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INTRODUCTION
Verticillium wilt of potatoes, caused by the fungus,

Verticillium albo- atrum, Reinke and Berthold,

is a major

limiting factor in potato production in Oregon.

Approxi-

mately 30,000 to 40,000 acres of potatoes are grown annually in Oregon, of which 10,000 to 12,000 acres are grown
in the Klamath Basin.

Yield losses due to Verticillium

wilt in the Klamath area alone were estimated at $1,000,000
in 1957

(60).

The control of this disease has been difficult

because of the lack of suitable resistant varieties and the

high cost of chemicals used for soil treatments.

Because

of the lack of other effective control measures,

consider-

able attention has been directed towards the development of

resistant varieties.
A

chemical basis for disease resistance has been es-

tablished in some plant diseases.

Walker et al.

(5$)

showed that the resistance of onions to onion smudge was
due to the presence of phenolic compounds in the outer

scales of the resistant varieties.

Lee and Le Tourneau

(16)

showed higher amounts of the polyphenol chlorogenic acid
in potato varieties resistant to Verticillium wilt.
et al.

McLean

(29), using ferric chloride as a histochemical

reagent for the detection of phenols, reported that the color intensity of the ferric

chloride test of the underground

stem node of potato plants had a highly significant correl-

ation with resistance to Verticillium wilt.

The major
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phenol responsible for the color reaction with FeC13 was
chlorogenic acid, and its concentration was extremely high
in the vascular systems of root tips and sprout tips of

young potato plants.
It has been reported by Tolmsoff and Young

(54)

that

juvenile potato plants are resistant to infection by Verticillium.

As McLean had shown a correlation between chlor-

ogenic acid content of the vascular system and resistance
to Verticillium wilt development,

it was of interest

to de-

termine whether or not resistance of young roots to infection was similarly correlated with phenolic content of the
The objectives of this study were:

roots.
1

To determine the time and amount of infection in
potato varieties for a period of five to six

weeks after sprouting.
2

To quantitatively estimate chlorogenic acid and
total free phenols in uninoculated and inoculated potato plants of different ages.

3

To determine whether the resistance of young potato plants to infection is related to their phenolic
content and, if so, to attempt to elucidate the
nature of inhibitory action of the phenolic compounds on Verticillium in potato plants.

Knowledge of the nature of resistance in juvenile potato plants would be of value in understanding Verticillium

wilt diseases and could conceivably be used as a basis for
rapid selection of resistant varieties.

It might also help

in developing a control program with systemic chemicals.

3

LITERATURE REVIEW
Reinke and Berthold (3$) in 1$97 reported a disease
of potatoes

in Germany and described the fungus associat-

ed with the disease as a new species of the genus Verti-

cillium, which they named Verticillium albo- atrum, Reinke
and Berthold.

This pathogen invades the roots of potato

plants and causes chlorosis and wilting and eventual death
of the entire plant(30).

Symptoms usually start in the

basal leaves on one side of the plant and progress upward
(31).

Vascular discoloration of the lower stem of the

diseased plants was reported by McLean (2$:6).

Tubers

from diseased plants may also exhibit vascular discoloration, although this is not common.

Usually discolor-

ation or browning occurs only at the stem end of the

tuber to a distance of approximately one -fourth of an inch
(30).

McLean et al.(2$:7) also reported that Verticillium

wilt of potatoes is a disease of senescence, as the symptoms appear after blossoming and cessation of rapid growth.

Conditions that delay maturity may delay disease development, but symptoms are hastened by factors which promote

maturity (earliness of a variety, early planting, early
irrigation and high temperatures).

Infection
Apart from general observations, such as "Verticil-

lium wilt symptoms first appear on the potato plants
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during late July or early August; therefore inoculation
must occur during June" (56:16$), little effort was made
Most

to determine the time of infection until recently.

of the published data on the time of infection of differ-

ent hosts suggest that natural infection occurs at spec-

ific stages of plant development or that the host is far

more susceptible to infection during certain stages of

development than at others.

This appears to be true for

many species of plants grown in widely- separated areas.
Reinke and Berthold (3$) reported that typical

Verticillium wilt symptoms appeared on potatoes during
the middle of the growing season.

Pethybridge (34) was

unable to detect invasion of potato plants for an extended period of time even when the potatoes were grown from

tubers that were known to be infected.

McKay (26) was

not able to isolate Verticillium from roots or stems of

potato plants consistently until several weeks after plant ing, as

even when viable inoculum was in direct contact

with young plants, infection did not take place.
(23)

Ludbrook

observed that there was some unexplained reason for

the delay of wilt symptoms on potatoes grown in infested
soil in the greenhouse.

He believed that this delay could

not be explained on the basis of soil or air temperature
or soil moisture.

McLean et al.

(2$:7)

reported that var-

ious varieties of potatoes grown in the field did not show
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symptoms of wilt until later stages of plant development.

Young (60) reported that symptoms first appeared within $10 weeks after emergence of sprouts.

In greenhouse experi-

ments Tolmsoff and Young (54) found that potatoes grown in

artificially- infested soil were not infected until tuber
formation was initiated.

Snyder and Rudolph observed that

pepper plants grown in Verticillium- infested soil did not
show any symptoms of wilt until approximately ten weeks
after planting.

Kendrick and Schroeder (14) obtained wilt

of muskmelon in infested soil six weeks after planting.

In a number of other Verticillium diseases a similar relationship between flowering or fruiting of the host

and its infection by Verticillium is seen.

Guba (8) re-

ported that eggplants grown in the field did not show symptoms of Verticillium wilt until after fruit had been set.
In an extensive breeding program in which resistance or

tolerance to Verticillium was the objective,

symptoms de-

veloped later in the season on late -flowering eggplant
varieties than on early -flowering varieties.

Sterile vari-

eties showed no wilt at all or showed only mild symptoms

later in the season.

Tompkins and Ark (55) reported that

straw flower did not show symptoms of Verticillium wilt
until after flowers had been set.

Strawberry plants are

reported to show the first symptoms of wilt after blossoms
have been set and usually during the fruiting season.

This
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is reported from areas as widely separated as British Colum-

bia

(27),

Oregon (37) and California (52).

From these examples it appears that there is a rela.

tionship between the time of infection and the time of

flowering and fruiting of the host.
There are no data in the literature showing that under field conditions hosts are infected during early stages
of plant development.

In fact, greenhouse experiments con.

ducted by Tolmsoff and Young (54) and by Powelson (36)
have established that in potatoes infection did not take

place until after tuber initiation or until the plants were
five to six weeks old.

Although there are reports

(4,

42)

of wilting of host seedlings of different plants when

planted in Verticillium- infested soil under greenhouse conditions, wilting and dying of seedlings in infested soil

under field conditions is not known to occur.
Degree of Invasion
The literature indicates that in Verticillium wilt
of potatoes and other hosts there are different degrees of

host invasion and symptom expression.

Rudolph (42) stated

that Verticillium may attack susceptible plants in all
parts or it may be confined sharply to one side or even to
one shoot or limb of the affected plant.

Zeller (61) re-

ported that unilateral symptom expression by raspberry

7

plants could be traced to infection of a limited number of
.

.

roots on the same side of the plant to which symptoms were

confined.

Keyworth (15) found that severity of wilt in hops

was correlated with the extent of root infection and that
the extent of root infection determined the extent of stem

invasion.

.

The degree of root invasion did not influence

the upward growth of the fungus in stems, but it did influence the quantity of the vascular system invaded.

Tolmsoff (53) in his studies with Russet Burbank potatoes showed that severity of Verticillium wilt was directly proportional to the quantity of microsclerotia of

Verticillium albo -atrum added to the soil in which the
.

plants were grown.

He showed Verticillium wilt of po-

tatoes to be a quantitative disease in which symptoms re-

sulting from Verticillium infection ranged from symptomless invasion with low levels of inoculum, to rapid wilt-

ing and yellowing with high levels.
He stated that time of appearance of wilt symptoms

and time of plant death were related to the level of in-

oculum
'

in.

the soil.

Tolmsoff's(53) data indicate that the

number of root infections and disease severity increase
with increasing inoculum potential.

8

Disease Resistance
No potato variety is completely immune to Verticil-

lium albo- atrum.

Different potato varieties show differ-

of tolerance to this pathogen.

ent degrees

Since the

number of infections caused by the pathogen would determine
the severity of wilt, the degree of resistance of different

potato varieties could be partly explained by assuming that
the varieties resistant to the wilt disease have a higher

resistance to infection than the susceptible ones.
Talboys (51) reported the results of a study of a

resistant and a highly -susceptible variety of hops
by two strains of the pathogen, Verticillium albo- atrum.
Cortical tissues appeared to offer some resistance to pene-

tration

either pathogen in either host, but the mild

pathogen was resisted more than the virulent one and the
more tolerant host offered more resistance than the suscep-

tible one.

Generally disease resistance can be divided into
three types:
(20:372).

.

mechanical, functional and physiological
-

While mechanical resistance and functional re-

sistance relate to physical resistance mechanisms, physiological resistance relates to the physiology of the host.
Here, the pathogen may gain entry, but is then inhibited

by toxic substances released during the process of wounding or is limited in its development by incompatible food

9

relationships.

The causes of physiological resistance pro-

posed by Lilly and Barnett

(20:375) are as follows:

cell

sap acidity of the host, substances in the host toxic to

the pathogen, hypersensitivity, inhibition of the activity
of certain enzymes of the parasite by the host,

incompat-

ible food relationships, decreased permeability of the
cell membrane of the host resulting in partial or complete

starvation of the parasite, or a combination of various
factors acting together.
The most prevalent theory of physiological resist-

ance is that the host plant contains or releases compounds

Phenolic compounds, which are found

toxic to the pathogen.
in many plant species,

have been implicated in a few plant

diseases as the toxic principle responsible for the resistance of the plants

(20:390).

Resistance of onions to onion

smudge caused by Collectotrichum circinans is a good example of physiological resistance in which phenols of the

host inhibit a pathogen.
al.

(22)

Link and Walker (23) and Link et

reported that the cell sap of the colored resist-

ant varieties was more toxic to the pathogen than sap from

white -

susceptible varieties.

They found that the

sap of outer bulb scales of onions contained more phenolic

compounds than did sap of susceptible varieties.

Experi-

ments demonstrated that these compounds were inhibitory to
the organism in vitro!.(22). They concluded that the
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presence of the two phenols protocatechuic acid and catechol in the bulb scales prevented the entry of the pathogen
in the inner fleshy scales of the bulb.

Chlorogenic Acid
Chlorogenic acid was first isolated in 1$46 from coffee beans by Payen, who gave it its name.

Gorter conducted

extensive studies on the acid and found that upon hydrolysis it splits into caffeic acid and quinic acid

(59).

The

structural formula shown below was suggested by Freudenberg and was confirmed by Fisher and Dangschat (59).

HOACo ®H
H
H

H

HO
HYoH

OH
Chlorogenic C16 H18 09 is a white crystalline compound with a melting point of 206 -210 °C; and a molecular

weight of 354.

The molecular extinction coefficient at

3225 A° is 1$,500 and the optical rotation (A)
(59).

tion.

2D0

is -37

At a pH above 7.0 it readily undergoes autoxida-
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In addition to coffee,

chlorogenic acid is found in a

variety of other plants (35:11, 41).

It has been implicated

in the enzymatic browning and blackening of tobacco plant

tissues (45) and fruits such as apples, pears, and peaches
(11).

iso-

Two isomers of chlorogenic acid are known (2):

chlorogenic acid(caffeyl quinic acid) and neochlorogenic
acid in which the position of attachment of the caffeyl

group to the quinic acid is not known (2).

Although the exact nature of the role of chlorogenic
acid in plant metabolism is not known,
have been made.

several suggestions

Oparin (33) believed that this compound

functioned as one of the respiratory chromogens in plants
because of the ease with which it undergoes oxidation and
Rudkin and Nelson (41) reported that the ad-

reduction.

dition of small quantities of chlorogenic acid

thin root

slices of sweet potato resulted in an increase in both

oxygen uptake and carbon dioxide release.
Johnson and Schaal (12) and Schaal et al.

(44)

demons-

trated the presence of chlorogenic acid in the periderm of
potato tubers and found more chlorogenic acid in scab-

resistant than in scab -susceptible tubers.

They also found

that when chlorogenic acid was added to unbuffered medium,
the pH of the medium was lowered sufficiently to retard the

growth of

S.

scabies.

They stated that tyrosinase was con-

centrated also in the same area as chlorogenic acid and
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postulated that both tyrosinase and chlorogenic acid were
involved in the general mechanism of protection by forming
toxic quinone compounds as a result of the injury caused by
the pathogen in the tuber periderm.

In vitro tests con-

ducted by the same authors showed that the quinone form was
much more inhibitory than the phenolic form (43).

McLean et al.

(29), using histochemical tests for

phenols found that potato varieties resistant to Verticil-

lium wilt contained more chlorogenic acid than the susceptible varieties.

The tests revealed that roots,

stems, and

leaves of potato plants also contained chlorogenic acid
and that the acid was localized in the vascular tissues of
the plants.
Lee and Le Tourneau (16),
ies,

in their quantitative

stud-

showed that roots of potato varieties resistant to
.

Verticillium wilt contained more chlorogenic acid than did
the roots of the susceptible varieties.

They showed that

chlorogenic acid was metabolized by Verticillium albo -atrum
in vitro in liquid medium and that even at the high pH at

which chlorogenic acid undergoes autoxidation, large quantities (500 -100 ppm) were necessary to inhibit growth of

Verticillium mycelium.
McLean et al.

(29)

using histochemical tests found

concentrations ranging from 7,500 to 10,000 ppm of ortho-

di-hydroxy phenols, mostly in the form of chlorogenic acid
-
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in the vascular systems of potato plants.

They felt that

since the determination of chlorogenic acid concentrations

were based on the whole root systems rather than on the

vascular systems, the quantities found by Lee et al. were
very low.

They reported some inhibition of mycelial

growth at 1,000 ppm and complete inhibition at 2,500 ppm
of chlorogenic acid.

Since concentrations of chlorogenic

acid are much higher in the vascular system (7,500- 10,000
ppm),

Verticillium probably would be inhibited.

They

further stated that the fungus might be inhibited at the
site of entry by a toxic quinone formed by the action of

polyphenoloxidase on chlorogenic acid.
Other Phenolic Compounds

Although chlorogenic acid is the main phenolic constituent of potato plants, McLean et al.

(29)

found other

compounds which fluoresced under U.V. and reacted with one
or more of the reagents used for detection of phenols.

Tyrosine, a precursor of melanin, tryptophane and histi-

dine was found in sprout and foliage extracts of potatoes.
Other compounds identified on the chromatograms were phenolic pigments tentatively classified as anthocyanins from

foliage and

a

pink to light red anthocyanin which fluor-

esced red in U.V. and had an Rf of 0.30 -0.35 in B.A.W.

Another material that reacted with phenol reagents and
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U.V was noted at Rf 0.15

-

0.20.

was also observed at Rf 0.45

-

An anthoxanthine material

0.50.

Waggoner and Dimond (57) working with potato stems
claimed that because they could not detect chlorogenic acid in stems the concentration of that compound must be less

than 1/40 its concentration in potato tuber periderm.
,

Us-

ing polyphenoloxidase from potatoes, they were able to de-

tect two substrates.

One

(P1)

at an Rf of 0.$7 -9.0, which

turned tan when sprayed with oxidase (PPO) and fluoresced
in U.V. Another exhibiting the same reaction with PP0 and
U.V. had an Rf of 0.76

-

0.80.

In wilt diseases the browning of vascular tissues in
stems is a common occurrence.
ers (1)

It is

stated by some work-

that this phenomenon occurs due to oxidation of

phenols which are released from the glycosides of the plant
by the hydrolytic enzymes of the pathogen.

Several workers

have studied glycosidic content of different genera of
plants.

Ibrahim and Towers (10) studied the phenolic acids

in several genera of plants by hydrolysing glycosides in

plant tissue extracts with con. HC1 and NaOH.

Since phen-

olic acids are said to be released in pathogenesis, know-

ledge of different phenolic acids in the host is of great
value.
Synthesis.

Very little is known about the biosynthe-

sis of chlorogenic acid in plants.

Zucker and Levy (62)
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showed formation of chlorogenic acid in discs of potato

tuber tissue which were initially devoid of this compound.
Glucose, quinic acid and salts such as KC1 stimulated the

synthesis of chlorogenic acid.

Availability of oxygen was

shown to be an important factor in the synthesis of the

compound.

Zucker and Ahrens (63), working with tobacco
.

plant tissues,

showed that synthesis of chlorogenic acid

occurred in leaf discs cultured in the light, but not in
the dark.

Stem sections also showed a net synthesis but

excised roots did not.

Since chlorogenic acid is found

in the roots of tobacco plants,

apparently trans-

it is

ported to roots from other parts of the plant.

Polyphenoloxidase
The role of oxidative enzymes in plant disease re-

sistance is not fully understood.
as polyphenoloxidase

Oxidative enzymes such

(PPO) and peroxidase

implicated in disease resistance

(6,

7).

(s)

have been

In wheat rust,

for example, polyphenol oxidase is shown to act on the

polyphenols to produce toxic quinone products which in
turn kill both the obligate parasite and the attacked tissue area and produce a necrotic spot.

Szent - Gyorgyi and Vietorisz

(50)

in their early stud-

ies on plant phenolases came to the conclusion that quin-

ones produced by the intensive operation of polyphenolases
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in injured tissues must be effective antiseptics against

various microorganisms.

It has been reported that in late

blight of potatoes caused by

P.

infestans, a brown sub-

stance is produced in the necrotic areas of the tuber.
This blackening was due to the action of phenolases on
the phenolic compounds of the tuber, and this reaction

proceeded more quickly in resistant than in susceptible
varieties (6).
Rubin and co- workers (40) subjected healthy and in-

fected plants to chemical analysis and found that an increased oxidation of polyphenols was induced by infection.

Johnson and Schaal (12) found polyphenol oxidase concentrated in the same area as chlorogenic acid in the potato

tuber periderm and proposed that PPO and chlorogenic acid react upon wounding to produce toxic quinone products

harmful to

S.

Scabies.

Polyphenol oxidase has been studied widely (13),
46).

Sisler and Evans

(46)

compared crude extracts of

mushrooms and tobacco roots and found that tobacco extracts catalyzed the oxidation of chlorogenic acid more

rapidly than catechol.

Conversely,

the rates of oxidation

of catechol catalyzed by mushroom extracts were found to

be more rapid than those with chlorogenic acid.

Evidence

obtained from purification experiments indicated that both

mushrooms and tobacco contain more than one enzyme capable
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of catalyzing the oxidation of polyphenolic compounds.

Becker

(3)

working with Verticillium albo -atrum found

polyphenol oxidase activity in the mycelial extracts of

microsclerotial types.

He found much lower levels of the

enzyme in the non -microsclerotial types using catechol as
the substrate.

Inhibition of the Pathogen in Vitro
All the proposed theories of inhibition of a pathogen

by toxic polyphenolic compounds and their oxidation products are based on in vitro studies of the inhibition of

pathogenic fungi with polyphenols and their oxidation products (inhibition of mycelial growth or spore germination).
Farkas and Leadingham

(7)

tested the effect of oxi-

dized polyphenolic compounds on the germination of wheat
stem rust uredospores.

They found that short term oxida-

tions led to highly toxic compounds; longer periods of oxi-

dation converted these into harmless products, whereas very
,

long periods of oxidation resulted again in the production
of toxic

substances.

McLean et al.

(2$)

showed 7,500 to

10,000 ppm of chlorogenic acid in the vascular systems of
stems and roots from 30- day -old plants and found that as

little as 50 to 100 ppm of chlorogenic acid was sufficient
to cause significant reductions

Verticillium albo -atrum spores.

in the germination of

1$

GENERAL METHODS AND MATERIALS

Varieties
The potato varieties used in the study were, in order
of increasing resistance to Verticillium wilt under field

conditions, Red Warba, Russet Burbank, Kennebec, and USDA
41956.

The varieties Russet Burbank and Kennebec,

however,

differ only slightly in resistance to Verticillium wilt.
Plant Culture

Single -eye seed -pieces were cut from tubers

treated

with captan and planted one inch deep in flats of sand.
.

After two weeks the sprouted seed -pieces were washed and

planted individually in washed 20 mesh sand in one -quart
paper containers

(Vapocans).

All plants were "watered"

with 100 ml of Hoagland's nutrient solution daily (9).
Molar solutions of the following chemicals were added
to 1000 ml tap water in the amounts shown below to make

.

Hoagland's nutrient solution.

potassium acid phosphate

M KH2 PO4

1

ml

potassium nitrate

M KNO3

5

ml

Calcium nitrate

M

5

ml

Magnesium sulfate

M Mg SO4

2

ml

Ca (NO3)2

In addition to the above were added 1 ml of solution

A per
week.

liter each day and 1 ml of solution B twice a
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Solution A

compound

per liter of water

g.

Boric acid

2.$6

H3Bo3

Manganese chloride

1.$1

MnC12.4H20

Zinc sulfate

0.22

ZnSO4.7H20

Copper sulfate

0.0$

CuSO4.5H20

Molybdic acid

0.02

H2Mo04.H20

Solution B
0.5% Ferric tartrate
Isolation Technique
Whole root systems were removed from the plants and
were washed over night in running tap water in perforated
tin cans, the tops of which were covered with cheesecloth

fastened to the can with a rubber band.

The root systems

were then sterilized with 5% Chlorox (5.25% sodium hypo chlorite) for
water.

5

minutes and washed with sterile distilled

Three roots from each plant were then individually

placed in sterile petri plates and covered with 0.5% ethanol agar (30).

The plates were incubated at room tempera-

ture for 6 days (Fig. 1).

Cultures, Media and Preparation of Inoculum
An isolate of Verticillium albo -atrum obtained from
a

wilting potato plant near Klamath Falls, Oregon was used

in inoculation and enzyme experiments.

This isolate,
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designated as KF 724, produced abundant microsclerotia on
potato dextrose agar.
Potato dextrose

200 g. of

(PDB) was made as follows:

peeled potatoes were added to 500 ml of tap water and autoclaved for 15 minutes at 15 pounds pressure.
strained through cheese cloth, 20
ed,

g.

The broth was

of dextrose were add-

and the volume brought to one liter.

200 ml portions

of the broth were dispensed into 500 ml Erlenmeyer flasks,

and the flasks were autoclaved for 15 minutes at 15 pounds

pressure.
was:

The composition of the glucose nitrate medium

20 g. anhydrous dextrose; 3.5 g.

KNO3;1.0

g.

0.5 g. MgSO4.7H20; 2 ml of micro element solution

and 1,000 ml of distilled water.

K2HPO4;
(20:71)

The medium was autoclaved

for 15 minutes at 15 pounds pressure.
For the preparation of inoculum, 10 ml of sterile

distilled water were added to
slant culture and

5

a

four- day -old Verticillium

ml of the resulting spore suspension

were added to 200 ml of potato dextrose broth.

The broth

flasks were shaken on a wrist -action shaker for four days.
The bud cells formed were then centrifuged, washed, and re-

suspended in a small volume of sterile distilled water.
Final concentration of bud cell suspension inoculum was adjusted to 100,000 cells per m1.
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Sample Preparation for Chemical Assays and Chromatography

Potato root tissues were washed, blotted with paper

towels and weighed, then chopped up and plunged into boiling $0% ethanol (1:4 wt. /vol.) and extracted for five min-

utes.

After extraction the flasks were immediately cooled

to room temperature in a 20° water bath.

The root tissues

were ground in a Servall ornimixer at 70% of the main line
voltage for two minutes and were filtered under suction

with Whatman's No.

1

filter paper.

The filtrates were con-

centrated in a rotary film evaporator at 45 °C. until all
the alcohol was gone.

The resulting aqueous suspension

was stored frozen until assayed or further processed for

chromatography.
Chromatography
Two -dimensional chromatography was used in this in-

vestigation.
used.
:

Whatman's No.

1

filter paper (46 x 55) was

The chromatograms were irrigated with n -BuOH

:

HAC

H2O (6:1:2 v /v) in the first direction along the grain

of the paper and with 6% acetic acid in the second direc-

tion.

Various spots on the chromatograms were identified

by ultra -violet fluoresence and with two spray reagents,

diazotized sulfanilic acid and 1% FeC13.
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Chemical Assays
Chlorogenic acid assays of the plant extracts were
made according to the method of Zucker and Ahrens (63).
The

Sample aliquots were put on washed alumina columns.

chlorogenic acid absorbed at the top as a yellow band was

washed with
containing

5

2

acetic acid.

ml of water and a freshly mixed solution
ml of 0.5% sodium nitrite and

ml of 5%

The yellow band became tan as the mixture

drained through.
5

2

.

After washing again with water,

5

ml of

N NaOH potassium hydroxide were added to the column.

The orange pigment at the top of the column turned bright

red and moved down the column.

The alkaline eluate was

collected and enough water was added to the column to
bring the total volume of the eluate to 10 ml.

The ab-

sorbency of the red solution was measured at 525 m1
against a water blank, and it followed the Beer -Lambert

law over a range of 40 to 260,ug using chlorogenic acid as
a standard

(Fig.

2).

Since 90% of the red color formed by

plant samples in this assay was due to chlorogenic acid,
no absolute measurements

of chlorogenic acid were made,

and the values of chlorogenic acid obtained from this assay were used for comparative purposes.

Total free phenols were determined by the method of

Rosenblatt and Paluso

(39).

Plant samples were added to
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100 ml volumetric flasks containing 60 ml of glass -distilled

water,

2

ml of Folin- Dennis reagent and

sodium carbonate per flask.

5

ml of saturated

The volumes were brought up to

mark, and the flasks were allowed to stand for one hour

before the absorbency of the blue color that was produced

was measured on a Beckman spectronic 20 at 650 mp.

The

absorbency of the blue color followed the Beer Lambert -Law
over a range of 40 to 260 pm of chlorogenic acid used as a

standard (Fig. 3).
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EXPERIMENTAL
Chromatography
It has

been reported that chlorogenic acid is the

major polyphenol found in potato plants (16, 29).

It is

In order to see

found in all parts of the potato plant.

if other polyphenols are present in the roots of potato

plants, a 20 ml sample

(representing 10 g of roots) made

from potato roots as described in the methods section was
put in a liquid liquid ether extractor and extracted with

ether for four hours.

After extraction the ether was

evaporated and the residue dissolved in
Twenty

1

ml of acetone.

uls of this acetone sample were spotted on What -

man's No.

1

paper, and the paper was developed in both

directions as described in methods and materials.

The

developed chromatograms were observed under UV and sprayed

with diazotized sulfanilic acid.

.

Polyphenol oxidase (PPO)

and 1% FeCl3 were also used as a spray reagent to detect

polyphenols.

To prepare PPO, 10 g of potato roots were

ground in 25 ml of 0.1 potassium phosphate buffer in a Servall omnimixer at 70 percent of the main line voltage.

The

ground roots were strained through cheesecloth, and the liquid fraction centrifuged at 1$,000 x g for 10 minutes.
crude extract was sprayed on the chromatograms, and the

chromatograms were incubated in a moist chamber for 20

This
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minutes at room temperature.
In the four varieties -- Russet Burbank, Kennebec,

USDA 41956, and Red Warba,

chlorogenic acid was detected

using UV and the three spray reagents.

Besides chlorogenic

acid a brown spot X1 was observed in all varieties tested

when the chromatograms were sprayed with PPO.

The same

spot gave a buff color with diazotized sulfanilic acid and
a light

brown color with

1

It had an Rf.

percent FeCl3.

of

0.$

to 0.$5 on one dimensional chromatogram run in Butan-

ol:

Acetic acid:

water (6:1:2).

The color intensity of

X1 with different spray reagents was very low as compared
to that obtained with chlorogenic acid.

It

appears that

the concentration of X1 in the samples was very low as com-

pared to the chlorogenic acid concentration.

Caffeic acid

was not found in any of the varieties tested.
Time of Infection in Potato Varieties
It has been reported that potato plants of the var-

iety Russet Burbank do not become infected with Verticil-

lium albo -atrum until five to six weeks after emergence
(54).

In order to ascertain the age at which plants of

potato varieties possessing varying degrees of resistance
to Verticillium wilt become infected,

inoculation experi-

ments were conducted using Russet Burbank, Kennebec, USDA

2$

41956, and Red Warba.

Among the varieties tested, USDA

41956 has the highest resistance to Verticillium wilt; Russet Burbank and Kennebec have medium resistance and Red

Warba has the least resistance.
Russet Burbank and Kennebec varieties were used in
the first inoculation experiment, and USDA 41956 and Red

Warba in the second.

The first experiment was conducted

during late summer of 1961 and the second in the late fall
of the same year.

Twenty -eight pre- sprouted single -eye

seed -pieces of each variety were planted in one -quart Vapocans and inoculated at the time of planting by pouring 100

ml of standardized bud cell suspension of Verticillium albo-

atrum on the surface of the sand planting medium.

Isola-

tions were made from four plants of each variety at weekly

intervals to determine infection.

experiments are summarized in Table

Infection data from both
1.
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TABLE

1

TIME OF INFECTION OF POTATO ROOTS AS DETERMINED
BY ISOLATION AT WEEKLY INTERVALS

Weeks after Emergence

Variety

1

2

4

3

6

5

7

L

L

S

L

S

L

S

L

S

L

S

L

S

Kennebec

-

-

-

-

-

-

+

-

++

+

++

++ ++

++

Russet
Burbank

-

-

-

-

-

-

+

-

++

+

++

++ ++

++

USDA
41956

-

-

-

-

+

-

+

+

++

+

++

++ ++

++

Red
Warba

-

-

+

-

++

+

++

+

++

++ ++

++ ++

++

.

L = local infections
S = systemic infections
'

.

S

- = no infections
+ = few infections
++ = numerous infections

Russet Burbank and Kennebec varieties first became infected four weeks after inoculation or four weeks from the
time of transplanting.

was systemic,

To determine whether the infection

cuts were made on the roots with a sharp razor

blade after the roots were firmly embedded in agar.

If

Verticillium grew out of each end of the cut sections, infection was considered systemic.

Systemic infections in the

above two varieties were not seen until six weeks after they

were transplanted.
In the variety USDA 41956 local infections were first

observed after three weeks and systemic infections after six
weeks.

In Red Warba variety, however,

local infections were
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seen at the end of the second week, and systemic infections
at the end of the third week.

It was

observed that the

roots of the susceptible variety, Red Warba, showed greater

numbers of infections over

-

resistant USDA 41956.

a

period of six weeks than the

Juvenile plants of all varieties

showed apparent resistance to infection by Verticillium.

Effect of Plant Age on the Time and Amount of Infection
In order to determine whether or not potato plants

truly vary in resistance to infection at certain stages of

development and to see to what extent resistant and susceptible varieties become infected (in terms of numbers of
infections per root), two different experiments were de-

signed.

A resistant

variety, USDA 41956, was used in one

and a susceptible variety, Red Warba, in the other.

The

only variable was the time of year the two experiments

were conducted.

The first experiment was done in late

fall and early winter, and the second in late winter.

Eighty -four pre- sprouted potato plants of the two

varieties were transplanted in white sand in paper containers on the same day.

Twenty -four plants were inocu-

lated by drenching the sand with a bud cell suspension at
the time of planting,

and groups of twenty, sixteen,

twelve, eight, and four plants were inoculated similarly
at intervals of one,
.

two, three, four, and five weeks
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From each set of inocu-

respectively after transplanting.

lated plants the first isolation was made one week after

Subsequent isolations on each group of plants

inoculation.

were made at weekly intervals until the plants were six
Four replicate plants from each group were tak-

weeks old.

en for isolations, and isolations were made from three
...

roots of each of four plants.

The root length was meas-

ured in centimeters before planting the roots.
shown in Tables

and

2

3

The results

are expressed as number of infec-

tions per ten centimeters of root.

TABLE

2

EFFECT OF PLANT AGE ON TIME AND AMOUNT OF INFECTION
OF USDA 41956

Infections per 10 cms of root
at weekly intervals after inoculation

Plant age

when inoculated
(weeks)
0*

.:

.

1

2

4

3

0

0.15

0

1

0.46

0.30

2

0.1$

3

5

.05

5.25

1.70

0.58

1.50

2.2$

1.60

2.$3

0.95

0.83

0.1$

4

5.00

1.5$

5

3.$$
;:

= at the time of transplanting.

6

.13
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TABLE 3
EFFECT OF PLANT AGE ON TIME AND AMOUNT OF INFECTION
OF RED WARBA

Plant age
.

when inoculated
(weeks)
0*

Infections per 10 cms of root
at weekly intervals after inoculation
2
3
6
4
5
'

:.'

.

1

'

0

0.13

0.18

0.78

1.75

1

1.08

2.63

2.65

5.85

4.82

2

3.6

3.75

19.65

14.67

3$.63

5.10

4

3.82
1$.30

5

4.90

3

.

0.15

12.93

* 0 = at the time

of transplanting.

The greatest number of infections were observed on

roots of plants that were inoculated after they were four
weeks old.

Infections were sparse, averaging less than one

per 10 cm of root on plants that were one, two, and three

weeks old when inoculated.

A

similar pattern of infections

was observed in the more susceptible variety, Red Warba,
but infections were much more numerous than in USDA 41956.
The isolations made at weekly intervals from plants
of variety USDA 41956 inoculated at the time of planting

showed erratic results.

As the age of plants

increased,

the number of infections per 10 cms of root reached a high
.

level only in plants from which isolations were made five
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weeks after inoculation and dropped significantly in the
sixth week of isolation.
have been

This variation in infections may

to the decrease in inoculum level of conidia

in the sand planting medium.

The plants were "watered" with

an inorganic nutrient solution, and the bud cells which

were drenched in the sand had no organic food source except
the plant root secretions.

Consequently, even though the

roots were more susceptible to infection by Verticillium,
the infections might not have occurred.
-

An alternate ex-

planation could be that Verticillium infection might have
taken place rapidly after the plants became susceptible,
but as the age of the plants further increased, some of the

infections might not have been able to survive.
The isolations made at weekly intervals from plants of

variety Red Warba inoculated at the time of planting showed
gradual increase in numbers of infections.

The highest num-

ber of infections were seen in the fifth week isolations.
In the sixth week isolation, the number of infections per
cm of root decreased significantly.
In order to study the extent of stem invasion in
.

plants inoculated by the soil drench technique, stem isol-

ations were made from all of the plants used in root isolations. Isolation data are summarized in Table 4, p. 34.

TABLE

4.

EFFECT OF PLANT AGE ON TIME OF STEM INVASION IN- VARIETIES USDA 41956 (419)
AND RED WARBA (R W) INOCULATED BY SAND DRENCH TECHNIQUE
-

-

-

Plant age

when inoculated
.

Recovery of Verticillium from stem*- -weeks after inoculation

Plant

'

Rep.

2

1

419
-

R W
-

t

d

-

-

a
b

--

-

-

c
d

-

.-

_

-

-

--

a
b

=

+

_

(weeks)
0 *-,

'

a
b

-

c

2

+

c

-

-

a
b

-

+

c

-

+

d

-

+

-

+
+

d
3

4

5

a
b
c

+
+

d

-

a

--

+
_

Iwo

+

-

R-W
-

419
-

4

3

R W
-

6

5

419

R W

419

R W

419

RW

-

-

-

-

-

-

-+
-

+

+

-

-

-

_

+

--

+
.

+

+
+

-

+
+
+
+

+
+

+
+
+

+

-

+

b

a

419
-

"

+

-

+

-

+

-

+
+
+
+

-

-

+

-+
+

* Presence of Verticillium between 4..5 and
9 inches from base of stems.
* *= at time

of transplanting.
-r-
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A comparison of Tables 2 and 3 with Table 4 shows that al-

though roots of both varieties of plants inoculated at zero,
one, and two weeks were infected,

Verticillium could not be

recovered from the stems of the same plants consistently.

Verticillium was recovered consistently, however, from
stems of Red Warba inoculated at three and four weeks, but
not from USDA 41956. It can be concluded from this experi-

ment that the movement of Verticillium in stems depends on
the number of infections on the roots and that movement of

Verticillium was faster in stems of Red Warba.
In the infection experiments described above,

the

method of inoculation did not involve wounding of roots
artificially.

Since information regarding the survival of

Verticillium albo -atrum introduced into potato roots artificially at different plant ages was essential for explaining whether the resistance of the potato plants is due to

resistance offered to infection or due to the failure of
the pathogen to survive after its entry in the plant, an-

other series of inoculation experiments was designed.
same two varieties,

USDA 41956 and Red Warba, were used.

Only the method of inoculation was changed.

moved from their containers,
to three inches.

The

Plants were re-

and their roots were cut back

The cut roots were then dipped in 500 ml
.

of a standardized bud cell inoculum for five minutes,

washed in tap water, and planted back in the same contain
ers,

Table

5,

p.

36.

TABLE

5

EFFECT OF PLANT AGE ON SURVIVAL OF VERTICILLIUM IN DIP -INOCULATED ROOTS
OF USDA 41 956 (419) AND RED WARBA (R W)

03

Number of roots from which Verticillium was recovered
at weekly intervals after inoculation

Plant age
when inoculated
(weeks)

2

1

419

R W

0=

12

0

1

12

2

11

3

12

4
5

419

R W

419

R W

419

R W

10

10

0

1

9

12

0

11

5

9

10

11

6

16

11

9

10

12

R W

10

6

12

11

$

12

11

12

11

12

12

12

12

12

12

10

12

11

12

.

* 0 = at the time of

419

-

6

5

R W

419
.

4

.

.

..

transplanting.

rn
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One week after plants were dip- inoculated, Verticil-

lium was isolated from more than 90 percent of the roots

tested (Table

5)

and from a high percentage of the stems

tested (Table 6, p. 3$).

Apparently the resistance mech-

anism does not function if wounding permits the pathogen
to enter the vascular system directly.

data in Tables 4 and

5

A comparison of

indicates that young roots resist

invasion of the cortical tissues but that the pathogen can
survive if introduced into the vascular system.
As in the previous experiment, three roots from each

plant and four plants from each group of inoculated plants

were used for isolations.

Stem isolations

(Table 6) were

made at the same time intervals as in the the above experiment.

Numbers in Table

5

indicate total number, out

of a possible twelve roots, from which Verticillium was

recovered.

TABLE 6

EFFECT OF PLANT AGE ON SURVIVAL OR- VERTICILLIUM IN- STEMS* OF USDA Alß56
AND REIZ WARBA (R W) INOCULATED BY ROOT -DIP TECHNIQUE
_

-

:

1-41-91

l'

,

Plant age
Plant
when inoculated Rep.
(weeks)
0**
a
b

Recovery of ;Vertiçillium:_fröm

stemWeeks -.after

inoculation

,

1

'

2

R-W

419

R W

-

-_

-

_

_

+

-

+
+

+

.-

419
+
+

R,W
+

c

-

+

_

d

+

{

a
b

=

419
-

-

-

4

3

_

S

R W

-

419
+

-

+

R W

+

419
+
+

-

R W

_

419
+

-

-

-

-

+

+

-

-

+

+

-

+

-

-

-

-

+

-

+

+

-

-

+
+
+

+

+
+

_,,;
f
-

,

6

5

.

-

-

1

c

2

3

4

5

*

'*

-

'

-

y

-

.

-

-

+
+

+
+

-

+

b

-

-

+

-

-

,

c

-

d

-

+
+

-

a

+

+

-

b

-

+

+

c

-

-

d

-

+

a

+

+

b

-

c
d
a
b

+
+
+

c

-

d

--

-

`
.

_,

+
+
+
+

.

+

,

f

-

d
a

_
-

T
'

+

-

+
+
-

-

+
+

+
+

-

-

+

+

+

+

+

+

-

+

-

+

'

-

+

+
+

+

+

+

'

+
+

-

-

+

+

+

+

+
+

Presence of Verticillium between 4.5 and 9 inches from base of stems.
- = at time of transplanting.

+

+

-

{'

-
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Determination

ofChlorogenic

Acid and Total Free Phenols in

Potato Varieties
The experiments on time of root infection showed a

definite correlation between plant age and susceptibility
to infection.

Roots of young plants were resistant to in-

fection; infections were sparse until plants had attained

an age of five to six weeks.

Since McLean (29) had shown

a correlation between phenolic content of the vascular

system of plants and their resistance to Verticillium wilt
development, it was of interest to determine whether or
not resistance of young roots to infection was similarly

correlated with phenolic content of the roots and with
chlorogenic acid in particular.

Determinations of chloro-

genic acid and total free phenols were, therefore, made on

healthy and inoculated plants of Russet Burbank, Kennebec,
USDA 41956, and Red Warba at weekly intervals after trans-

planting.

Determinations of these compounds from inocu-

lated plants were made over a six -week period to ascertain

whether changes in chlorogenic acid and total free phenolic
content of roots were associated with infection by Verticillium

(21,

22).

In some plant diseases

infected plants

contain larger amounts of phenols than healthy plants, and
it has been suggested that phenols from host glycosides

are released in pathogenesis by the action of hydrolytic

enzymes produced by the pathogen.

It was difficult to

40

carry out the chlorogenic acid and total free phenol deter-

minations on all varieties of healthy and inoculated plants
Hence, two separate experiments were con-

at the same time.

each with two varieties, at different times.

ducted,

..

One hundred eight plants of Russet Burbank and Kenne-

bec varieties each were planted,

and fifty -four plants were

inoculated at the time of planting by drenching 100 ml of
standardized inoculum on the sand in which the plants were
Root samples for chlorogenic acid and free phenol

planted.

determinations were collected at weekly intervals, begin-

ning one week after transplanting.

Three samples each,

consisting of three entire root systems from uninoculated
plants, were taken from both varieties.

The samples were

analyzed for chlorogenic acid, using Zucker's alumina
..

method

(63), and total phenols were determined

by the meth-

od of Rosenblatt and Paluso

(39).

made weekly for six weeks.

Inoculated plants of the Russet

Similar analyses were

Burbank and Kennebec varieties were sampled similarly, except that the first sample from plants of both varieties

was taken two weeks after transplanting the sprouts.

Since

potato plants appeared not to become infected in the first
week,

it seemed likely that the data for phenolic determin-

ations of inoculated plants one week after inoculation would
not be different from those of the uninoculated plants.

.
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The chlorogenic acid and free phenol determinations

were repeated, using

a

second set of plants.

The results

showed the same reduction in phenolic compounds as shown
.

in Figures 5,

6,

The values obtained for chloro-

and 7.

genic acid or total free phenols, however, at any one week
(for both varieties) were not quantitatively the same as

those shown in Figures

5,

and 7.

6,

In the uninoculated varieties, Russet Burbank and

Kennebeç, a significant decrease in chlorogenic acid content
of the roots was observed over a period of five weeks

ure 5).

(Fig-

The pattern of decrease of chlorogenic acid in

Only

both varieties was similar.

a

slight reduction in

the amount of chlorogenic acid in the roots had occurred
at the

end of the second week; however, by the end of the

third week, there was a sharp decrease.

The total free

phenolic content of roots also decreased over
five weeks;

90 percent

a

period of

of the reduction had occurred by

the end of the third week.

There was no appreciable

further reduction in total free phenols after the third
week (Fig. 6).

The chlorogenic acid content of inoculated

plants showed a pattern (Fig.
in uninoculated plants

(Fig.

7)

5).

similar to that observed

Determination of total

free phenols for inoculated plants was not carried out.
In another experiment uninoculated and inoculated

plants of USDA 41956 (419), a resistant variety, and
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Red Warba (R W), a susceptible variety, were used.

All pro-

cedures such as number of plants taken per sample, the time

interval between samples, and the method of inoculation,
were carried out exactly the same way as in the previous

experiment.
six.

However,

eight samples were taken instead of

The eighth week sample was not taken, and these

plants were sampled at the end of the ninth week.
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Chlorogenic acid content of Russet Burbank
(RB) and Kennebec (K) Varieties
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Fig. 7 Chlorogenic acid content in inoculated
--Russet Burbank (RB) and Kennebec (K)

Varieties
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In the uninoculated plants of the varieties, USDA

41956 and Red Warba, reduction in chlorogenic acid similar to that observed in Figure 5 was observed.
of this reduction,

however,

The pattern

was not exactly the same.

In

both the resistant variety, USDA 41956 and the susceptible
variety, Red Warba, chlorogenic acid content dropped sig-

nificantly after the second week.

Further reduction con -

tinued until the end of the fifth week.

From five to nine

weeks, no significant decrease was observed (Figure 8).

Total free phenolic contents of the two varieties showed
a

continuous decrease from the first to the ninth week,

except that in the variety, USDA 41956, a sharp increase
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in the total free phenolic content was observed at the end
of the fourth week

(Figure 9).

In the inoculated plants of both varieties, the same

pattern of chlorogenic acid reduction as observed in the uninoculated plants was seen (Figure 10).

The total free

phenolic content of inoculated plants showed

a

significant

reduction at the end of the third week as they did in uninoculated plants of both varieties (Figure 11), but between
three and eight weeks, the inoculated plants of Red Warba

showed higher values in total free phenols than did the inoculated plants of USDA 41956.
From these two experiments two conclusions can be
drawn.

One, the decrease in chlorogenic acid and total

free phenols

in healthy plants closely corresponds

to the

increase in susceptibility of the plants of both varieties
to infection by Verticillium as the two plants became
Two,

older.

inoculated plants do not show any increase in either

chlorogenic acid or total free phenols.
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Fig. $ Chlorogenic acid content in roots of
USDA 41956 (419) and Red Warba (R W)

Ñ

20

o

w

16

12

\

ao

o

,,

4

°

---I

1

¢

2

.

I

l

3

4

U

419
""-

I

I

I

5

6

7

Week

-i

--'I

$

R

9

Q)

0
.(r°1

Fig.

4-3

9 Total free phenols in roots of USDA 41956
--and Red Warba (R W)

(419)

4-),

o
o

20

ho

o

o--16
1-1

12

E

m 0

H
0

cH

.

$

a)

Total free

ó.

4

419

z.

R

,
I

1

1

2

Ii`
3

1

4

I

5

Week

;

I

I

I

I

6

7

8

9

47
Fig.

0

-,

Chlorogenic acid
in inoculated roots
of USDA 41956 (419) and Red Warba (R W)

20

16

mg /100 g root tissue

cH

a)

12

.,

-1-)

\\

4

--- .-ftip

ó

to

I

I

1

I

1

2

3

4

1

5

-_ _

--

RIqW
1

1

6

1

1

$

7

9

Weeks

a)

Fig. 11 Total free phenols in
- USDA 41956 (419) and Red Warba

`'

+

roots of
(R W)

o

20

°,
bn

°a+

°
á

a
o
a)

16

12

\
$

4

\\/--- --- -

\\
\

-- RW

-

419

cH
.--1

m
o

N

..._

I

I

1

2

l

3

I

4

I

5

Weeks

i

6

I

7

I

$

t

9

48
The varieties used in these two experiments had diff-

erent degrees of resistance to Verticillium wilt under

field conditions; however, the chlorogenic acid and total
free phenols of the healthy plants of all varieties had
about the same level of these compounds at any particular
age.

At the end of the first week USDA 41956,
.

a

resist-

ant variety, for example, had 15.93 mg of chlorogenic acid

per 100 g of fresh weight of roots; Kennebec, a medium re-

sistant variety, had 16.750 mg per 100 g of fresh weight;
and Red Warba, a susceptible variety, also had 16.63 mg per
100 g of fresh weight.

Although decrease in phenolic con-

tent of all varieties strongly correlates with increase in

susceptibility, the differences in concentrations of these
compounds in resistant and susceptible

were not

as great as the differences between their resistance to

Verticillium wilt.

The lack of difference may be due to

the fact that the second experiment was run in winter when

days were short and the light intensity low, which might
.

have resulted in production of smaller amounts of phenolic

compounds in USDA 41956.

In fact,

it was found in prelim-

inary experiments in the fall (2e) that USDA 41956 had
twice as much
.

had Red Warba.

acid and total free phenols as
The chlorogenic acid concentration report-

ed for USDA 41956 by Lee and Le Tourneau

(16) was 70 mg

per 100 g of fresh weight, while the highest level found
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in Figure $ for the same variety was 15.93 mg per 100 g

The level reported for Kennebec by

fresh weight of roots.

the same two authors was 50 mg per 100 g fresh weight of

roots, while the highest value found in Figure

5

was 16.75

mg per 100 g fresh weight.
Chlorogenic Acid Synthesis

in Potato Plant Tissues

Chlorogenic acid is a polyphenol that occurs abundantly in potato plants; its concentration in roots of some

potato varieties is as high as $O mg per 100 g of fresh
weight of the tissue.
.

.

It has

been implicated in the resist-

ance of potato plants to infection by Verticillium alboatrum.

However, little is known about its synthesis in

potato plants.

Zucker et al.

(63)

reported that tobacco

leaf discs and stem sections stored in light

(400 ft -c)

showed a net synthesis of chlorogenic acid, but excised

roots did not.
In order to investigate the site and extent of chlor-

ogenic acid synthesis in potato tissues, an experiment was

conducted using USDA 41956 and Red Warba varieties.

Leaves

from the first terminal ten nodes were harvested, washed,
and allowed to stand for an hour with their bases in water..
.

One or two discs 1.5 cm in diameter were punched from the

middle part of each leaf.

A total of fifteen discs were

taken from the leaves, randomized, and weighed in three
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One set of five discs was placed

sets of five discs each.
in

5

ml of distilled water in a test tube and put in a boil-

ing water bath for five minutes.

After cooling to room

temperature, the discs were ground in a tissue homogenizer,
the resulting suspension was filtered, and the filtrate

was stored frozen at 4 °C. until assayed.

The other two

sets of leaf discs were placed in petri dishes, and one petri dish containing five discs was placed under 400 fc of

fluorescent light at 24

-

26 °C. for 24 hours.

The other

dish was kept in the dark for the same length of time.

Fifteen stem sections

1

cm long were taken from the

same part of the plant as the leaf discs, randomized, and

weighed in three sets of five sections each.

Whole root

systems from fifteen plants were recovered, washed, blotted

with paper towels, and weighed individually.

Ten whole

root systems were put on moist filter paper in petri dishes,
one per dish.

The remaining five were stored in the light,

the other five in the dark.

Five root systems were chopped

individually, ground in a Servall omnimixer at 70 percent
of the main line voltage for two minutes,

filtered,

filtrates were stored frozen until assayed.
:

and the

Samples for

chlorogenic acid determinations were made in the same way as

previously described.

Samples were assayed for chlorogenic

acid by use of the alumina column method of Zucker et al.
(63).

Net synthesis of chlorogenic acid was measured by
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subtracting values of concentrations obtained from the tissues that had been kept in darkness from the values of con-

centrations obtained from the tissues that had been kept
in light.

The concentrations of chlorogenic acid shown in

Tables 10 and 11 are based on the fresh weight of the tissues taken at the time of sampling.

TABLE

7

SYNTHESIS OF CHLOROGENIC ACID IN POTATO TISSUES
USDA 41956
VARIETY:

Plant Tissue
No.
1

2

3

4

5

6

*

C.A.** per g initial fresh wt.
after
initial
net synthesis
24 hours

,ug of

Leaf discs
in light

1190

1328

Leaf discs
in dark

1190

1320

Stem sections
in light

45

9$

53*

Stem sections
in dark

45

5$

12

Excised roots
in light

31

39

7

Excised roots
in dark

31

41

9

Significant at 5 percent level.
** C.A. = chlorogenic acid.

.

137

129

52

TABLE

$

SYNTHESIS OF CHLOROGENIC ACID IN POTATO TISSUES
VARIETY: RED WARBA

Plant Tissue

Jug

of C.A. *. per g initial fresh wt.

after

1

2

3

4

5

6

net synthesis

Leaf discs
in light

1620

1655

35

Leaf discs
in dark

1620

1659

39

Stem sections
in light

45

66

21*

Stem sections
in dark

45

46

1

Excised roots
in light

29

31

2

Excised roots
in dark

29

32

3

* Significant at
_*.

24 hours

initial

No.

5

percent level.

C.A. = chlorogenic acid.

The initial chlorogenic acid content of the leaf discs
of both varieties was higher than that of either the stem

sections or the excised roots.

Leaf discs of USDA 41956

contained approximately 25 times as much chlorogenic acid
as the stem sections or excised roots of the same variety,

and leaf discs of Red Warba contained approximately 32 times
as much as the stem sections and excised roots.
.

Leaf discs of USDA 41956 that were exposed to light

showed only 7.1

jug

more chlorogenic acid per g of fresh

53

weight than the discs which were in darkness.

maintained in light, however, had 40.3$

,ug

Stem sections

more chlorogenic

acid per g of fresh weight than sections maintained in darkness for the same period of time.

Excised roots maintained

in light actually had less chlorogenic acid than the ones

maintained in darkness.

In the variety Red Warba,

roots

and leaves did not show any synthesis of chlorogenic acid in
the light, but stems maintained in light showed 19.60 jug
.

more chlorogenic acid per g of fresh weight than stems kept
in darkness.
In both varieties only stem sections stored in light

showed any appreciable increase in chlorogenic acid over the
ones stored in darkness.

An increase of 7

jug of chlorogen-

ic acid per g of original fresh weight detected in leaf discs

of USDA 41956 stored in light was

not a

sufficient increase

to conclude that net synthesis of the compound had taken

place.

Under the conditions of the experiment, chlorogenic

acid was synthesized only in stem sections of voth varieties.
Polyphenol Oxidase Activities in Healthy and Inoculated USDA

41956 and Red Warba
Eight- week -old healthy and inoculated plants (inoculated at the time of planting)

of the two varieties were used

for studying polyphenol oxidase activities.

plant roots were used.

Three replicate

Roots were recovered from the
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sand, thoroughly washed, and ground in 0.1 m potassium phosin a Servall omnimixer for two min-

phate buffer (1:3

utes at 70 percent of the; main line voltage,
,

The ground

material was centrifuged for ten minutes at 12,000 rpm.
crude extracts were tested on 5.7 x

used as a substrate.
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The

m chlorogenic acid

Table 13 shows the results of Enzyme

activities expressed as specific activity per mg of protein.

Protein determinations were made by estimating the

mg of nitrogen per ml in the samples by Kjeldhal's method
and by multiplying the value by 6.25 to get protein per ml.

Table 9:

Polyphenol Oxidase Specific Activities of Inoculated and uninoculated Plants of USDA 41956 and
Red Warba

Variety

USDA 41956

Specific Activity*
per mg protein
uninoculated
188.5

Red Warba
* 1

Specific Activity
per mg protein
inoculated
197.5

28$.6

2$5.4

unit specific activity = 0.01 OD decrease
in 1 minute

The specific activities of uninoculated and inoculated

plants of USDA 41956 and Red Warba did not vary significantly.

The roots of variety Red Warba contained approximately

100 more specific activity units per mg protein than the

roots of USDA 41956.

It is

reported

(6)

eases infection of the host plant brings

their PPO activity.

that in some dis-

about a change

in

The data in Table 11 indicate that

even though the potato plants were systemically invaded by
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Verticillium PPO activities in plants of either variety did
not appreciably change.

Polyphenol Oxidase Studies
The functions of oxidative enzymes in plant disease

resistance are not fully understood.

Polyphenol oxidase

(PPO), a commonly found oxidative enzyme,

plicated in disease resistance in

a

has been im-

few cases

(1,

12).

Johnson and Schaal (12) found PPO concentration in the same
area as chlorogenic acid in potato tuber periderm and pro-

posed that PPO and chlorogenic acid react upon wounding to

produce toxic quinone products harmful to
potato scab pathogen.

S.

scabies, the

Since chlorogenic acid and PPO are

both found in potato plant roots, it is possible that a
similar mechanism might also be operating against Verti-

cillium in these roots.
in this mechanism,

In order to elucidate its role

studies on the substrate specificities

of PPO from the roots of USDA 41956 and Red Warba were

conducted.
Roots from six -week -old plants of USDA 41956 and Red
Warba varieties were washed, blotted, chopped, and blended
in a Waring Blendor with acetone at 5° C

(1:10 wt /volume).

The ground roots were dried in a Buchner funnel by use of

suction and then air -dried for
The resulting

2

hour in the cold room.

"acetone powder" was stored in a deep
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freeze until used for purification studies.

Protein fractions were obtained from the acetone powders of the two varieties by use of a purification
ure.

The entire purification was carried out in a cold

room at

0

-

4oC.

Two g of acetone powder of each variety

were put in 70 ml 0.1 m potassium phosphate buffer at pH
7

and stirred on a magnetic stirrer for ten minutes.

The

suspension was strained through cheesecloth, and the liquid
portion was centrifuged at 1$,000 x g for ten minutes in a

Servall refrigerated centrifuge, and the superatant collected.

(NH4)2 SO4 was added to the crude extract until a con-

centration of 35 percent by volume was obtained.

The precip-

itate was collected by centrifugation at 1$,000 x g and

mixed with 10 ml of 0.1 potassium phosphate buffer at pH
This solution is referred to as fraction 2.

natant,

7.

To the super-

(NH4)2 SO4 was added again until a concentration of

55 percent by volume was obtained.

The precipitate was col-

lected by centrifugation and dissolved in

potassium phosphate buffer.
ferred to as fraction

3

5

ml of 0.1 m

This solution of protein is re-

hereafter.

All fractions were dial-

yzed against 0.001 m potassium phosphate buffer at pH 7.0
for twelve hours.

fraction

3

After dialysis the protein from 4 ml of

was adsorbed on calcium phosphate gel.

The ad-

sorption procedure was carried out stepwise by adding two ml
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portions of gel suspension

(4

mg dry weight per ml).

After

each addition the suspension of gel and extract was mixed
and then centrifuged, and the supernatant tested for PPO
It was found

activity.

that 4 ml of gel suspension was

needed to adsorb 90 percent of the polyphenol oxidase ac-

tivity as indicated by the assay method using chlorogenic
acid as a substrate.
gel with

3

The PPO enzyme was eluted from the

ml portions of phosphate buffers of the concen-

trations and pH values shown in the tables.
tion procedure

3

For the elu-

ml portions of the appropriate phosphate

buffer was mixed thoroughly with the gel in a tissue homogenizer, and was allowed to stand for five minutes before

centrifuging to collect the eluates.
The polyphenol oxidase assays were carried out by

the indirect method of Sisler et al.
ic acid,

caffeic acid, catechol, and DOPA as substrates.

The reaction mixture in a final volume of
..

-

0.1 m potassium phosphate buffer at 7.0,
.

using chlorogen-

(46)

.

3

ml contained

5.7 x 10 -5 M

polyphenol (chlorogenic acid, caffeic acid, catechol, and
DOPA), 10 -3 M EDTA (ethylene diamine tetra acetate) and
2.$ x 10 -5 M ascorbic acid (obtained from a freshly pre-

pared stock solution containing

.1

M potassium phosphate

buffer at pH 7.0, 10 -3 M EDTA and 2.$ x 10 -4 M ascorbic
acid).

Enzyme activity was expressed as the optical

5$

density (O.D.) decrease for the one -minute interval between
15 and 75 seconds after the

reaction was initiated,

The

assay procedure for plant PPO involves the use of ascorbic
acid as a reductant for the oxidized phenol, and since

ascorbic acid oxidase in the various etracts might interfere with the PPO assay, the various extract

were, there-

fore, assayed for ascorbic acid oxidase activity by adding all reagents except the polyphenolic substrate.

If

any decrease in OD occurred in this assay, the polyphenol
oxidase activity was corrected accordingly.

The rates of

the reaction catalized by PPO were proportional to the

volume of extract added over the range of the volume of
enzyme used in these assays.

The enzyme purification

data are summarized in Tables 10 and 11.

.

TABLE 10

COMPARISON OF CHLOROGENIC ACID, CAFFEIC ACID, AND CATECHOL AS SUBSTRATES
FOR POTATO_ ROOT POJ,YPHEDIOL OXTfASE ERDM VARIETY USDA 41956
AT VARIOUS DEGREES OF PURIFICATION

No.

Fraction

Vol.

ml

Specific Activity* (S.A.)
Protein C.A.**
Caffeic Catechol
acid
mg/ml
units /mg of protein

S.A. with C.A.
S.A. caffeic acid

S.A. with C.A.
S.A. catechol

.

1

2

3

4
5

Crude extract
O to 35%
0
(NH4) 2SO4
precipitate
35 to 55%
(NH 4)2SO4
precipitate
Gel eluates
0.O1M KHPO4
4
at PH 7.0
0.05M KHPO4
at PH 7.0
0.1M KHPO4
at PH 7.0
.

6

7

55

3.5

600

121.4

42.8

4.94

14.

10

3.4

40

28.7

6.5

1.39-

6._1

5

6.0

5$5

146.6

60

3.9

9.75

3

0.40

108.3

31.2

43.8

3.47

2.47

3

0.75

583.3

153.3

45.0

3.80

12.96

3

0.70

1233.0

314.2

64.2

3.92

19.20

4.64

19.11

0.1M KHPO4
at PH 7.5

.

.

,

a

:

0.30

1433.0

75.0
308.3
* 1 unit specific activity = 0.01 OD decrease in 1 minute
** C.A. = chlorogenic acid
3

.

.

TABLE 11

COMPARISON OF CHLOROGENIC ACID, CAFFEIC ACID, AND CATECHOL AS SUBSTRATES
FOR POTATO ROOT POLYPHENOL OXIDASE FROM VARIETY RED WARBA
AT VARIOUS DEGREES OF PURIFICATION

Fraction

No.

1

Crude extract

2

0 to

Vol.
ml

Protein
mg /ml

Specific Activity* (S.A.)
Catechol
C.A. **
Caffeic
acid
units /mg of protein

S.A. with C.A.
S.A.caffeic acid

S.A.with C.A.
S.A.catechol

55

3

1177.7

316.6

127.7

3.71

9.2

10

2

174

137.5

20.0

1.26

8.7

5

$

1275

162.5

6$.7

3.51

18.5

3

0.35

34

(NH4)2 04

precipitate
3

35 to 55%

SO
____preclpitate
Gel eluates
4

O.O1M KHPO4
at PH 7.0

5

6
7

0.05M
KHPO4
at PH 7.
O.1M KHPO4
at PH 7
O.1M KHPO4
at PH 7.5
*

:':'

100

107.1

2.0

1.86

..
3

0..60

1650

366.6

170.8

4.5

3

0.50

3383.3

783.3

275

4.31

3

0.15
= 0. 01

4888.8

966.$

466.6

5.00

unit specific activity
C. A. = chlorogenic acid

1

200

OD decrease in

1

9.6

..

12.30
10.47

minute

.
,

a\

o
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It is apparent from the data in Tables 10 and 11

that the PPO activities of the various fractions from the

two varieties were greater when chlorogenic acid was used
as a substrate than when other substrates were utilized.

The specific activities of the various fractions were lower with caffeic acid and catechol as substrates for PPO

than with chlorogenic acid.

Using DOPA as a substrate all

the fractions of both varieties showed very little enzyme

activity.
The specific activities of PPO (units of enzyme /mg of

protein) fractions from Red Warba, a susceptible variety,

were at least twice as great as those from fractions of variety USDA 41956.

If one assumes that the PPO activities

measured using the three substrates resulted from one enzyme, then the ratio of the activity with any one substrate

to that with another substrate should remain constant for

all fractions.

It is

apparent from the data in Tables 10

and 11 that the ratios of specific activities of PPO with

chlorogenic acid and caffeic acid as substrates did not
vary widely in the more purified fractions.

These ratios

suggest that the same enzyme catalyzes the oxidation of

both caffeic acid and chlorogenic acid.

On the other hand,

the ratios of specific activities of PPO with chlorogenic

acid and catechol varied considerably in the more purified

fractions of both varieties.

The decrease in the ratios of
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the fractions strongly suggests that there is more than one

enzyme responsible for the oxidation of chlorogenic acid
and catechol in both varieties.

Effect of Oxidizedr Products of chlorogenic Acid on Spore
--,

Germination of Verticillium
It

is known that the

oxidation products of polyphenols

are much more toxic to spore germination of many pathogenic

fungi than the parent polyphenols.

In some diseases the re-

sistance of the host plants to pathogens is attributed to
the toxicity of oxidized phenolic compounds which are formed

due to the action of an oxidizing enzyme on the endogenous

host phenol.
.

Johnson and Schaal (12) suggested that in re-

sistant potato tubers attacked by potato scab fungus

S.

scabies, the pathogen is inhibited because of the action of
.

polyphenol oxidase on chlorogenic acid in the tuber periderm, resulting in the formation of an oxidized compound,
the quinone.

McLean et al.

(29)

have also suggested that

the same mechanism might be operative in the resistance of

potato roots against Verticillium; however, the toxicity of
the oxidized compounds of chlorogenic acid on spore germin-

ation of Verticillium has not been studied.

Since the know-

ledge of the extent of toxicity of oxidized products of

chlorogenic acid on Verticillium spores is essential in

understanding the role of chlorogenic acid in resistance

63

of potato roots to Verticillium,

an experiment was conducted

using polyphenol oxidase (PPO) and low concentrations of
chlorogenic acid to produce oxidized products.

These reac-

tion mixtures, containing the oxidized products plus un-

oxidized chlorogenic acid, were then tested to determine
their toxicity to Verticillium as measured by inhibition of
spore germination.

Three test tubes of each of the following mixtures
were prepared:
ml of a solution containing 137 ppm of chlorogenic acid plus 7.5 ml H2O plus 1 ml PPO,

(1)

1

(2)

1 ml of a solution containing 137 ppm of chlorogenic acid plus $.5 ml H20,

(3)

8.5 ml H2O plus 1 ml PPO.

The final concentration of chlorogenic acid was 13.7
ppm.

Another set of nine tubes was similarly used with

35.4 ppm as the final chlorogenic acid concentration.
0,

3,

6

hours after the addition of PPO,

2

At

ml of a Verti-

cillium spore suspension from four- day -old agar slants

containing 300 spores per ml was added to the tubes, and
the tubes were allowed to stand for an hour.

Spores were

then removed by centrifugation, washed with sterile dis-

tilled water and seeded to water agar plates.

The seeded

plates were read after eight hours of incubation at room

temperature.

Chlorogenic acid concentration in each re-

action mixture was determined by taking an optical
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density reading at 326

mil
ngi

on a DB spectrophotometer.

This

was done prior to spore addition and after the spores were
removed by centrifugation.

.

In order to determine the con -

centration of the oxidized form of chlorogenic acid in the
form of quinone, 0.2 ml of the 10 -2 M ascorbic acid was added to both the sample and control cuvetts containing the

reaction mixture.

The increase in optical density observed

reflected the reduction of the oxidized form of chlorogenic
acid (quinone) to the reduced form, which has an absorption
.

maximum at 326 mp.

By subtracting the optical density read-

ing taken before ascorbic acid addition from the one taken

after, the concentration of the quinone was calculated.

The

formula used for the calculation of concentrations of reaction mixtures was:

optical density =ccl, where

tion coefficient of chlorogenic acid,

c

c(

= extinc-

= concentration of

chlorogenic acid in moles per liter and 1 = length of the
light path.

Table 12 summarizes the results obtained.

TABLE 12
EFFECT OF OXIDIZED PRODUCTS OF CHLOROGENIC ACID (C.A.)
ON STORE GERMINATION
VERTICILLIUM ALBO -ATRUM

Duration of C.A. + PPO
incubation before exposure to Verticillium
spores
hours
0.,.,:.

3

6

*.

C.A. Concentration

Initial
ppm

Final
ppm

Quinone

ppm

Average spore germination
after $ hours
C.A.
Water
C.A. + PPO
Control
Control
percent
percent
percent

13.7
35.4

24$

0.25
$.0

5.9
13.6

5.9
13.6

0.0
0.0

100

5.9
14.2

5.9
14.2

0.0
0.0

3.7

59
31

-

100
94

100
100

100
95.0

100
100

100

100

98

94

100
100

97

ml of potato root crude extract with a specific activity (1 unit = 0.01 decrease(OD)
in 1 minute) of 600 units per mg protein was added to $.5 ml chlorogenic acid.

1

** 0 = 2 ml spore suspension added at the time of enzyme addition.

*** C.A.

(chlorogenic acid).
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In the first set of tubes, where polyphenol oxidase
and Vertici.11ium spores were coincidentally added to chlor-

ogenic acid at two concentrations

(13.7 and 35.4 ppm) and

allowed to stand for one hour, 41 percent and 69 percent
of the spores put in reaction mixtures of two concentra-

tions respectively, failed to germinate.

Spore germin-

ation in water control and chlorogenic acid control (13.7
ppm) was 100 percent.

Spore germination in chlorogenic

acid (35.4 ppm) was 94 percent of the water control.

At

both concentrations approximately 10 ppm of chlorogenic
acid had disappeared during the one -hour incubation period.
The amount of the quinone present after one hour,

in the

case of the second concentration of chlorogenic acid, was,

however, 32 times more than that detected in the case of
the first concentration.

This indicates that when

ppm of chlorogenic acid was used as initial concentration,
the amount of quinone detected at the end of one hour was

responsible for the 69 percent inhibition observed.

At

13.7 ppm initial concentration of chlorogenic acid, al-

though 10 ppm of chlorogenic acid had disappeared from the
sample in 1 hour, only 41 percent inhibition was observed.
This may be due to the fact that most of the quinone molecules, formed after enzyme addition, were immediately poly-

merized and thus were not toxic to spore germination.
second and third incubation time intervals show

The
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that once the polymerized products are formed, very little

inhibition occurs.

It was concluded from the data that the

quinone form of chlorogenic acid, even at low concentrations, was toxic to spore germination, and

products have little toxicity.

polymerized

6$

DISCUSSION
Time and Amount of Infection

previous report that potato plants are resistant

A

to infection by Verticillium has been conclusively sub-

stantiated by data in this thesis.

Russet Burbank and Ken-

nebec plants did not become infected until they were four

weeks old.

Plants of USDA 41956 were three weeks old and

Red Warba plants, two weeks old when they showed infection.

When plants were inoculated at different ages and isolations made subsequently at weekly intervals,

the highest

number of infections were found one week after inoculation
of four- week -old plants; infections were at least five

times as numerous as in the plants inoculated when three

weeks old.

Tolmsoff (53) showed that roots of Russet Bur-

bank plants were susceptible for only a short time under
the conditions of his experiments.

The data presented in

Tables

These results show

2

and

3

confirm his report.

that potato plants are resistant when very young, but very

susceptible to infection when they are four to five weeks
old,

after which they become more resistant.
Tolmsoff and Young (54) found that the rate of symp-

tom development,

severity of symptoms, and time of death in

plants of Russet Burbank were directly related to the con-

centration of inoculum of Verticillium in the soil.

It is

69

suggested that in our trials the young potato plants were
resistant to disease because of the limited number of infections per root.

Young plants of both the resistant and

susceptible varieties showed resistance to infection, but
the amount of infection was much greater in the roots of
the more susceptible variety.

Chlorogenic Acid Content Versus Susceptibility of Plants to
Infection

Muth of the earlier work in which phenolic compounds
were implicated in disease resistance ascribes the resistance in a particular plant to the presence of phenolic

compounds which are toxic to the pathogen in vitro.

The

polyphenol chlorogenic acid, which has been implicated in
resistance of potatoes to Verticillium wilt, is present in
both resistant and susceptible varieties, but its concentration is higher in resistant varieties.
(29), using histochemical tests,
id

concentrations of 2,500

-

McLean et al.

reported chlorogenic ac-

10,000 ppm in the vascular

systems of the roots of potato plants.

Since spore germin-

ation of Verticillium was significantly reduced at 50 ppm
of chlorogenic acid and the growth of mycelial fragments
at 500 ppm, they claimed that the pathogen could be inhib.

ited by chlorogenic acid in the vascular system of plants

after its entry.

However,

Lee and Le Tourneau (16,

17)
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showed that Verticillium could grow in 1,000 ppm of chlorogenic acid in still cultures and, in fact, could utilize

chlorogenic acid as a sole source of carbon.

Verticillium

also grew in 1,000 ppm of chlorogenic acid in this study.

McLean et al. reported that in 60- day -old plants of resistant and susceptible varieties concentrations of the acid ranged from 2,500 ppm to 10,000 ppm.

With such concen-

trations in the vascular systems of roots, one would not
expect to find the potato roots systemically infected with

Verticillium if chlorogenic acid were toxic to Verticillium.

From the above discussion it is clear that the re-

sistance of the young potato plants can not be wholly at-

tributed directly to higher concentrations of chlorogenic
When potato

acid in the vascular systems of the roots.

plants of different ages were inoculated by a root -dip that

permitted spores to move into the vascular system, Verticillium was recovered from 90 percent of the roots.

This

showed that if the mechanism of resistance to infection is

destroyed by cutting the roots, the pathogen which is introduced in the vascular system of roots does survive even
in young plants.

The high concentrations

of chlorogenic

acid do not apparently inhibit the pathogen.
It

is known that the oxidized forms

of phenols are

more toxic to pathogenic fungi than the reduced parent phenols.

Farkas et al.

(6)

reported short -term oxidation
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products of different phenols to be highly toxic to the

germination of wheat stem rust uredospores.
et al.

Le Tourneau

(1$) reported that hydroquinone at 10 -3M and 2, 3

dichloro

1,

4

-

naptho- quinone at 10 -6 inhibited the mycel-

ial growth of Verticillium in still cultures.

Results of

experiments reported in Table 12 show that oxidized chlorogenic acid is highly toxic to germination of Vèrticil-

lium spores even at very'

low.

concentrations.

In the first

series the reaction mixture contained 13.7 ppm of chlorogenic acid plus PP0 plus spores and a chlorogenic acid control to which spores were added and allowed to stand for
one hour.

After one hour,

acid could be detected.

only three ppm of chlorogenic

The remainder had been apparent-

ly oxidized to the quinone form and quickly polymerized

since only 0.25 ppm could be reduced back to chlorogenic

acid after ascorbate addition.

In this one hour all of the

chlorogenic acid that disappeared from the reaction mixture had to go through the quinone form before it was poly-

merized.

Therefore, the maximum concentration of quinone

could not have been more than 10 ppm at any time.
at

Even

such a low concentration of quinone 41 percent inhibi-

tion of spore germination was observed, as compared to no

inhibition in the chlorogenic acid control.
Because quinones are highly toxic even at low concentrations, it is reasonable to postulate that the quinone
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form of chlorogenic acid is responsible for the resistance
of young plants.

The quinone form of chlorogenic acid may

be produced by the action of polyphenol oxidase or peroxid-

ase (s) when the pathogen wounds the cortical or endodermal

root tissue during entry.

McLean et al.

(29),

using histo-

chemical tests, reported that chlorogenic acid is localized
in the vascular systems of potato plants.

However,

they re-

ported that the histochemical agent, FeC13 used in the study
did not give any color reaction with chlorogenic acid con-

centrations below 500 ppm.

It is quite possible that lower

concentrations are present in the cortical cells of potato
.

roots and that upon injury chlorogenic acid is oxidized to
quinone.

Chlorogenic acid determinations at weekly inter-

vals after transplanting showed a decrease in phenolic com-

pounds over a six -week period.
ic

This decrease in chlorogen-

acid and total free phenols was very closely correlated

with the susceptibility of roots to infection in all varieties.

The content of chlorogenic acid in the resistant

variety, USDA 41956, was consistently higher than in the sus-

ceptible variety, Red Warba.
If it is assumed that the resistance of potato plants
is due

in part to resistance to infection caused by the

oxidized product of chlorogenic acid, it then becomes necessary to understand the factors that control the formation
of the quinone compound in the plant.

The polyphenol

73

oxidase which oxidizes chlorogenic acid; concentration of

reducing substances, such as glutathione, ascorbic acid,
TPNH, and DPNH; and the availability of oxygen will all

have an effect on the amount of quinone produced.

Information regarding the properties of polyphenol
oxidase was vital, since this enzyme has been implicated
in the resistance mechanism of potato plants to infection

by Verticillium.

The purification experiments showed con-

clusively that polyphenol oxidase of both the resistant
variety, USDA 41956, and the susceptible variety, Red War ba,

showed higher specific activities

(oxidation rates
.

per mg protein) when chlorogenic acid was used as a substrate than when caffeic acid or catechol were used.

Spec-

ific activities of extracts from Red Warba were at least

twice as great as the ones from USDA 41956.

The fact that

the ratio of chlorogenic acid /catechol changed to such an

extent in the purified fractions of both varieties indicated that different enzymes are involved in the oxidation of

chlorogenic acid and catechol.

It

is apparent,

therefore,

that the choice of phenolic substrate is important in studying the probable relationship between polyphenol oxidase

activity and disease resistance.
Three facts strongly suggest that chlorogenic acid may
be involved in resistance to Verticillium infection.

There

is a close correlation between resistance of young plants
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to infection and chlorogenic acid content of the roots.

In

vitro studies show that quinones are toxic to Verticillium
at very low concentrations,

and foliar applications of

phenols were found to delay the appearance of wilt symptoms
in the field.

Already it has been pointed out that decrease in
chlorogenic acid content of potato roots corresponds closely to increase in their susceptibility to infection.

The

following mechanism is suggested by which young potato
plants could resist infection by Verticillium.

In young

plants chlorogenic acid levels are very high --7,500 to
-

10,000 ppm, and polyphenol oxidase of potato plants has a
high specificity for chlorogenic acid.

Assuming that the

amount of reducing substances in the roots is relatively
small in relation to oxidation rate, chlorogenic acid

would be oxidized after wounding to
ic to the fungus.
,j

a

quinone compound tox-

Very low concentrations of quinone are

capable of inhibiting mycelial growth and spore germination
of Verticillium.

The susceptibility of the roots of Red Warba plants

could be attributed to a relatively low polyphenolic content and a high polyphenol oxidase specific activity (two-

fold higher than that of USDA 41956).

One might postulate

that when wounds occur, the small amounts of chlorogenic

acid available in relation to high levels of PP0 are
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quickly oxidized and then polymerized at the site of the
wound.

If another infection wound occurs at the same site,

very little quinone would be produced, and the pathogen

would not be inhibited.

On the other hand,

in the resist-

ant variety USDA 41956 the initial amount of chlorogenic

acid would be greater, and since the activity of PPO is

only one -half as great as in Red Warba, the oxidation of
the chlorogenic acid caused by wounding would be slower,

the quinone formed would not be polymerized as quickly as
in Red Warba and would be available over a longer time.
If another infection should occur at the same site,

some

chlorogenic acid would still be there for further oxidation.

In order to say more definitely that this is a

mechanism of resistance, one would have to determine concentrations of chlorogenic acid in cortical cells as well
as the concentrations

of the reducing substances and the

activities of peroxidases.

mechanism follows.

A diagramishowing the proposed
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PPO
O
2

1

Chlorogenic
acid

Chlorogenic acid

Natural reducing substances
(ascorbate
GSH

quinone
0

TPNH
DPNH
/

Melanin like compounds

Resistant variety USDA 41956
Relatively high chlorogenic
acid content
Low PPO activity
Steady state equilibrium
postulated to be in
favor of quinone

Susceptible variety Red Warba
Relatively low chlorogenic
acid content
High PPO activity
Steady state equilibrium
postulated to be in favor
of quinone - quickly polymerized to melanin like
compounds
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SUMMARY

.

(1)

A correlation between the plant

age and infection

by Verticillium was shown in Russet Burbank,. Kennebec, USDA
41956, and Red Warba potato varieties.
(2)

Local infections were present in roots of Burbank

and Kennebec varieties 4 weeks after inoculation, in USDA

41956,

3

(3)

weeks, and in Red Warba,

2

weeks after inoculation.

The number of infections per root in Red Warba

were several times higher than those in USDA 41956.
(4)

Chlorogenic acid and total free phenol concentra-

tions in Russet Burbank, Kennebec, USDA 41956, and Red War ba decreased significantly over a five -week period.

The

decrease was closely correlated with an increase in sus-

ceptibility of roots to infection by Verticillium.
(5)

When leaf discs, stem sections, and excised roots

of plants of both varieties were stored under 400 -foot

candles of light for 24 hours, only stem sections showed a
net synthesis in chlorogenic acid.
(6)

Polyphenol oxidase (PPO) fractions from roots of

USDA 41956 and Red Warba plants had higher specific activities with chlorogenic acid than with caffeic acid or
catechol.

The specific activities

of PPO fractions of Red

Warba roots were at least two -fold greater than those of
USDA 41956.

PPO purification data indicated that differ-

ent enzymes were

involved in the oxidation of chlorogenic

7$

acid and catechol.
(7)

Oxidation products of chlorogenic acid with PPO
'

formed during one hour of incubation inhibited the germination of a high percentage of Verticillium spores.

No

appreciable inhibition in spore germination was observed

when chlorogenic acid and PPO were incubated

and 6

hours prior to exposure of spores.
(8)

It

is proposed that roots

of young potato plants

are resistant to infection by Verticillium, because the

invading pathogen is inhibited by oxidized products of
chlorogenic acid, which are formed upon tissue injury.
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