ml of 1 M CaCl2 and stirred for 0.5 hr at room temperature

and then centrifuged at 13,000 xg for 20 min at 4 °C. The supernatant was used

for assay of ionically bound cell wall PO. After being dialyzed against water and
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lyophilized to dryness, the residues were re-dissolved in water, centrifuged again

at 13,000 xg for 5 min at 4 OC. The supernatant was used for IEF-PAGE analysis.

Electrophoresis of PO

Native PAGE (Barnes, 1981) was used to separate the acidic cytoplasmic

PO. After electrophoresis, PO isozymes were visualized by staining the gel with

200 ml of 0.05 M sodium acetate buffer solution (pH 5.5) containing 40 mg of 3-

amino-9-ethylcarbazole, 10 ml of N,N, dimethylformamide and 63 pl of 30%

H202 (Graham et al, 1965).

The commercially available, pre-made IEF gel (pH 3-10, 124 x 129 x 3.75

mm, ISOLAB, INC., Akron, OH, USA) was used for separating isozymes of

ionically bound cell wall P0. The anode buffer was made up with l M H3PO, and

the cathode buffer contained 1 M ethanolamine, 30 mM arginine and 30 mM

lysine. The gel was run at 10 0C at SW for 10 min, 10W for 45 min, 15W for 15

min and finally at 20-25W for 5 min. The Protein Test Mixture 9 from Serva

company was used as PI standards. Following electrophoresis, the gel was also

stained with the acetate buffer to visualize the isozymes. Isoelectric points of PO

isozymes were determined by running the protein standards with the samples.

Mini IEF gel (pH 9-11, 125 x 65 x 0.4 mm), self-cast according to

procedures from BioRad, was also used to separate basic PO isozymes. The

electrophoresis was conducted in a mini IEF cell (model 111, BioRad) according

to manufacturer’s manual (catalog # 170-2975 and 170-2976). The running

conditions were at 100V for 15 min, 200V for 15 min and finally at 450V for 60

min. After electrophoresis, the gel was also stained with the acetate buffer to

visualize the isozymes.
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Northern blot analysis of PAL mRNA

The procedure described by Yeh et a1 (1991) for total RNA extraction was

followed. At intervals after inoculation with C. cucumerinum, total RNA was

isolated from the top 0.5 mm layers of discs and 30 pg of the RNA was

fractionated in 0.8% agarose forrnamide gel. The RNA was transferred onto Nylon

membrane and probed with 32P labelled PAL cDNA clone from potato. The clone

was kindly provided by Dr. K. Hahlbrock (Fritzemeier et al, 1987). The

procedures described by Feinberg and Vogelstein (1983) were used for random

priming synthesis of 32P-labeled probe. Following hybridization, the blot was

finally washed in 0.1 x SSC at 65 °C for 10 min and exposed to X-ray film. As

a positive control, 32P-labeled cDNA clone of ATPase gene (ll-10) from tobacco

provided by Boutry and Chua (1985) was probed to the same blot. The intensity

of the signals from the positive control on X-ray film was used to correct

corresponding PAL signals from the samples.

Measurements of lignin and chlorogenic acid content

The top 0.5 mm layers of discs were used for measurements of lignin and

chlorogenic acid contents. The thioglycolic procedure described by

Hammerschmidt (1984) was used for lignin assay. The procedure from Sheen

(1971) was used for chlorogenic acid content measurement. Briefly, the top layers

of discs were extracted with MeOH for three times in two days and the extracts

were pooled and evaporated to near dryness under low pressure. The samples were

then redissolved in 2.1 ml of 50% MeOH. For chlorogenic acid assay, 100 pl of

each sample was mixed with 500 pl of 0.5 N HCl, 500 pl of Arnow’s reagent and

500 pl of 1 N NaOH in the order. Arnow’s reagent was made up of 10 g of

sodium nitrite, 10 g of sodium molybdate and 100 ml of H20. A series of
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concentration of chlorogenic acid from 25 to 250 pg/ml was used as standard.

OD,10 of samples was measured spectrophotometrically and the readings were

converted into concentrations according to the standard.

RESULTS

Reduction of F. sambucinum infection by C. cucumerinum

Pre-inoculation with C. cucumerinum reduced infection by F. sambucinum

in potato tuber discs (Fig. 2-1 A and B). The reduction of the infection was

evident by 24 hr in both diameter and depth of diseased tissues. This reduction was

more obvious in the depth of diseased tissue (Fig. 2-1 B). At 24 hr, the depth of

decay was only ca. 50 % of that in the control. By 72 hr it was only 1/3 of that

of the control.

PAL activity and Northern blot analysis of PAL mRNA

PAL activity was elicited through the time of experiment. The induction of

PAL activity occurred within several hours after inoculation with C. cucumerinum

and PAL activity reached a 5-fold increase at 24 hr (Fig. 2-2). The induced

activity remained at this level until 48 hr and then declined to a level similar to

that of the control.

Northern blot analysis (Fig. 2-3 A) showed that PAL mRNA accumulated

to a higher level than the control by three hr after inoculation with C.

cucumerinum and continued to accumulate through the following 24 hr. PAL

mRNA also accumulated in the control tissue but at a very low level. With

normalization of densitometry analysis of the Northern blot, the accumulated PAL
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Fig. 2-1. Infection of F. sambucinum in potato tuber discs pre-inoculated with non-

potato pathogen C. cucumerinum spore suspension at concentration of 1x10(5

spore/ml. Degree of the infection was determined two days after inoculation with

F. sambucinum. A. Diseased tissue in diameter. B. Diseased tissue in depth.

Control (-D-), pre-inoculated (-l-).

The data of this study were averages of the results from three experiments.
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cucumerinum. Panel B: Normalized densitometry analysis of Northern blot of PAL

mRNA from potato tuber discs inoculated with C. cucumerinum. The

normalization was done by calculating the ratio of densitometry readings of PAL

signals and [HG ATPase signals. Control (-D-), inoculated (-I-).
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mRNA level in the inoculated tissue was 5-fold at three hr and 4-fold at 9 hr over

the control (Fig. 2-3 B).

CAD activity

CAD activity in both inoculated and the control tissues was induced at early

hours (Fig. 2-4). At 12 hr, CAD activity in both tissues reached a similar peak and

later declined to a lower level at 36 hr. The decreasing degree of CAD activity

was higher in the inoculated tissue, but by 36 hr CAD activity increased again and

reached a second peak at 48 hr. In contrast, CAD activity of the control was at the

same level from 36 to 72 hr.

Activity of soluble cyt0plasmic and ionically bound cell wall PO and their

isozyme patterns

Soluble cytoplasmic PO increased slowly in both inoculated and control

tissues in the first 48 hr. The increase in activity was first detected at 12 hr (Fig.

2-5 A). At 48 hr, PO activity in the inoculated tissue increased at a higher rate and

it was 2.5-fold higher over the control at 72 hr.

The activity of ionically bound cell wall PO increased rapidly in the

inoculated tissue (Fig. 2-5 B). This induced PO activity was seen between 12-18

hr and continued through the rest of experiment. The P0 level was 5-fold at 24

hr and 8-fold at 48 hr over the control.

Acidic isozyme banding pattern of soluble cytoplasmic PO is shown in Fig.

2-6. On the activity polyacrylamide gel, there were at least four isozymes showing

an increase in activity. Among the isozymes, there were two new isozymes that

were not present in the control (arrows). These two new isozymes were detected

at 36 hr and band intensity increased through 96 hr.

IEF-PAGE revealed that at least two isozymes of ionically bound PO were
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Fig. 2-6. 7.5 % PAGE of acidic cytoplasmic PO isozyme. Equal volume of enzyme

extract was loaded in each lane. C, control; T, inoculated. The numbers represent

the hours after inoculation with C. cucumerinum. Arrows indicate the isozymes

with induced activity.
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induced as early as 24 hr (Fig. 2-7 A and B arrows). The PIs of these isozymes

are above 9 (Fig. 2-7 A). It seemed that one of the two isozymes was a new

isozyme which was not present in the control. By 72 hr, an isozyme with

approximate PI of 8.5 also showed a large increase in intensity (arrow on the left

side of the gel). In addition, the cationic isozymes with P1 lower than 4 also

showed an increase in activity.

Accumulation of chlorogenic acid and lignin-like materials

The content of chlorogenic acid in both tissues increased in a similar pattern

in first 36 hr. After that time chlorogenic acid content dropped slightly in

inoculated tissue through 60 hr (Fig. 2-8 A).

The increased accumulation of lignin-like materials was detected between

12 and 24 hr after inoculation with C. cucumerinum and continued to accumulate

through 72 hr (Fig. 2-8 B). The increased levels of lignin were about 5-fold above

the control at 24 to 36 hr. At later time points, the amount of lignin in the

inoculated tissue was 2-3 times higher than the control.

DISCUSSION

Previous work by Hammerschmidt (1984) showed that Cladosporium

cucumerinum, a non-pathogen of potato induced a rapid deposition of lignin in

potato tuber cell walls. It was suggested that this induced lignin may inhibit C.

cucumerinum penetration into the tissue. The results from this study further

demonstrate the induction of lignification also reduced infection by potato pathogen

Fusarium sambucinum (Fig. 2-1 A and B). The induced lignin-like materials
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Fig. 2-7. IEF-PAGE of ionically bound cell wall PO isozymes from potato tuber

discs. Panel A: IEF-PAGE of pre-made polyacrylamide gel (pH 3-10). The arrows

indicate the three most induced PO isozymes. Panel B: IEF-PAGE of self-cast

polyacrylamide gel (pH 9-11). The arrow indicates the new isozyme. C, control;

T, inoculated. The numbers represent the hours after inoculation with C.

cucumerinum. Equal volume of sample extract was loaded in each lane.
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started accumulating at 12 hr after inoculation with C. cucumerinum (Fig. 2-8 B)

and continued to accumulate at a higher rate though out the rest of time of the

experiment. In the control, although the lignin also increased, the process of

lignification did not start until after 36 hr. The 5-fold higher accumulation of lignin

in the tissue pre-inoculated with C. cucumerinum in the time between 24-36 hr

may account for the 50% reduction of F. sambucinum infection in depth of

diseased tissue (Fig. 2-1 B).

The induction of the three enzymes associated with lignin biosynthesis

correlated well with the induced accumulation of lignin by C. cucumerinum. PAL

is the first enzyme and its regulatory role in phenylpropanoid metabolism has been

well documented (Jones, 1984). In potato-Phytophthora system, PAL activity has

been shown to increase faster in the resistant cultivar during incompatible

interaction (Fritzemeier et al, 1987; Smith and Rubery, 1981). The increase in

PAL activity was consistent with an increased lignin accumulation. In this study,

PAL activity was also induced by 12 hr after inoculation with C. cucumerinum.

This increase in PAL activity was due to the accumulation of PAL messenger

which was detected as early as 3 hr following inoculation (Fig. 2-3 A and B).

Although in the control PAL activity and mRNA accumulation also showed an

increase, the inductions were much lower than that in the inoculated tissue. This

may be due to a wounding response. As pointed out by Cramer, et al (1985) and

Hahlbrock (Chappell and Hahlbrock, 1984; Fritzemeier et al, 1987), the increase

in PAL activity is either due to the increase in the rate of PAL mRNA synthesis

or the reduction in its rate of tum-over. Whether or not the induction of PAL gene

expression was due to elicitation by fungal elicitor from C. cucumerinum, which

stimulated PAL transcript synthesis, could not be determined in this study.

CAD, the second to the last enzyme in lignin biosynthesis pathway was
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induced in both inoculated and control tissues in the first 12 hr (Fig. 2-4). This

early induction may be due to wounding response to the cutting. However,

following a drop in both cases after 36 hr, CAD activity in the inoculated tissue

rose again and reached a second peak at 48 hr. This was consistent with the

accumulation of lignin which continued to increase in the following hours (Fig. 2-8

B). The results also are in agreement with those from the studies by

Moerschbacher (1986, 1990), in which an increase in CAD activity was

accompanied by the accumulation of lignin.

It is interesting to note that the activity of soluble cytoplasmic P0 in both

inoculated and control tissues did not show much difference in the first 48 hr

following inoculation (Fig. 2-5 A). However, PAGE of acidic PO (Fig. 2-6)

showed that four isozymes were induced at 24-36 hr and among them there were

two new isozymes (arrows) that were not present in the control. These two

isozymes seemed to be different from the one identified and purified by Espelie

and Kolattukudy (1985) who claimed that the isozyme was responsible for

suberization during wound healing process. The difference between the PO

isozyme patterns in both wounding alone and wounding plus inoculation of C.

cucumerinum indicated that the later involves certain active defense mechanism(s).

The study of function of these isozymes would allow us to understand more about

the mechanism(s) in plant active defense response.

Deposition of insoluble phenolics including lignin to the cell wall has been

known to be involved with POs, especially cell wall bound POs (Catesson et al,

1986; Goldberg et al, 1983; Harkin and Obst, 1973; Whitmore, 1976). Whitmore

(1976) demonstrated that ionically bound and covalently bound cell wall peroxidase

from cambial cell walls of pine (Pinus elliottit) bark tissue had higher capacity than

that of cytoplasmic peroxidase to catalyze bond formation between cell wall

if

 



76

carbohydrate and ferulic acid, and its condensation products in both cell walls of

the bark tissue and microcrystalline cellulose. The strongest binding strength of

ferulic acid to cell wall carbohydrates was also catalyzed by the cell wall bound

peroxidases. Whitmore (1978) also showed that incubation of cell walls isolated

from Pinus elliottii callus, which contained cell wall bound P0, with H202 and

coniferyl alcohol generated polymers which had physical and chemical properties

of lignin. The lignin was found to be bound to cell wall carbohydrates and

proteins. Thus, in this study it is important to know whether cell wall bound PO

activity would change during accumulation of lignin-like materials. One M CaCl2

was used to extract ionically bound PO from cell walls of potato tuber tissue.

Since it has been reported that cationic PO isozymes can be activated by low

concentration of Ca2+ during PO assay (Penel, 1986), I have tested that the

ionically bound PO extracted from the cell walls with 1 M NaCl. Both extraction

methods showed the same increase in activity of PO (data not shown), thus

indicating that the induction of ionically bound cell wall PO activity was due to

fungal infection but not by Ca2+ activation. The activity of ionically bound cell

wall PO showed a greater increase at 24 hr following inoculation with c.

cucumerinum (Fig. 2-5 B). At 24 and 48 hr, its activity was 5-fold and 8-fold

greater than the control. At least two basic ionically bound cell wall PO were

induced by C. cucumerinum in the first 24 hr (Fig. 2-7 A and B). By 72 hr an

isozyme with PI of approximately 8.5 (arrow on the left of the gel) also showed

an increase in activity. These induced PO isozymes were likely to account for the

increase in cell wall PO activity in the inoculated tissue. The induction of both

acidic cytoplasmic and ionically bound cell wall P0 in the first 48 hr after

inoculation were correlated to the induction of lignin accumulation by C.

cucumerinum. It has been reported in many cases that the increase in P0 activity
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of some cytoplasmic isozymes is associated with plant defense response against

pathogen infection (Reirners et al, 1992; van Loon, 1986). However, very few

reports have addressed the role of specific PO isozymes in plant defense response.

There are many isozymes of P0 in different organs of plant tissues and they have

different functions or affinity to different substrate under various conditions, eg.

H202 generation, oxidation of lignin precursors into free radicals (Friend, 1981;

Gross, 1980). Therefore, only fully understanding the function of each PO isozyme

can help us to elucidate this non-pathogen induced resistance.

Finally, accumulation of chlorogenic acid, which is one of the final products

of phenylpropanoid pathway, did not differ between inoculated and control tissues

during the first 36 hr (Fig. 2-9 A). Starting at 36 hr after inoculation with C.

cucumerinum, the chlorogenic acid content began to decline through 60 hr. As

suggested by Friend (1981), the decrease in accumulation of chlorogenic acid in

potato tuber tissue inoculated with incompatible race of pathogen could be due to

(a) conversion of chlorogenic acid into insoluble phenolic compounds that are

bound to cell wall protein; (b) direct diversion of cinnamoyl-CoA units to lignin

like materials but not chlorogenic acid. These two factors may explain the result

of chlorogenic acid accumulation in this study. In the first 36 hr, the increase in

chlorogenic acid in both inoculated and control tissues reflected a general

stimulation of phenolic biosynthesis.

It may be argued that some antimicrobial compounds, such as rishitin and

lubimin, that may inhibit F. sambucinum and thus contribute to the overall

resistance to the fungus. I do not think it is likely to be the case since it has been

shown by Henfling et al (Henfling et al, 1980) that C. cucumerinum did not induce

phytoalexin production in potato tuber tissue. Even if rishitin and lubimin were

produced, F. sambucinum would detoxify them (Desjardins et al, 1989; Desjardins
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and Gardner, 1989). Thus, the results from this study strongly suggest that the

induced lignin-like materials by C. cucumerinum, which deposited to the cell wall,

play an important role in restricting further invasion by the pathogen in potato

tuber tissue.
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CHAPTER III

THE ROLE OF POTATO STEROID GLYCOALKALOIDS, a-SOLANINE

AND oz-CHACONINE IN DISEASE RESISTANCE TO THE FUNGAL

PATHOGEN FUSARIUM SAMBUCINUM
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ABSTRACT

Toxicity of two potato steroid glycoalkaloids (SGA), a-chaconine and a-

solanine was tested for their effect on spore germination and growth of the fungal

pathogen, Fusarium sambucinum Fuckel (Teleomorph, Gibberellapulicaris (Fries)

Sacc.), a causal agent of potato dry rot. a-Chaconine had a greater inhibitory

effect on the fungal spore germination and growth than a-solanine. The toxicity

of each SGA was greater at pH 7 than at pH 6. The combination of a-chaconine

and a-solanine showed a synergistic inhibitory effect on spore germination and

growth of the fungus. In potato tuber discs, accumulation of SGA was completely

suppressed by the pathogen F. sambucinum and partially suppressed by the non-

pathogen Cladosporium cucumerinum. The SGA accumulated in aged potato tuber

discs may play a role in the general defense response against F. sambucinum

infection.
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INTRODUCTION

a-Solanine and a-chaconine are the two major steroid glycoalkaloids (SGA)

produced in potato tuber tissues after wounding (Kuc and Lisker, 1977). The

accumulation rate of these two compounds in top 2 mm layer of tissue increases

continuously up to 5 days following wounding (Kuc, 1982; Ishizaka and

Tomiyama, 1972; Shih et al, 1973). This accumulation is thought to be associated

with the wound repair mechanism (Kué and Lisker, 1977; Ishizaka and Tomiyama,

1972; Fitzpatrick et al, 1977). In addition, because of their toxicity to insects

(Tingey, 1984) and fungi (Allen and Kuc, 1968; Sinden etal, 1973; McKee, 1955,

1955), these two compounds may have a role in chemical defense of potato against

invasion by other organisms. Moreover, the fact that F. sambucinum could not

cause disease in potato tuber discs aged at room temperature two or more days

even with a 2 mm deep wedge cut on the aged discs (Chapter I data) indicates that

some chemical defense mechanism(s) may be functioning in tissue beneath the

wounded surface. Therefore, the purpose of this study was to test whether a-

solanine and a-chaconine were toxic to F. sambucinum in vitro and whether there

was a synergistic effect of these two compounds on F. sambucinum spore

germination and growth. Finally, the correlation between production in vivo and

toxic concentration of these two compounds in vitro was investigated.

MATERIALS AND METHODS

Effect of SGA on spore germination and growth of F. sambucinum

The effect of commercial a-solanine and a-ChaCOIIIIIC (Sigma) on F.

sambucinum spore germination was tested. a-Solanine and a-chaconine dissolved
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in solvent containing tetrahydrofuran: acetonitrile: water (2: 1 : l. v/v/v) were placed

in the wells of spot plate. After evaporation of the solvent, 10 pl of 0.01 N HCl

was added to redissolve SGA and 90 pl of the fungal spore suspension at

concentration of 1x106 spores/ml was then mixed with the SGA solution. The

fungal spore suspension was made with 0.22 pm Millipore membrane filtered 0.05

M Na-phosphate buffer, pH 6.0 or 7.0 containing 1/ 10 x potato dextrose broth

(PDB). The control contained everything except SGA. The plate was incubated at

25 0C in the dark for 6 hr. The germinated and non-germinated spores were

counted using hemocytometer. For each sample, the spores in three 1x1 mm

squares of hemocytometer were counted and averaged. The inhibition rate of spore

germination by SGA was calculated as follows:

Inhibition Avg. germt’n rate of cont.— Germt’n rate of treated

 of spore = x 100%

germination (%) Average germination rate of control

The effect of a-solanine and a-ChaCOIIIIIC on F. sambucinum growth was

tested using plate assay. a-Solanine and a-chaconine were placed inglass petri

dishes (5 cm in diameter). After evaporation of the solvent, 50 pl of 0.01 N HCI

was added to dissolve SGA and 1 ml of PDA in 0.05 N Na-phosphate buffer, pH

6.0 or 7.0 was added to each plate and mixed well. Following solidification of the

medium, a 0.5 cm agar plug taken from growing edge of 6-8 day old culture of

the fungus was placed in center of the plate. The plates were then incubated at RT

for 4 days, and the diameter of fungal colony was measured.

Synergistic effect of a-solanine and a-chaconine on F. sambucinum spore

germination and fungal growth was also tested. The procedures were the same as

those described in the above except that individual SGA was replaced with mixture
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of a-solanine and (2:-chaconine at different ratio of both compounds.The inhibition

of fungal colony growth was calculated as follows:

 

Inhibition Avg. growth of control (cm)——Growth of treated (cm)

offungal colony = x100%

growth (%) Average growth of control (cm)

Extraction of SGA from aged or F. sambucinum or C. cucumerinum

inoculated potato tuber discs

The tuber disc preparation was the same as described in Chapter I. The

procedures described by Zook and Kuc (1991) were used for SGA extraction.

Briefly, 20 slices of top 0.5 mm layer of tissue from aged or inoculated tuber discs

with 2 cm in diameter were collected and homogenized in about 100 ml of solvent

containing CHC13, MeOH and HOAc (10:9: 1, v/v/v) at 1/2 speed for 30 second.

The homogenate was stored at RT for 24 hr and then filtered through Whatrnan

#1 filter paper. The filtered homogenate was dried near dryness with rotary

evaporator and mixed with 15 ml of 2% of HOAc. The sample mixtures were

partitioned with the same volume of CHCl3 for two times. After centrifugation at

12,000 rpm with 88-34 roter (Sorvall) for 10 min, the aqueous phase was collected

and combined. Approximately 10 ml of concentrated NH40H then was added to

bring the pH to 10. The samples were heated at 80 °C for 30 min. After cooling

to RT, the samples were stored at 4 °C overnight and then centrifuged at 12,000

rpm for 10 min. The residue was dried in a desiccator over P205 and NaOH pellets

for 2-3 days. The dried SGA residues were re-suspended in 3.5 ml of solvent

containing tetrahydrofuran and water (6: 1, v/v) and then applied to a 3 ml amino

column (Supelco, LC-NH2 ) which had been conditioned with 5 ml of the same

solvent. The SGA were eluted from the column with 2x 750 pl of solvent
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containing tetrahydrofuran, acetonitrile and water (2:1:1, v/v/v) and the eluted

volume was adjusted to 2 ml with the same solvent. The eluted SGA samples were

ready for HPLC analysis.

HPLC analysis of SGA from the tuber discs

HPLC separation for SGA was performed at RT with a 4.6x 250 mm amino

column (Alltech, Dearfield, IL), according to the procedures described by Zook

and Kuc (1991). The mobile phase (same as the sample solvent) was pumped

through at a flow rate of 1.0 ml/min. The absorbance wavelength of detector was

set up at 215 nm. The detection sensitivity was 0.1 and chart speed was 1 cm/min.

15 pl of aliquot of each sample was injected into HPLC to analyze the content of

SGA. Commercial a-solanine and a-chaconine dissolved in the same solvent as

sample solvent were used as standards to quantify SGA in the samples.

RESULTS

Inhibitory effect of SGA on spore germination and growth of F. sambucinum

at pH 6.0 and pH 7.0

At pH 6.0 a-Chaconine had an inhibitory effect on F. sambucinum spore

germination in 1/ 10 x PDB at concentrations higher than 300 pM (Fig. 3-1 A). At

concentration ca. 500 pM, a-chaconine caused 50% inhibition of fungal spore

germination. In contrary, oz-solanine did not show any inhibitory effect on the

fungal spore germination at all tested concentrations (Fig. 3-1 A).

Both a-chaconine and a-solanine inhibited the fungal growth in PDA at

concentration higher than 300 pM at pH 6.0 (Fig. 3-1 B). The inhibitory effect
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Fig. 3-1. Inhibitory effect of a-solanine (421-) and a-chaconine (-l-) on spore

germination (A) and colony growth (B) of F. sambucinum at pH 6.0. Standard

deviations of the data points varied from 0.45 to 4.8%.
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caused by a-chaconine could be detected at concentration of 150 pM, while the

effect caused by a-solanine did not occur at concentrations less than 300 pM.

Overall, a-chaconine was more toxic than a-solanine at the same concentrations.

At pH 7.0 the inhibitory effect caused by a-chaconine on the fungal spore

germination was detected at concentration higher than 200 pM and was higher than

that at pH 6.0 at concentrations between 300 and 500 pM (Fig. 3-2 A). At

concentration of ca. 450 pM, (2:-chaconine inhibited 50% of spore germination.

However, unlike that at pH 6.0 a-chaconine could not completely inhibit spore

germination at 600 pM at pH 7.0. a-Solanine showed a some inhibitory effect on

the spore germination at pH 7. At concentration of 600 pM, it inhibited 15% of

the spore germination.

Both compounds showed similar higher levels (2-3 folds) of inhibitory effect

on the fungal growth on PDA at pH 7.0 (Fig. 3-2 B) than those at pH 6.0.

Synergistic inhibitory effect of a-solanine and «ii-chaconine on spore

germination and growth of F. sambucinum

At pH 6.0 the combination of a-solanine and a-ChaCOIlIIIC at certain ratio

showed greater inhibitory effect on both spore germination and growth of F.

sambucinum than that caused by either one alone. Figure 3-3 shows that inhibition

of spore germination by combination of the two compounds (dashed line) occurred

at ratio of 2/4 (200 pM a-chaconine/400 pM a-solanine) and there was no

inhibition with either one alone at the concentrations (Fig. 3-1 A and 3-3, solid

lines, a-chaconine alone). Combination of a-chaconine and a-solanine at ratio of

5/1 (500 pM a-chaconine/lOO pM a-solanine) gave a complete inhibition on the

fungal spore germination. Combination of the two compounds also showed higher

levels of inhibition on the fungal growth on PDA compared to those at the same
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Fig. 3-2. Inhibitory effect of a-solanine (-D-) and a-chaconine (-l-) on spore

germination (A) and colony growth (B) of F. sambucinum at pH 7.0. Standard

deviations of the data points varied from 1.2 to 4.3%.
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concentrations of single compound (Fig. 3—4). This clearly indicated that there was

a inhibitory synergism between these two compounds.

At pH 7.0, combination of the two compounds at lower concentration

(5. 300 pM) gave a higher inhibitory effect on the fungal spore germination (Fig.

3-5) compared to that at pH 6.0. The inhibition reached its maximum at

approximate 55% at 1.5/ 1.5 (150 pM/150 pM) ratio of oz-chaconine and a-

solanine. This indicates that pH condition also influences toxicity of these two

compounds .

Accumulation of SGA in aged tuber discs

HPLC analysis of the samples showed that SGA accumulated in aged discs.

After 24 hr of aging, both a-solanine and a-chaconine accumulated in a similar

pattern, but rate of a-solanine accumulation was faster (Fig. 3-7 A and B). And

both reached their peaks at 72 hr and stayed at the peaks through 96 hr during

aging.

Suppression of SGA accumulation in tuber discs by F. sambucinum and by C.

cucumerinum

HPLC analysis showed that inoculation with F. sambucinum almost

completely suppressed accumulation of both a-solanine and a-chaconine (Fig. 3-6

A and B) during 36 hr incubation after inoculation.

C. cucumerinum also suppressed accumulation of both cit-solanine and a-

chaconine but to a lesser degree (Fig. 3-7 A and B). SGA in the inoculated tissue

accumulated slowly- during 96 hr incubation after inoculation with C.

cucumerinum.
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Inhibition of SGA from aged tuber discs on spore germination and colony

growth of F. sambucinum

Based on the results from Fig. 3-7, SGA concentrations in top 0.5 mm layer

of the aged discs were calculated (Table II). The inhibition on spore germination

and colony growth of the fungus by SGA at calculated concentrations also

deduced, according to the results from in vitro SGA toxicity tests.

DISCUSSION

It has been known that potato SGA, mainly (X-ChaCOIIIDC and a-solanine are

toxic to insects (Tingey, 1984) and fungi (Allen and Kuc, 1968; Sinden et al,

1973; McKee, 1955, 1959). However, the toxicity of potato SGA to potato dry rot

causing fungal pathogen F. sambucinum has not been reported. The present study

demonstrated that a-chaconine and oz-solanine have an inhibitory effect on spore

germination and colony growth of F. sambucinum (Fig. 3-1 A and B and 3-2 A

and B). In the experiments conducted in this study, a-chaconine showed a higher

toxicity than a-solanine at both pH 6 and 7. The results of this investigation were

in agreement with reports presented by Sinden et al (1973) and McKee (1955,

1959) on SGA inhibitory effects on growth of Alternaria solani and spore

germination of Fusarium caeruleum (Sinden et al, 1973; McKee, 1955, 1959).

The toxicity of both a-chaconine and a-solanine to spore germination and

colony growth of F. sambucinum was also greater at higher pH levels, as reported

by Sinden et al (1973) and McKee (1955, 1959). At pH 6.0 a-chaconine at

concentration of 500 'pM inhibited 50% of the fungal spore germination (Fig. 3-1

A), while at pH 7.0 the same concentration gave a 60% inhibition (Fig. 3-2 A).

Similarly, at pH 6.0 a-solanine did not have any inhibitory effect on the spore



99

Table II

Inhibition on spore germination and colony growth of

F. sambucinum by SGA in aged tuber discs at pH 6 and 7

 

SGA conc.a Inhibition on Inhibition on

Aging S/C" s ore errnt’ 0 at In wth 0 t

tirnelhr) M pH 6 Total pH 7 Total pH 6 Total pH 7 Total

§/_C. 841:9 SL9 .S_~l-_C. SLC. Sig SIC 3.1-2

24 23/22 0/0 0 0/0 0 0/0 0 0/0 0

48 153/107 0/0 0 0/2 2 0/6 6 15/15 30

72 324/214 0/2 2 2/6 8 5/12 17 30/30 60

96 310/207 0/2 2 2/6 8 5/12 17 30/30 60

 

aSGA concentration in the top 0.5 mm layer of aged potato tuber discs.

t’S=oz-Solanine, C =a-chaconine.

°S+C =Sum of inhibition (%) caused by a-solanine and a-chaconine alone.
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germination at concentration up to 600 pM, while at pH 7.0 the same

concentration gave a 15% inhibition of the spore germination. In the cases of

fungal colony growth on PDA, the two compounds also showed a higher toxicity

at pH 7.0. At pH 6.0 a-chaconine at concentration of 700 pM inhibited 30% of

the fungal colony growth, while at pH 7.0 a-chaconine gave a 55% inhibition. On

the contrary, a-chaconine and a-solanine showed a similar inhibitory effect on the

fungal colony growth at pH 7.0 compared to that at pH 6.0 where a-solanine

showed a slightly lower toxicity. In addition, at pH 7.0 (2:-chaconine at

concentration of 600 pM only gave a 80% of inhibition on spore germination,

unlike that at pH 6.0 where a-solanine at the same concentration completely

inhibited the fungal spore germination. The reason for this is not known.

Nevertheless, the results of this study clearly demonstrated that these two

compounds are more toxic at higher pH level and this may be due to, as suggested

by McKee (1959), that the toxicity is contributed by molecules of un-dissociated

base whose concentration must reach a certain level to affect membrane stability.

However, it is not clear why the fungal mycelia were more sensitive to these two

compounds than the fungal spores at concentrations lower than 300 pM but less

sensitive at concentrations higher than 500 pM (Fig 3-1 A and B; Fig 3-2 A and

B).

It has been reported that combination of potato alkaloids had higher

inhibitory effects than single alkaloid alone on fungal growth (Sinden, 1973).

Recently, Roddick and Rijnenberg (1987, 1988) have demonstrated that

combination of a-solanine and a-chaconine gave a synergistic effect on disruption

of phosphotidylchol-ine/cholesterol liposomes and on the lysis of rabbit

erythrocytes, red beet cells, and Penicillium notatum protoplasts. The results

obtained from this study also showed that a combination of (2:-chaconine and a-
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solanine gave a higher inhibition than either one compound alone on spore

germination and growth of F. sambucinum (Fig. 3-3, 3-4 and 3-5). The mechanism

of synergism between these two compounds in relation to their membrane

disruption is not clear. However, it is known that binding to 3B-hydroxy sterols

in membranes in vitro by a-solanine and a-chaconine is the cause of membrane

disruption, although a-solanine has a less binding capacity which may be due to

the difference in sugar moiety between the two compounds (Roddick and

Rijnenberg, 1986). Therefore, as suggested by Roddick et al (1988), the synergism

between these two compounds may be an "analog" type effect where the activity

of a-chaconine is enhanced by a-solanine or vise versa, or both.

Of production of potato SGA (primarily oz-solanine and (ii-chaconine) in

tuber tissues, the rate of SGA accumulation increased largely after slicing (Fig. 3-7

A and B). This is somehow related to wound repair process (Lisker and Kué,

1977). In contrast, inoculation with non-pathogen of potato C. cucumerinum or

pathogen F. sambucinum on tuber discs suppressed SGA production (Fig. 3-6 A

and B; 3-7 A and B) and the suppression by F. sambucinum was much severe than

C. cucumerinum. This is different from that reported by Shih et al (1973) where

the incompatible race of Phytophthora infestans or Helminthosporium carbonum

had a greater suppression than compatible race of P. infestans on SGA

accumulation. This may be due to tissue damage caused by F. sambucinum which

completely macerated the top layer of discs in 48 hr and C. cucumerinum has little

effect on eliciting production of terpenoid phytoalexins.

There have been reports of study on the role of potato SGA in disease

resistance. Frank et al (1975) have shown that there was no correlation between

SGA contents in tubers or leaves or stems and disease resistance against A. solani,

P. infestans, Streptomyces scabies and Verticillium albo-atrum after invasion of
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potato tubers by theses pathogens. Two years earlier, Deah] et al (1973) also

reported that there was no relationship between SGA content and resistance to P.

infestans in fifteen potato clones. However, Sinden et al (1973) also reported that

according to the test of SGA toxicity on A. solani in vitro, SGA in young potato

leaves showed a correlation between their contents and reduction of lesion

development caused by the pathogen. They proposed that SGA in potato leaves

may be an important factor of temporary resistance. In this study, the role of SGA

in disease resistance against F. sambucinum in aged potato tuber discs was

investigated and the results indicated that the accumulation of a-chaconine and 0:-

solanine may be part of chemical defense mechanism(s). With the known diameter

(2 cm) of each tuber disc, the concentration of a-chaconine and a-solanine

accumulated in top 0.5 mm layer of discs can be calculated (Table H). At 48 and

72 hr after aging at RT, a-chaconine concentration had reached the levels which

could only inhibit 0 and 2% of the fungal spore germination at pH 6 in vitro,

respectively. These concentrations could also inhibit the fungal colony growth at

levels of 6 and 12%, respectively. With the same calculation, the concentrations

of a-solanine at 72 hr after aging could have only reached 5% inhibition level on

the fungal colony growth. However, at pH 7.0, the concentrations of both a-

chaconine and a-solanine at 48 and 72 hr had reached the levels of 15 and 30%

inhibition on the fungal growth. If the inhibitory effects were added, the total

inhibition would be 30 and 60%, respectively. Although it is assumed that pH in

the cells is 6.0 since pH of tuber tissue extract is ca. 6, it can not rule out that the

and local change of pH value in the cells adjacent to wounded surface. If this

change increases local cytoplasmic pH, the SGA toxicity would be expected to be

higher. In addition to these deductions, the antifungal activity of SGA accumulated

in aged tuber discs was also evident by the results from TLC bioassay of potato
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SGA toxicity to C. cucumerinum (Data not shown). The inhibition of the fungus

resulted in clear zone on TLC plate and the zone size corresponding to a-

chaconine was larger than that of a—solanine. In addition, the sizes of clear zones

increased along with time of aging indicating that there was higher content of SGA

in discs aged for longer period of time.

If a synergistic inhibitory effect caused by combination of these two

compounds is taken into account, the effect on spore germination and growth of

F. sambucinum would be higher for both compounds than either compound alone.

The antifungal activity of potato SGA and their concentration in aged potato tissues

near the wounded surface may partially account for the findings noted by Meyer

(1940) that infection of P. infestans was largely reduced if the inoculation was

performed at 3 days after wounding. It may also provide some explanation to the

phenomenon reported by Lansade (1950) that exposure of light to tuber tissues

would make it resistant to infection by F. caeruleum. Since it is known that SGA

accumulate largely in tuber tissues under light (Conner, 1937). The accumulation

of SGA in the top layer of aged discs at toxic concentration to F. sambucinum may

also be part of the reason that there is no disease development in tuber discs aged

for 72 hr even with a fresh cut wedge after inoculation with the fungal spore

suspension at concentration of 10" spore/ml and there is only a little disease

development when inoculated with a 5-mm agar plug containing large density of

inoculum (Chapter 1). However, it can not be ruled out that other antifungal

compound(s) are present in the top layer tissue of aged tuber discs which may

contribute to inhibition of F. sambucinum invasion.
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CONCLUSIONS AND FUTURE DIRECTIONS

The study of this dissertation demonstrates that enhancement of general host

defense responses can result in improved resistance to F. sambucinum of potato

tuber tissues. In the host defense responses, two mechanisms seem to have

important roles in resistance against F. sambucinum infection. Firstly, rapid and

higher accumulation of lignin-like material may be functioning as physical barrier

to the fungal invasion. This may be due to the lignified host cell walls are more

resistant to fungal cell wall degrading enzymes. The induction of host enzyme

activity involving in lignification correlates the increased rate of lignin

accumulation. Secondly, compounds with antifungal activity such as SGA,

chlorogenic acid and its oxidation products may also contribute to the induced

general resistance.

For future study, the following investigations may be needed:

1. Further characterization of ionically bound cell wall PO will help to

elucidate the role of cell wall PO isozymes in lignification.

2. Effect of different concentration of C. cucumerinum on the elicitation of

host defense response. It would be very interesting to investigate what elicits the

host defense response, cell wall component or any other compounds.

3. The relation of accumulation of SGA to the wound healing process, as

well as phytoalexin accumulation.

4. In situ localization of PAL mRNA accumulated in tuber discs inoculated

with C. cucumerinum.

5. Since there is no cultivar resistant to F. sambucinum available, the most

effective way to reduce dry rot disease would be to try to find biotic or abiotic

compounds to elicit host general defense and to enhance the rate of wound healing.
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6. Fast rate of wound healing and lignin deposition, as well as the rapid

accumulation of SGA in the wounded tissue may be used as markers to select

germplasm for breeding for resistance to F. sambucinum.
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