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Verticillium dahliae Klebahn is a fungal vascular wilt pathogen

of many plant species. In the absence of susceptible plants, the

fungus survives in soil as dormant microsclerotia. However, the

extended survival of V. dahliae at high populations in soils planted

for many years to supposedly nonhost crops can not be explained by

known passive survival values of microsclerotia in soil Therefore,

two active survival mechanisms of V. dahliae were studied: 1) non-

pathogenic infection of nonhosts, and 2) saprophytic colonization of

plant residues added to soil.

The germination of microsclerotia and conidia of V. dahliae

was inhibited when exposed to the fungistatic factors from soil. Root

exudates from germ-free peppermint (host) and wheat (nonhost) over-

came the fungistatic factor and conidia continued to germinate.

Twenty one different crop plants were grown in infested soil.

Periodically, entire root systems were removed, washed under a jet
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of tap water for 24 hours, then assayed for V. dahliae by culturing

in ethanol streptornycin agar (ESA). Twenty of the crops showed root

infection by V. dahliae. Treatment in 0.525% sodium hypochiorite

for two rnj.iautes reduced considerably the number of infections,

which suggested that many of the infections were superficial. The

root of wheat, oat, and barley plants normally considered immune

to V. dahliae, were heavily infected and many of the infections were

apparent after surface steri,lization with hypochlorite. Plants of

wheat, bush bean, flax, dill, Seneclo vulgaris L. and Brassica

campestris L. were grown to maturity and the dead plants left in the

soil for three months Microsclerotia were foind in the roots of all

plants except dill All cultures obtained from these microscierotia

were pathogenic to peppermint.

Ground stems from five plant species were screened to collect

the pieces that passed a 20 mesh sieve and were retained on a 42

mesh sieve. These residues were incorporated into infested soil,

then samples were removed at variousintervals, washed under tap

water, and cultured n ESA. Within 16 days V. dahliae invaded

4 - 5% of the alfalfa, peppermint, and pigweed (Amaranthus retro-

flexus L.) stern pieces. Less than 1% of the barley and oat stern

pieces were invaded by the fungus. After residues were in the soil

six months, V. ahliae was isolated from approximately. 2% of the



peppermint stern pieces, 1% of the alfalfa and pigweed stem pieces,

and 0. 5% of the bazley and oat stem pieces. V. dahliae functioned as

a primary colonizer of the residues. Addition of KNO3 to soil de-

creased the invasion rate for all residues except pigweed which

showed increased invasion. igweed had the highest nitrogen con-

tent of all residues. Adthtior of casein hydrolysate, casein, KNO3,

or (NH4)2SO4 to oat residue generally decreased the rate of invasion

by V. dahliae.

Large pieces of peppermint stern containing microscierotia

were joined to dry noninfesteci stems of several plants and placed in

soil V dahliae formed many microsclerotia along the interface

between the stem pieces and often formed microscierotia within the

dead peppermint and alfalfa stems.

Parasitic, non-pathogenic invasion of supposedly nonhost

plants, a limited saprophytic ability, and the long passive survival

value of microsclerotia allow V. dahliae to survive in soil for

extended periods of time.
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ACTIVE SURVIVAL OF VERTICILLIUM DAHLIAE IN SOIL

INTRODUCTION

The commercial culture of peppermint (Mentha piperita L. ) in

the United Statesoriginated near Ashfield, Massachusetts, in 1812

(77, p. 15). The itinerant industry was later concentrated succes

sively in New York, Michigan, and Indiana, In each locality, pepper

mint farming experienced an era of growth and prosperity followed by

an inauspicious decline. Current1y, the greatest acreage of pepper-

mint is located in the Willamette Valley and Madras areas of Oregon,

and the Yakima Valley of Washington.
/1

(eppermint is a creeping perennial with annual erect shoots

that, due to male sterility, rarely produces viable seed. Plantings

are established by transplanting rootstocks (stolons and runners) and

usually remain in production until soil fertility, disease, or insect

problems force abandonment. The major factor responsible for

movement f the industry from Michigan and Indiana into the Pacific

Northwest was the destructive soil-borne disease, Verticilliurn wilt,

caused by the imperfect fungus Verticilliurn dahIiae Kieb. The tax-

onomic validity of this species has been the subject of much contro-

versy and the causal agent of Verticillim wilt in peppermint has

usually been designated V. albo-atrum Reinke & Berth. or V. albo-
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atrum R. & B. var. menthae, Nelson (77, p. 111), The reasons for

using V. dahliae will be presented in the next chapter

Verticillium wilt of peppermint was repoit 'riginall.y.by.

Nelson (76) in 1926 from Michigan. The first record of the dis ease

from the Pacific Northwest was made by Boyle (6) in 1944. The

pathogen has been spread into the three major growing regions in

Oregon and Washington and currently is decimating peppermint cul-

ture in the Willamette Valley. For this reason, two avenues of ap-

proach to the problem have been followed in the research program at

the Oregon State University Agricultural Experiment Station, namely:

(J)applied field research to determine the possibilities for the use of

soil fumigation, crop rotation, crop residues, and cultural practices

for disease control; and\2) basic research into the biology of V.

dahi,iae, to obtain information that may be applied to future control

investigations. This thesis concerns a portion of the latter.

V. dahliae normally infects a plant by penetration of the root,

ramification within the cortex with later systemic'3 invasion of the

xylem (36,p. 65-69; 106; 128, p. 363). The fungus continues the

progressive infection up the xylem to the apex of the sten(77,p. 69).

While the fungus is confined to the xylem, characteristic symptoms

will appear on the foliage (77, p. 39-56). In late stages of the

disease, the fungus invades surrounding tissues, especially the pith
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(77, p. 56), In a moist cool environment, many microscierotia are

formed within the dead tissue (120, 125, 127). These function as

inoculum for inciting disease at a later time (125), Numerous in-

vestigators (36, 66, 68, 73, 75, 99, 120, 125) have evaluated the

passive survival of these units and have found that rnicrosclerotia

can persist in culture up to 13 years and in soil for 12-14 years in

the absence of host plants (125).

Nelson (77, p. 85-94) reported that the peppermint strain of

Verticillium was very host specific, being restricted to species of

Mentha and Monarda, Green (26) and Homer (33) have found that the

host-specific mint strains can infect plants in other families without

causing symptoms.

(Most investigators classify V. dahliae and V. albo-atrum as

soil invading or root inhabiting fungi, sensu Garrett (24, p. 29).

These fungi are characterized by "an expanding parasitic phase on

the living host plants, and by a declining saprophytic phase after its

death'3, Invasion of dead tissues by root-inhabiting fungi is excep-

tional or very limited (24, p. 30). In 1940, however, Soloveva (104)

reported that V. dahliae lives on organic matter in the so.il. Recent-

ly Martinson and Homer (65) assayed soil monocropped to nonsus-

ceptible plants for 8-10 years and found that most Verticillium

colonies arose from partially decomposed organic matter. Many
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colonies appeared to originate from stem and leaf tissue of the non-

host grains.

The purpose of this investigation was to determine the active

survival potential, in contrast to passive or dormant survival, of

the peppermint strain of V. dahliae by 1) parasitic invasion of non

host plants, and 2) saprophytic invasion of crop residues added to

soil.



REVIEW OF LITERATURE

TAXONOMY

5

In 1879 Reinke and Berthold (90) published the first description

of a fungal vascular parasite in plants. The fungus, which caused a

wilt diseasein potato, was named Verticillium albo-atrurn R, & B.

Klebahnin 1913 (51) described asimilar disease in dahlia, and

named the causal agent V. dahliae Kieb. This fungus formed small

black pseudoscierotia (microscierotia) that did not appear in the type

culture of V. albo-atrum used for comparison by Klebahn. Rudolph

(94, p. 224) was one of many who questioned the validity of V. dahliae

and maintained that Reinke and Berthold actually observed micro-

sclerotia. Reinke and Berthold (90) described tiScierotienfi but

their illustrations depicted masses of dark resting mycelium,

"Dauermycelium, typical of V. albo-atrurn. True microscierotia

formed from a single hypha as in V. dahliae were neither described

nor illustrated. Two types of resting structures are involved in the

controversy: 1) Resting mycelia. These filaments consist of oblong

or rounded cells that multiply only by transverse division and form

thickened, dark cell walls. The filaments may intertwine, become

twisted and curled into a mass that resembles a microscierotium.

2) Microsclerotia. These consist of swollen, almost spherical cells
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that multiply by divisions in all planes, forming a small almost

spherical mass of cells that progressively develop thick walls and

darken from the center of the mass outward (37, p. 138..-140; 50,

p. 347). both types are recognized and it is generally agreed that

the resting stage differs in various isolates but is distinct and con

stant for a given isolate (21; 37, p. 138; 38; 40, p. 193; 50, p. 347;

51; 77, p. 103; 93, p. 46; 94, p. 252).

Rudolph (94, p. 252) believed that a difference in resting

structures does not entitle the fungus to specific rank. Wilhelm

(118) studied the effect of temperature on microsclerotial formation

in culture and found that microscierotia form readily at lower tem

peratures, but above 25°C the colonies have sparse microsclerotial

development. Stable white mycelial variants cre:.m&fected. by

temperature. Nelson (77, p. 83) and Presley (88) also noticed that

the white mycelial variants never reverted back to production of

rnicrosclerotia. Thus, Wilhelm (118) concluded that the resting

structures, especially the microscierotia, and colony appearance are

not reliable characters upon which to separate species. Only the

wild type or conidial constituent was constant. Isaac (37, p. 140)

could find no differences in either conidiophore morphology or size

of conidia between microscierotial and dark mycelial types.

Ludbrook (61) found that the upper temperature limit for
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growth of V. albo-atrum in culture was 28 to 30°C. V. dahliae

made fair growth at this temperature range and the pper limit was

much higher. V. dahliae and V. albo-atrum could be distinguished

readily on resting stage morphology and temperature response.

Robinson, etal. (93, p. 17) tested 16 dark mycelial isolates and 11

microsclerotLl isolates. None of the former was able to grow at

32°C whereas all the microscierotial isolates grew fairly well at

32°C. Edgington and Walker (21) reported that three dark mycelial

types had an oi.timum temperature for growth of 22°C, grew very

slowly at 28° and did not grow at32°C. Three rnicrosclerotial

types had an ostimum temperature for growth at 24°C and grew at

32°C. The upser limit for the microscierotial strains was not deter-

mined. In adsition, the microscierotial strains were very pathogenic

at a soil or ai temperature of 28°C, but much less disease resulted

with the "dau ;rmycelial'1 types.

Isaac (3', 38, 40) made a comparative study of pathogenic iso-

lates of sever 1 species of Verticillium, including the distinct chla-

mydospore fo ming species, V. nubilum Pethyb. and V. nigrescens

Pethyb. and a proposed new species V. tricorpus Isaac, which forms

chlamydospor. s, microsclerotia, and dark resting mycelium. These

comparisons ere summarized in tabular form (40, p. 193) and are

included herei as Table 1.



a - From Isaac (40. p. 193).

TABLE 1. Comparative characteristics of pathogenic isolates of Verticillium a

Characteristic V. dahliae V. albo-atrum V. nirescens V. nubilum V. tricorpus

Resting bodies Microscierotia Besting mycelium Chlamydospores Chlamydospores Microsclerotia
(dia. 7-lOu) (dia. 8.5-15. 5u) Resting mycelium

chlamydospores
(dia. 7.5-11.Ou)

Color of young
prostrate hyphae

White White White White Yellow

Hyaline sectors Very frequent Frequent Never recorded Very frequent Very frequent

Optimum temperature 22. 5 20.0-22. 5 22. 5-25.0 20. 0-22. 5 20. 0-22. 5
(°C) for growth

Growth in culture
at 300 C

Fairly good Nil Fairly good Nil Only fair

Optimum pH for
growth

5.3-7.2 8.0-8.6 5. 3-7.2 7.2-8.6 7. 2-8.0

Growth at pH 3.6 Fairly good Fair Good Very poor Yeast like mass

Growth in NH4NO3
medium

Nil Nil Nil Fairly good Nil

Best carbon source Sucrose and Glycerine Sucrose and Sucrose and Sucrose. dextrose
dextrose dextrose dextrose maltose, glycerine

Increase in concen- Stimulates Stimulates Stimulates Slows down Slows down
tration of peptone growth growth growth growth growth

Host range Wide Wide Fairly wide Tomato and Tomato only
Potato only

Reaction of host Rapid Usually very
rapid

Fairly rapid Slow Slow



Isaac (38) tested the same five species for their interactions

in culture and in parasitism. All developed together as saprophytes

on agar media or wheat grains without antagonism. But when spores

from these species were mixed together and injected by hypodermic

syringe into antirrhinum (Antirrhinum majus L,) or tomato (Lyco-

persicon esculentum Mill.) stems, V. tricorpus, V. rescens,

and V. nubilurri were always suppressed by either one of the remain.

ing two. V. dahliae and V. albo-atrum rapidly spread throughout the

plants, whereas the other three remained at the site of inoculation.

V. dahliae and V. albo-atrum were never isolated together from

stems. Either one or the other was dominant, A study of the sur-

vival potential in soil indicated that V. albo-atrum and V. dahliae

should be classified as ' root inhabiting's and V. nigrescens, and V.

nubilum as l soil inhabitingt' sensu Garrett (24, p. 30), V. tricorpus

was intermediate.

Nelson (77, p. 111) has given varietal rank to the rnicroscler-

otial mint strain of Verticillium that causes wilt in peppermint.

Since this fungus was pathogenic only to Mentha spp. and Monarda

fistulosa L., he named it V. albo-atrum R. & B. var. menthae

Nelson. Yet in the written description he gave it varietal rank on

the basis that it was only parasitic (not pathogenic) on these particu-

lar plants. Nelson (77, p. 111) suggested a classification of V.
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dahliae Kieb. as V. albo-atru.m R. & B. var. dahliae cklebahn)

Nelson as a settlement for the taxonomic controversy.

Townsend and Willetts (110) studied scierotial development in

six different fungi (Verticillium excluded) and found that the type of

branching leading to scierotium development was specific for a given

species.

Since the microscierotial and resting mycelium types are con-

stant, have differing responses to environment, and vary in patho-

genicity, they should be differentiated taxonomically. Needless

confusion in the literature should be avoided. V. dahliae will be

used in this thesis to designate the microscierotial strains studied.

Regardless of the validity of assigning specific rank to the form, it

appears to be the most internationally accepted name. Because many

authors have used V. albo-atrum for both types, the original author's

nomenclature will be reported in this literature review. However,

where appropriate and if I am reasonably certain that the micro-

scierotial type was involved, I will add (V. dahliae).

HOSTS

Engelhard in 1957 (22) indexed the reported hosts of V. aibo-

atrum and V. dahliae, and Parker in 1959 (84) surveyed the litera-

ture for listed deciduous fruit tree hosts. The fungus attacks plants
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of many families but the Gramineae appear excluded.

Nelson (77, p. 85) established that the peppermint strain of

Verticilliurn (V. dahliae) was selectively pathogenic to Mentha spp.

and Monarda fistulosa L. when tested against about 10 different crop

plants. Green (26) tested 21 weed species and eight crop species for

infection by Verticillium. V. albo-atrum (V. dahliae) was cultured

from the roots and stems of Mentha rotundifolia L. and So lanirn

rnelongena L. var. Black Beauty, and the roots only of Capsicum

annuum L.var, Caiwonder. Homer (33) extended this list when he

found that peppermint strains of V. albo-atrum (V. dahliae) could be

isolated from all plants tested after nine weeks of growth in infested

soil Plants involved were Arctium minus Bernh , Cirsiurn arvense

(L.) Scop., Chenopodium album L., Malva rotundifoliaL., Amar-

anthusretroflexus L. (all common weeds) and Lycopersicon escuien-

turn Mill. (tomato). Differences were observed in the pathogenicity

or parasitic ability of the two peppermint pathogens. Peppermint

was infected by Verticillium isolates from 10 different hosts. No

symptoms appeared on the mint but the experiment demonstrated that

mint could serve as a potential reservoir for other isolates. Thomas

and Webb (107) reported that a potato strain of Verticillium would

produce symptoms in peppermint. Recently, Fordyce and Green

(23) made serial passages of three peppermint isolates of V. albo-
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atrum (V. dahliae) through tomato and increased the virulence of the

pathogens on tomato. Simultaneously, the isolates became avirulent

to peppermint.

The diverse interrelationships in host specificity can be extend-

ed to nearly all dicotyledonous crops. Rudolph (94, p. 235-244) lists

the host ranges found for cliffe rent isolates prior to 1931. It is inter -

esting to note a Russian report (104) that V. dahliae attacked 27,,dif-

ferent plants in Central Asia, but cereals were immune.

Weed hosts have been implicatedin the maintenance or buildup

of other pathogenic strains of Verticillium in soil. Wilhelm and

Thomas (130) reported that Solanum sarachoides Sendt. increased

the inoculum potential of the strawberry isolates of V. albo-atrum

(V dahliae) Solanum spp , Amaranthus spp , Chenopodium ber-

landieri Moq. and Portulaca oleracea L., harbor the potato strains

of Verticj.11ium (30, 78). Sewell and Wilson (98) isolated the dark

mycelial V. albo-atrum from Chenopodium album L. , Senecio

vulgaris L., Solanum nigrum L., and tJrtica urens L. growing in

badly wilted hop gardens. V. dahliae was isolated from S. vulgaris.

Zeller (135) frequently found Arnaranthus retroflexus L., and S.

vulgaris infected.

Wilhelm (128, p. 361) reports that the epidermis and cortex of

roots are universally invaded by nume'ous fungal parasites, including



V. albo-atrum (V. dahliae). This cortical invasion of supposed non-

hosts allows for survival of these root infecting fungi. He felt that

host ranges based upon actual disease outbreaks were far too narrow.

Baker (1, p. 378) agreed that the "despotism of Koch'spostulates"

and natural entry of certain parasites through weakened, senescent,

or damaged roots has "undoubtedly helped to keep man's list of root

pathogens shorter than that facing the plant.

CROP ROTATION

13

Crop rotation has generally given little control, of Verticillium

wilt. Nelson (77,p. 165) reported that a six year rotation of non.-

susceptible crops did not eradicate the peppermint strain of Vertic.il-

hum (V dahliae) from soil In a carefully controlled rotation exper-

iment, peppermint was excluded for 13 years including eight years

fallow, and then replanted.topepperrnint. Of the 31 peppermint

plants in the plots, 28 wilted or died (77, p. 167). Homer (34, p. II)

achieved no effective control of V. dahliae in peppermint with three

year rotations to corn, strawberries, beans, orchard grass, alfalfa,

corn, red clover, or weedy fallow. Eggplant wilt could not be con-

troiled by long rotations to nonsusceptible crops (29). Young and

Tolrnsoff (134) foun.d a partial but not effective control of early matu-

rity in potatoes (V. dahliae) with cereals as the preceding crop.
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McKay (66, p. 466) used the percentage of tubers infected with

Verticillium as a measure of disease severity. He found that one

year in grains did not control the disease, but if the grain crop was

followed by one or two years of clover, disease was reduced consid

erably. Zeller (135, p. 24) controlled Verticillium on black rasp

berries by a two year rotation involving a fallow, oats, and vetch

cover crop and a barley green manure crop the second year. Disease

incidence was reduced from 37.9% to 2.5%. Keyworth (50, p. 355)

reports that rotating out of hops for 2 1/2 years greatly reduced the

incidence of disease due to V. albo-atrum the first year but it rapidly

built up again. Robinson, etal. (93, p. 34) report control of Verti-

cillium wilt of potato by a two or three year rotation to grain and

clover crops.

Analysis of the techniques employed by McKay (66, p. 465),

Zeiler (135, p. 23) and Robinsonetal. (93, p. 34) suggests an alter-

nate interpretation. All used artificially infested soils with the

initial inoculum localized to individual plants. The diseased crop

was then plowed under. This single crop would not be sufficient to

establish a heavy natural infestation of Verticillium in the soil. The

fungus lost its food base when released from the decomposing residue

and was dispersed by cultural practices. Anaturallyinfested:field

arises from repeated culture of a susceptible crop. Crop rotations



on naturally infestedfields seldom áontrol V. dahliae.

Soloveva (104) reported that lucerne was a good wilt reducing

crop. Cotton grown in fields previously planted to lucerne had 6. 2%,

2.56%, and 3% infection, whereas, the controls were 57. 3%, 50.6%

and 43.8% infected (V. dahliae). Guthrie (30, p. 11) reducedVerti-

cillium wilt in potatoes by preceding the crop with five years of

alfalfa. A sweet clover green manure crop prior to potatoes result-.

ed in some reductionof wilt. Leyendecker (55, p. 16) also found

that legumes reduced the severity of cottonwilt the greatest. The

beneficial effects of legumes may be explained in part by information

from a recent Russian review paper by Voronkevich (112). Kuzina

found that the rhizosphere of lucerne accumt.Uated alarge amount of

mycolytic bacteria active against V. dahliae (cotton wilt). This fol-

lowed earlier work where Kraci1ikov and Nikitina had foundalarge

number of mycolytic bacteria on lucerne and clover roots. Although

the rhizosphere inlluence may be significant, the benefits of legumes

on soil fertility and soil structure must not be overlooked.

A bare summer fallow tends to be as effective as most crop

rotations for the control of soil borne pathogens (95, p 17). Verti-

cillium wilt of cotton was reduced by one year of dry fallow (55,

p. 14). However, drying of soil increases the fertility markedly,

especially for phosphorus and nitrogen (54, p. 446), so these

15
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variables must be accounted for when determining the disease con

trol.

INOC ULUM POTENTIAL

When infected plants become senescent and die, V. dahliae

readily permeates the surroundingtissues (50, p. 348; 77, p. 69;

97). After death, microsclerotiaare formed throughout the infected

plant tissues (120, 125). Theseinfectedtissues are the inoculum for

infection of the next host crop. The probability of a successful in-

fection is determined by the "inoculurn potential" which Garrett (25,

p. 28) defines as "the energy of growth of a pathogen available for

infection of a host at the surface of the host organ to be infectedit.

The inoculum potential of a pathogen may be increased by: 1) an in-.

crease in the number of propagules per unit area of host, or 2) an

increase in the nutritional status of the propagules. Martinson (64)

interpreted inoculum potential as a "function of: 1) inoculurn density

(mass of inoculum per unit of soil), 2) available nutriment (endogen-

ous and exogenous), 3) environmental factors, and 4) genetic poten-

tial of the organism". Dirond and Horsfail (18, p. 2) have reviewed

the development and usage of the term inoculum potential and view it

as the "product of the quantity of inoculurn present . . . and the

capacity of the environment . to produce disease ma host of given
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susceptibility with a pathogen of stated characteristics".

The measurement of inoculum potential has usually involved

the use of host plants and the assignment of quantitative values to

disease severity, yield, growth, etc. Limitations are imposedupon

measurements of the inoculum potential of soil-borne wilt pathogens

because of the long incubation period between infection and symptom

expression. Environmental factors, then, have a greater chance to

influence the ho st-pathogen inter action.

Inoculum density. Often a measurement of the inoculum den-

sity can be used to estimate the inoculum potential, based upon past

ezperience and the expected environmental conditions. Leach and

Davey (53) screenedthe scierotia of Sclerotium rolfsii Sacc. from

soil (inoculum density) and could predict disease losses on sugar

beets from this information.

Wilhelm (120) placed varying numbers of artificially infested

stem pieces in soil. The percentage of tomato plants showing symp-

toms of Verticillium wilt were directly proportional to the units of

inoculum added. Wilhelm (122) also diluted infested soil with non-

infested soil. Again the wilt index was directly proportional to the

amount of Verticilliurn infe8ed soil.

To],msoff (108, p. 80-104)performed two experiments where

the inoculum densityof V. albo-atrum (V. dahiiae) was
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logarithmically increased in soil. Laboratory grown inoculurn was

used in both experiments. An increase in the inoculum density 1)

induced wilt symptoms earlier, 2) caused severe symptoms and

death of plant earlier, 3) decreased the time between first symptom

expression and death of the plant, and 4) decreased the tuber yields.

In general, severity of the disease was directly proportional to the

inoculum density. Martinson and E-lorner (65) observed 100% wilt

incidence in a potato field, yet could measure only 10-40 viable V.

dhliae propagules per gram of soil. Tolmsoffts data (108, p. 80-

104) show that a much higher level of inoculum was required to pro-

duce 100% disease in greenhouse tests than is normally required in

the field.

Nutriments. The nutritional status of the inoculum is also an

important factor of inoculum potential. Isaac (42) grew V. dahliae,

V. albo-atrum, V. nigrescens, V. nubilum,. and V. tricorpus on

Doxts agar containing 0, 0.2%, and 2.5% NaNO3. No great differ-

ence in growth resulted. Spores were used to inoculateAntirrhinum

majus L. stems or to infest the soil prior to planting. The plants

were grown under deficient, normal, or excessive organic nitrogen

(hoof and horn) levels. V. dahliae from the nitrogen-free agar caus-

ed little or no wilt. Inoculum grown on a 0.2% NaNO3 medium caus-

ed nearly. 100% disease. External organic nitrogen in the soil had
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little if any effect. V. nigrescens, V. nubilum, and V. tricorpus

responded similarly. V. albo-atrum cultured on the nitrogenfree

medium caused some wilt. Nitrogen supply of the fungus inoculum

while in culture was most important.

Environment. Leach (52) demonstrated the effects of environ-

ment in damping-off diseases. Studying only temperature, he com-

pared growth rates of the pathogen with the rate of seedling emergence

at each temperature. This gave a host:pathogen growth ratio. Exper-

imental results indicated that a ratio above 2. 0 would result in little

or no disease; below 2. 0 damping-off would be a problem. Martinson

(64) further demonstrated that a knowledge of the inoculutn density

was necessary before predictions could be made with the host:pathogen

ratio index. He found that the specific incideice of disease was more

dependent upon a certain host:inocilum potential ratio, than on the

host;pathogen ratio.

Kendrick and Middleton(48))attempted to apply the host:pathogen

growth ratio concept of Leach (52) to Verticillium wilt of pepper. It

appeared to apply only between 25-35°C. Actually the disease sever-

ity (determined by a stunting index) and the pathogen growth rate

yielded similarly shaped curves from 15°C to 35°C. The pathogen

grew poorly above 30°C (suggesting V. dahliae) and disease was nil.

This may account for the success California growers have had in
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utilizing Verticillium infested soil for late spring and summer grown

pepper crops only when soil temperatures were. Edgington and

Walker (21) performed a factorial experiment on Verticillium wilt of

tomato comparing soil temperatures of 20°, 24, and 28°C with air

temperatures of 16°, 20°, 24°, and 28°C. Three strains each of V.

albo-atrum and V. dahliae were tested. No significant differences in

disease severity were found with the V. dahliae isolates. With all

three V. albo-atrum isolates, either a soil temperature of 28°C or

an air temperature of 28°C caused an extreme reduction in disease

(regardless of the corresponding soil or air temperature involved).

Berry and Thomas (3) infested soil with laboratory grown inoc-

ulum of peppermint strains of Verticilliurn. Rooted cuttings of six

species or varieties of M ntha were transplanted into soil maintained

at different temperature isease was initially greatest at 25°C in

peppermint but became greater at 20°C four to six week sjter.ç,.a

tion. Disease was not as severe at 30°C. Peppermint was the most

susceptible host.

Soil fertility and its relation to Verticillium wilt has been inves-

tigated intensively and many of the reports are conflicting. This may

be due in part to the taxonomic controversy, but is probably a result

of many other conflicting variables in the experiments. Much of the

work has been done in the field. Measurements of the effects of
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fertilizer amendments on disease severity has been the normal pro-

cedure,

Presley (88) found that Verticillium wilt of cotton increased as

nitrogen fertilization was proportionately increased, but as greater

amounts of potassium were added to the soil, wilt decreased.

Walker etal. (113) reported that potassium fertility had no effect on

Verticillium wilt of tomato, Added potassium sulfate and ammonium

sulfate decreased wilt incidence in Antirrhinurn caused by V. dahliae

(41). Chalk or superphosphate amendments had no effect.

In a sand culture experiment, Ranney (89) added calcium nitrate,

potassium nitrate, ammonium sulfate, ammonium nitrate, or urea to

a complete mineral nutrient solution and determined the effect on the

severity of Verticillium wilt in cotton, All nitrogen sources were

added at four, eight, and 16 meq per liter of solution. At four meq,

plants fertilized with urea had the most disease, but as urea was in-

creased to eight and 16 meq per liter, the disease incidence dropped

considerably. Disease severity was highest at the eight meq rate for

the other nitrogen sources. Less djseasewas observed with 16 meq

inorganic nitrogen per liter. Johnson (46) found that a urea nitrogen

source shifted the culture growth habit of V. albo-atrum (V. dahliae)

from the normal white mycelium to production of microsclerotia and

a yeast like growth.



Wilhelm (21) surveyed many crops growing in soils of differ-

ent pH values and observed that the occurence and severity of Ver-

ticillium wilt is not greatly affected by soil reaction within the pH

range that susceptible crops are grown. However, soils below pH

5 have been reported to reduce Verticillium wilt of eggplant (15, 29).

The influence of organic amendments on the inoculum potential

of Verticillium has been investigated. Wilhelm (122) amended Verti-

cillium infested soils with residues t 0. 1% or 1.0% (w/w) rates,

waited four weeks, then planted tomato indicator plants. At 0.1%

rates, barley straw, blood meal, fish meal, and conifer wood saw-

dust gave no wilt control. However, when the conifer wood was

treated with 0. 5% animonium sulfate, wilt was reduced considerably.

At the 1.0% rate, barley straw, cottonseed meal plus 0.5% gypsum,

blood meal, fish meal, conifer wood sawdust with either 0. 5% ammo-

nium sulfate or 1% cottonseed meal, and cottonseed meal reduced

wilt appreciably. At 1% rates, neither screened cow manure nor

conifer wood sawdust had any effect. The addition of 0. 5% ammonium

sulfate reduced wilt, but gypsum at 0.5% had no effect; thus, it prob-

ably was not the sulfate group that was active.

Tolrnsoff and Young (109) found that barley and oat residues

were consistently effective in reducing Verticillium wilt of potatoes

(V. dahliae). Disease suppression was directly related to rate of
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residues. Wilt suppression by residues applied at nine tons per

acre was influenced by the quantity of nitrogen fertilizer added

Addition of 44 to 110 lbs of nitrogen per ton of residue resulted in

good wilt suppression, increased plant vigor, and increased tuber

yields.

Voronkevich (112) stated that Haleeva observed suppression

V. dahliae in soil in the presence of manure or a grass mixture, with

a concurrent increase in saprophytic microorganisms.

DISPERSAL

Wilhelm (129) reported 1-12% Verticillium infection on toma-

toes planted into fields for the first time. An epiphytotic developed

and 75 to 96% of the plants exhibited wilt symptoms the third year.

Apparently disease-free seed was used. Likewise, Presley (88) re-

ported several instances of Verticillium wilt on first year cotton

grown in virgin soil (deserts brought under irrigation for the first

time by well irrigation). Seed transmission could not be demonstrat-

ed. The random distribution and repeated occurrences of first year

outbreaks convinced Presley (88) that Verticillium (V. dahiiae) was

present inthe virgin soils.

\. V. dahliae is normally, transmitted from area to area on pro-

pagative material or within infected plant debris (50, p. 350; 66,
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p. 464; 77, p. 162; 93, p. 34; 97; 129). The organism can betrans-

mitted from plant to plant by root contact (39; 66, p. 444; 91; 135,

p. 20). McKay (66, p. 444) demonstrated that V. albo...atrum (V.

dahliae) would spread through four successive potato plants within a

season (45 inches along a row). Zeller (135, p. 17) observed a 60

inch spread along a row of black raspberries within one year after

planting an infected plant. Isaac (39) planted two concentric rings of

tomato plants around a center tomato plant that was eventually stem

inoculated withV. albo-atrum or V. dahliae. Both pathogens infected

plants in the adjoining rings by root contact. Spreadwithin the plant

was through the vascular system and not externally on root surfaces.

Using the s3me type of experimental procedure, Roberts (91) accel-

erated the spread to adjoining tomato plants by ringing the bark of

the center plant after one month of growth. Earlier McKay (66,

p. 444) had accelerated the rate of spread of potato wilt by removing

the infected plant. This he attributed to a more extensive root growth

by adjoining plarts into the area of infestation, Garrett (24, p. 55)

interpreted these phenomena as indications of a rapid increase of

inoculum within the moribund or dead roots, Sewell (97) observed

sporulation of V. albo-atrum on tomato roots shortly after the onset

of root degeneration. Killing the plants with sodium chlorate, by de-

apitation, or ringing the bark decreased the time required for
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infected roots to show sporulation, Sewell notes that sporulation on

in,fected organic matter is common in soil, and that infection of roots

by spores is common. Possibly spread by root contact is not a

direct process but has an intermediate phase of sLrface sporulation

and infection of the adjoining plant by spores.

Sewell (97) presents evidence of passive spread of V. albo..

atrum by conidia in soil water. Park (81) demonstrated that with

fluctuating moisture levels, spores of Fusariun-i oxysporum Schi,

migrated with the water movement, vertically as well as horizontally.

Isaac (43) observed V. albo-atrum and V. dahliae sporulating

on the basal portions of alfalfa stems. Air over alfalfa fields and

downwind have yielded up to 12 viable V. albo-atrum conidia per 150

liters of air (17). Conidia landing on fresh alfalfa stubble would

germinate and infect the plant (43). Wilhelm (129) has implicated

wind blown dust inoculum for contamination of virgin or new land.

V. dahliae apparently does not grow through natural soil as a

saprophyte (39, 123, 126).

THE BIOTIC SOIL ENVIRONMENT

The soil is inhabited by a teeming mass of life. Introducing

one microsclerotium of V. dahliae into a gram of soil would be equiv

alent to adding one more person to the population of the earth.
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Burges (10, p. 67) estimated that one gram of common agricultural

soil contains 2,500, 000, 000 bacteria, 700, 000 actino.mycetes,

400, 000 fungi, 50, 000 algae, and 30, 000 protozoa. Nematodes,

annelids, and insects also must be considered,

Microscopic examination of soil has shown that fungi are pre-

sent both as spores and mycelium (114, p. 396). Common methods

for isolating soil fungi have been included in a recent manual by

Johnson, etal. (47). They consist of: 1) soil dilution and plate

counts, 2) direct inoculation of agar with soil crumbs, 3) Warcup

soil plate, 4) screened immersion plate, 5) immersion tube,

6) fungal hyphae isolation, 7) Rossi-Cholodny buried slide, and

8) flotation methods. These methods have many adaptations. Cer-

tam trapping schemes have been devised for specific fungi such as:

soil microbiological sampling tubes for R. solani Kuhn (64, 72);

lemon fruits for Phytophthora spp. (111); or carrot discs for

Thielaviopsis basicola (Berk. ) Ferr. (132). Probably the most com-

mon trapping scheme is isolation from a host plant (69, p. 81).

No technique can be labelled as t1the best. Soil dilution plates

measure primarily the spores of the soil, whereas, hyphal isolations

favor the Mycelia Sterilia and basidomycetes (114, 115, 116, 117).

The immersion tube principle samples the active flora of the soil

(14, 64). Parkinson and Williams (86) recently separated soil
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particles and aggregates by a wet sieving process. They found that

some fungi are associated primarily with certain particle sizes of

soil. Each technique augments the data from another, but no one

method is sufficient by itself.

Fungi associated with organic matter or the surface of roots

(rhizoplane) generally have been assayed following a serial washing

procedure in sterile distilled water (31, 85), Twenty to 30 serial

washings of two minutes each remove nearly all the spores from the

surface of the roots or organic matter. Harley and Waid (31) found

a sharp contrast between the living.mycelia on root surfaces and

those present on organic matter and litter in the soil. On living

root systems, many slow growing sterile mycelia (or mycelia slow

to produce spores) occurred which were not recovered when unwash-

ed root surfaces or washings from root surfaces were cultured.

cluded in the slow growing group on beech seedling roots was a

Verticillium sp.

Surface sterilization of the organic matter or roots will allow

the fungi beneath the surface to grow out and be recognized. Gen-

erally a 1:1000 mercuric chloride or dilute sodium hypochiorite

solution is used for this purpose. The roots or organic matter may

be plated on nutrient agar or dispersed in sterile, moist sand

(12, p. 287; 127).
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Verticillium is generally isolated from the soil by allowing it

to infect a susceptible host (119, 122). Wilhelm also isolated it from

soil with sterilized tomato straw (126) and demonstrated it in surface-

sterilized roots placed in moist sand (127). In the latter technique,

V. albo-atrum (V. dahliae) forms distinctive microscleroti,a within

the root tissues. Chesters and Thornton (14, p. 308) isolated a

Verticillium from the B horizon of a podzol with screened immersion

plates (which supposedly detect active mycelia). Dilution plates

failed to detect the organism.

Conventional soil dilution assays commonly require high dilu-

tion rates (1:10, 000), and thus are inadequate to detect normal soil

populations of V. dahliae. Nadakavukaren and Homer (74) discover-

ed that ethanol added to streptomycin water agar causes V. albo-

atrum (V. dahliae) to form abundant black microscierotia in culture.

By this method V. dahliae was detected at a much lower dilution.

Ethanol was added to melted agar at the rate of 0. 5% just prior to

pouring the plates. The Verticillium colonies stood out sharply in

contrast to the other fungi. Patil (87, p. 19) used this ethanol-

streptornycin agar to determine infections on potato roots washed in

running tap water.
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The microbial population in soil is very unstable. Most of the

microorganisms are heterotrophic, thus require some fixed source

of carbon for food. The competition for food is intense and predation

and parasitism are common. All are bathed in the metabolites and

"sewage" of the populations. Antagonism is common.

The terminology used to describe the ecology of plant pathogens

in soil lacks standardization. Terminology presented recently by

Park (82, p. 148) appears as the most logical to describe the antag-

onistic interactions between two species. Antagonism Hincluded all

those associations in which at least one of the interacting species is

harmed. The mechanisms of antagonism are three: namely, antibi.-

osis, in which species A produces a chemical substance that is

inimical to species B without species A deriving any direct benefit;

exploitation, in which species A inflicts harm by the direct use of

species B for its own benefit, and competition, which is found in the

indirect rivalry of two species for some feature of the environment

that is in short supply".

The term "competition" will require flexibility to include the

verbal form "two species compete for a substratum" and accepted

concepts such as "competitive saprophytic ability" sensu Garrett

(24, p 130). This was explained by Park (82, p. 148).
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Two other phenomena of biological origin that are definitely

forms of antagonism are fungistasis (19) and lysis (7).

Warcup (115) provedthat most colonies of fungi developing in

soil dilution plates arise from spores. The spores of most soil

saprophytes and root infecting fungi will germinate readily in water.

Brian (7, p. 123) questions why these spores have not already ger-

minated in the soil, Dobbs and Hinson in 1953 (19) demonstrated

that such spores in contact with moist soil will not germinate. This

phenomenon has been confirmed many times with numerousfungi and

has been termed soil fungistasis (4, 19, 20, 28, 32, 44, 45, 57, 58,

59, 62, 100).

Dobbs and Hinson (19) placed spores inside of boiled cellulose

film folds and the folds were buried in natural soil or autoclaved

soil. The spores in natural soil did not germinate, whereas, those

in autoc1aved soil germinated aswell as spores not exposed to soil.

When folds were moved from autoclaved soil to natural soil, germ

tube elongation and hyphal growth ceased. The spores moved from

natural to autoclaved soil proceeded to germinate. Complete inhibi-

tion of spore germination could be demonstrated in all topsoils tested.

Some deeper subsoils (2-4 feet) showed incomplete inhibition. In an

attempt to characterize the fungistatic factor(s) they obtained the

following information.
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Prolonged drying (over six weeks) and autoclaving

removed the factor.

The effect could not be removed by repeated leaching

and percolating of water for seven days. In both cases the water did

not acquire the effect.

The effect disappeared from soil treated withpH

4-7.5 citrate phosphate buffer and did not appear in the buffer extract.

The effect remained after eluting with pH 4. 5-8. 0

phosphate buffer solutions.

Dilute glucose solutions reduced fungistatic effects,

but dilute asparagine solutions did not.

Soil put into small test tubes and incubated at 40°C

for one hour retained the fungistatic effect, whereas incubation at

60°C for one hour stimulated germination. Temperatures of 50°C

for one hour gave about 50% germination.

Soil exposed to ether vapor for 24 hours lost the

inhibitory effect, but it was restored in three days.

Wetting soil with acetone removed fungistasis but it

was restored after shaking withwater for13 hours.

Charcoal mixed into soil at 10% w/w) removed it.

All ten fungi tested showed a 100% response to the

factor.



11. The compound(s) was very ephemeral.

Fungistasis seems to be masked and not destroyed by glucose

or nutrients released from microorganisms killed by heat or toxins.

It was restored readily when these nutrients wereused up. However,

a nutrient is not generally needed for spore germination. Dobbs and

Hinson (19) felt that susceptibility to the inhibitor is likely to impart

a high survival value to certain fungi.

Additional information:was presented in.another report by Dobbs,

et al. (20):

Water expressed from certain soils by hydraulic

pressure or suction on a Buchner funnel caused a significant decrease

in spore germination.

Soil from forest lands was far more inhibitory from

April to November than during the winter months. From December

to March the soils often stimulated spore germination when compared

to distilled water controls.

The elongation of basidion-iycete hyphae was inhibited

by the fungistatic factor.

Jackson (44) reported that the fungistatic factor was overcome

in the rhizosphere of plants. Mankau (62) found that the germination

of three nematophagus fungi was inhibited insoil, but that rotted

wood shavings and fresh alfalfa cuttings overcame thefungistatic

32
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effect. In each of eight separate assays, Lockwood (59) found that

conidia of V. albo-atrum (V. dahliae) were very susceptible to the

fungistatic factor. The fungistatic factor was re-established readily

in autoclaved soils by Streptomyces spp. Griffin (28) reported that

of 15 different genera of fungi, actinomycetes, and bacteria tested,

all possessed the ability to restore fungistasis to soil. Griffin (28)

and Park (80; 82, p. 153) suggested that mildly toxic metabolites

(staling products) may be the fungistatic factor. The fungistatic

factor will diffuse into agar (44) and can be demonstrated in vitro in

sterile water agar exposed to soil for several days (57, 59).

Boosalis (4) found that spores of Helminthosporium sativurn did not

germinate when placed in direct contact with soil. The morphologi-

cally distinct spores were removed from the soil surface with agar

films for observation.. Lingappa and Lockwood (57, 58) used 1 1/2%

collodion films for the same purpose. These same authors (57)

failed to demonstrate any volatile fungistatic substances in soil and

could not associate the fungistatic effect with oxidation-reduction

potentials, pH, or osmotic conditions.

Lingappa and Lockwood (57) recently indicated that the indirect

procedures commonly used for,demonstrating fungistasis introduce a

good substrate (cellophane, agar, etc.) into the soil. These uncolo-

nized substrates induce quick germination of antibiotic-producing
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microorganisms. Likewise, fungal sporesintroducedinto soil were

microenvironments of nutrients for bacteria that readily reproduced

on their surface and produced substances inhibitory to spore germi-

nation.

Schreiber and Green (100) demonstrated the susceptibility of

the microscierotia of Verticillium to the fungistatic factor. Isolated

microsclerotial cells would germinate readily in the presence of the

root exudates of tomato and slightly in the presence of exudates from

the nonhost wheat. However, no attempt was made to qualitatively

define the root exudate factor. Amino acids were implicated and

sugars gave no response.

Numerous attempts (91, 123, 131) to establish Verticillium in

sterilized soils following colonization by other microorganisms have

been unsuccessful. The rapid buildup of fungistasis in soils could

account for these failures rather than competition for nutrients or

production of known antibiotics. Wilson (131) reinfested steam ster-

ilized muck soils with many different microorganisms isolatedfrom

soil. He found that nearly all of the species were antagonistic to

Verticillium (V. dahliae), regardless of their ability to exhibit

antagonism to Verticillium in agar culture.

The lysis of fungal mycelium in soil has been observed fre-

quently (7, 13, 59, 60, 70, 96, 112). Brian (7, p. 117) classified
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the mycolytic mechanisms as: 1) autolysis that occurs as a result

of purely internal metabolic changes, 2) enzymes produced by neigh-

boring microorganisms, 3) toxic materials secreted by microorgan-

isms that induce lysis, and 4) combinations of the above. Many toxic

materials such as azide, cyanide, and some antibiotics will induce

lysis, probably by blocking respiration and energy-yielding metabo-

lism. Toxins may disrupt the organization of the cell or the cellular

membranes (7, p. 118). Many of the soil microflora secrete enzymes

capable of digesting fungal hyphae (7, p 118; 70).

Lockwood (59) included V. a],bo-atrum (V. dahliae) along with

several other plant pathogens when he tested the mycolytic proper-

ties of soil Streptomyces spp. Four-day-old seeded agar cultures of

the pathogens were covered with moist soil. Cultures killed by

propylene oxide were included. After nine days the soil had caused

extensive lysis of the living mycelium of all the pathogens but did not

affect the killed myceliurn of Verticillium or Fusarium solani f. pisi.

The conidia were still intact on the living cultures and their viability

was not impaired. The lytic agent acted on the hyphae within the

agar as well as those on the surface, which suggested that it was

diffusible. Lockwood found later (60) that living myceliurn of V. albo-

atrum was poorly lysedwhen grown on peptoneagar and moderately

lysed when grown on Czapeks agar. Washed mycelial mats of the
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fungus placed on soil were completely destroyed in one week orless.

He never observed direct parasitism. The microscierotia of V.

dahliae resisted lysis (59).

Skinner (103) found that bentonite added to culture filtrates of

a mycolytic Streptomyces prevented or greatly reduced the activity

of the lytic agents. Antibiotics produced by the antagonist were

completely inactivated by the bentonite.

A large number of soil saprophytes are capable of exploiting

other soil fungi by parasitism (7, p. 120). Trichoderma viride Fr.

is the parasite most commonly observed. However, Wilhelm (123)

observed that Trichoderma exhibited no antagonistic activity against

Verticillium (V. dahliae) in soil. When studying the sporulation of

V. albo-atrum in soil, Sewell (97) found that conidial heads and coni-

diophores of the fungus were commonly eaten by collembola, sciarid

larvae, and soil mites.

Antibiosis has been implicated as the most important antagonis-

tic feature in soil (80, 82). A massive amount of literature has been

published as evidence, pro and con, for antibiotic production in soil.

I wil, not reiterate an old story. Brian (7, p. 121) summarizes what

appears to be the popular opinion today, i.e. antibiotics can not be

detected in the soil mass, but are probably produced locally in the

competitive battle for new uncolonized residues addedto soil. He
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feels that antibiotics are produced as offensive weapons in the

exploitation of fresh organic matter.

Park (80, 82) has commented that the association of antibiotics

with classical antibiotics has confused our thinking on antagonism in

soil. Antibiosis is probably mediated by compounds of a more gener-

al nature (80) such as carbon dioxide and lactic acid (82, p. 151).

These would include the staling products in old pure fungus cultures

(80, 82).

Wilhelm (123) found that Verticillium (V. dahliae) readily grew

through sterilized soil, but infe station of the soil with antagonists in

some instances checked the growth. Gliocladium, Chaetomium,

Stachybotrys, and Myrothecium were effective whereas Trichoderma,

Fusarium, and Mucor were not effective.

Menzies (68) recently presented evidence for a diffusible fungi-

cidal compound arising from anaerobic fermentation in soil. Micro-

sclerotia of V. dahliae were killed by open flooding for six weeks, or

in a nitrogen gas atmosphere for 15 days. Amending the soil (at 15%

moisture) with 1% alfalfa meal or 0. 1% sucrose and putting it under a

nitrogen gas atmosphere resulted in the death of all microscierotia

,in five days. The lethal factor moved into areas that were never

anaerobic.

Brodski (8) reported that V. dahliae in the presence of Culpoda,
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made no mycelial growth in culture and the microscierotia failed to

germinate.

Stotsky and Todd (105) surveyed the clay minerals in soils in-

fested with Fusarium oxysporum f. cubense. Montmorillonoid clay

minerals were always absent from soils where disease spread has

been rapid and were present in all soils where disease spread was

slow. In culture, montmorillonite stimulated the pathogen due to its

buffering action against pH change and increase in osmotic pressure.

Therefore, Stotsky and Todd (105) suggested that the inhibitory effect

of montmorillonite towards disease spread was the result of a stimu-

lating effect on the antagonistic microflora.

Park (80, 82) presented several thorough essays on competition.

Earlier literature has stressed the belief that antagonism is a result

of competition for substrate and space, and not antibiosis. Micro-

scopic observation of soil or residues decomposing in soil readily

show that microorganisms are normally not so numerous as to phys-

ically prevent further fungal development (82, p. 150). Thus compe-

tition for space can not account for antagonism in soil.

Many workers have shown that the soil solution contains suffi-

cient nutriment for spore germination and hyphal growth which are

inhibited by the fungistatic factor. But when nutriments are added to

soil, fungistasis is overcome, which may suggest that competition for
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nutrients was the cause of the antagonism (82, p. 152). Park (82,

p. 152) restates an old maxim, "inhibitory substances have their

greatest effect when the energy of growth is small, and that an in-

crease in the amounts of available nutrients may enable an organism

to overcome a positive inhibition".

Park (82, p. 152) notes that it has been found repeatedly that

insoluble amendments to soil have a greater stimulatory action on

the microflora than do soluble amendments. Park views the insoluble

amendment as a fresh physical substratum in which there are no ac-

cumulated antibiotic substances.

The success of a microorganism in a soil environment antago-

nistic due to antibiosis will depend largely on a wide tolerance to

antimetabolites (82) and a high mycelial growth rate (24). Tolerance

to antibiotics is more important than the ability to produce antibi-

otics. But, Park (82, p. 156) indicates a condition where the anti-

biotic producerhas the advantage, i.e., where it is the primary and

sole colonizer of a substrate prior to exposure to other organisms.

THE LIFE OF VERTICILLIUM IN SOIL

In the previous sections certain background material has been

presented because it is innately related to the life of V. dahliaein

soil where it exists largely as dormant micr.osclerotia.
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Evidence was presented earlier that crop rotation to supposedly

nonhost crops or a fallow management would not lower the inoculum

potential to a level that would permit production of a susceptible

crop. Survival of the pathogen may be viewed also as adispersal

mechauism - a dispersal in time. The possible methods for survival

are presented in the format recently used by Park (83):

1. Inactive (passive) survival
Resistant spores
Dormant propagules

2. Active survival
Parasitism
Saprophytism
Commensalism

Zeller (135, p. 23) and McKay (66, p. 464) buried infected

stem pieces in field soil. After one year Zeller observed that only

six of 15 black raspberry stem pieces would yield Verticillium (V.

dahliae) and McKay failed to culture Verticillium (V. dahliae) from

the potato stems. Isaac (36) infested soil with V. dahliae and hyaline,

nonmicrosclerotial producing variants. The inic rosclerotial strains

survived for at least five months. Schreiber and Green (99) com-

pared the survival of V. albo-atrum (V. dahliae) introduced into soil

as a mycelial-conidial suspension or as rnicrosclerotial masses

formed ona cellophane tray culture. After 21 weeks in soil, the

mycelial-conidial inoculum was reduced to a level where the patho-

gen could not be cultured from the stems of tomato plants grown in
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the soil. V. dahliae introduced into soil as rnicrosclerotia still

maintained an inoculurn potential high enough to infect all the indica.-

tor plants after 82 weeks. Wilhelm (125) assayed 13 year old and

16-22 year old laboratory cultures of V. albo-atrum (V. dahliae).

Seventeen of 51 of the 13 year old cultures were viable. The older

cultures failed to resume growth. He noted also that field survival

in the presence of nonhost crops was approximately 14 years (as

determined by a host assay).

Survival at higher temperatures has also been studied. Wilhelm

(120) reported that microscierotia can withstand drying and a constant

temperature of 120°F. (49°C) for several months. Nelson and

Wilhelm (75) found that dry propagules of V. albo-atrum (V. dahliae)

resisted high temperatures far better than moist propagules. A ten

minute exposure at 47°C killed all moist hyphae and conidia, and

50°C killed moist microsclerotia. Forty minutes at 47°C kflled all

the microscierotia. Maintained at 49-50°C in a dry condition,aU

the conidia were killed in three days and the microsclerotia survived

for six months. Held at 40°C, the microsclerotia survived for 2 1/2

years.

Nadakavukaren (73) assayed the viable population of V. albo-

atrum (V. dahliae) microsclerotia over a time sequence. Microscier-

otia obtained from cellophane tray cultures were used to infest soil
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which was then dried for five days prior to treatment (to kill conidia).

Moisture levels from air dry to flooding and temperature levels from

5°C to 40°C were compared in various factorial experiments. In

general, the micr.osclerotia survived better at lower temperatures

and at 50% field capacity moisture levels. Poorest survival was at

air dry, flooded, and field capacity moisture levels and at 30°C or

40°C temperature ranges. Either 40°C temperature or flooding con-

ditions were the most effective for reducing the Verticillium popula-

tion.

Homer (34) has found that microsclerotia formed in pepper-

mint stems,. and separated by screening procedures, would survive

in the soil much better than laboratory grown inocui.um. After four

months exposure to field conditions, 27.4% of the niicrosclerotia

from mint stems were still viable and only 0.3% of the laboratory

grown microscierotia were viable. After one year, 13% of the

natural microsclerotia were still viable but only 0. 3% of the labora-

tory grown microscierotia were viable. The population leveled out

at this point, and after 2 1/2 years, approximately 13% and 0.3%

respectively were still viable (unpublished data). Two things may

have occurred: 1) an asymptotic level was reached where death

rates and saprophytic reproduction rates were equal, or 2) the

original inoculum had two or more types of propagules present and
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certain propagules were very resistant (with a greater proportion

being present in the natural inoculum source). Significant fluctua-

tions in the population counts suggest that reproductionoccurred

sporadically.

Most survival experiments have been designed to determine the

longevity of all detectable units (within the limits of the assay) while

rate of decline was ignored. Results from host assays do not reflect

directly the survival potential of V. dahliae, but they do indicate the

inoculum potential of the. pathogen.

Yarwood and Sylvester (133) proposed the use of the half-life

concept in longevity studies. This would be the time required.to de-

crease the number of viable propagules .by one half, the death rate

being a logarithmic function. The half-life concept probably can not

be applied.to V. dahliae microscierotia, because they are multicellu-

lar units, unless all cells of a microscierotium die at one time.

Wilhelm (119, 120) used tomato plants to assay.mineral soils

for Verticillium at six-inch increments.from the surface to 36 inches

deep. The .inoculum. poten.tial decreased considerably. with depth with

the most Verticillium being. present in the top lZ.inches. Enough

Verticillium was present in some of the 30-36. inch samples to cause

disease. Sampling muck soil in.a similar manner, Green (27) found

only a trace of Verticillium below 18 inches.
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Burges and Fenton (11) studied different fungi (excluding Verti-

cillium) and observed that tolerance to carbon dioxide, rather than

low oxygen tensions, determined the vertical distribution of fungi.

Wilhelm (11 9) believed that the vertical distribution of Verticillium

(V. dahliae) was governed by factors other than root penetration,

soil type, or climatic environment.

The. process of active survival was partially covered in the

previous section concerning hosts. Menzies (69, p. 96) suggests

that nonpathogenic infections in hosts are probably more important

for perpetuating root infecting fungi in soil than is generally realized.

Wilhelm (128, p. 361) stated that the cortex and epidermis of the

root are universally invaded by fuñgal parasites, often without patho-

genesis. Six known pathogens, including V. albo-atru.m (V. dahliae)

were found in the cortex of So].anum sarachoides Sendt, an introduced

weed (127). Wilhelm (128, p. 361) envisioned this cortical invasion

as a means for survival or a marginal increase. The invasion of

nonhosts gives the parasite a head start for colonization of the tissue

when the host dies (69, p. 96).

Green (26), Homer (33), and Martins.on and Homer (65) have

demonstrated a far wider parasitic host range than was originally

recognized for the supposedly host-specific peppermint strain of

V. albo-atrum (V. dahliae).
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Nematocides have exerted a temporary but appreciable reduc-

tion in.Verticillium wilt of eggplant (67, 71). Disease increased in

the presence of the meadow nematode Pratylenchus penetrans Cobb.

However, in the presence of Verticillium, significantly larger num-

ber of nematodes occurred in. the roots. The nematode alone caused

no disease.

The presence of wounds on plants serve as an entrance for

penetration of the root by Verticillium. Nematode-Verticillium

relationships should not be ignored as a means for establishing para-

sitic activity with nonhost plants.

V. dahliae has usuallybeen considered a "soil invader" or

"root inhabitant" sensu Garrett (24, p. 30) withlittle or no saprophy-

tic ability in soil. It will grow on most organic residues (26) and

spread throughout the moribund or dead host plant that it previously

parasitized (50, p. 348; 125). V. albo-atrum (V. dahliae) rea4ily

colonized and made independent saprophytic. growth in, autoclave-

sterilized soils (123, 126, 131) and fumigated soils (126), but did not

grow through natural field soils (123, 126). Wilhelm (123) was unable

to culture V.. albo-atrum (V.. dahliae) from sterile tomato' stem pieces

located in. soil one cm from an inoculated.stem piece, even, after: six

weeks.

Park (81, p. 47) found that Fusarium oxysporum Schl. would
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compete for substrates only if it were a "pioneer" fungus and was

expose& to the residues first. Prior colonization of the residues by

other fungi for two or three days would prevent entry of Fusariurn.

Wilhelm (126) observed a similar situation with Verticillium (V.

dahliae), but found that Verticillium would compete as a secondary

invader if the primary invader was not antagonistic.

V. dahliae has been observed as an inhabitant of soil organic

matter (65, 104) and will sporulate freely on infested organic matter

following incorporation into the soil (66, p. 464). Sewell (97) ob-

served sporulation by V. albo-atrum on infested hop vine placed in

soil. Infection of the roots of tomato was evidently by spores.

Isaac (39) tested V. dahliae, V. albo-atrum, V. nigrescens,

V. tricorpus and V. nubilium for their saprophytic ability in soil.

Wheat grain inoculum was placed in a perforated tube in the center

of a fiat of soil and left for one year. The tube was carefully remov-

ed and the soil sampled for Verticillium by soil dilution (1:10, 000).

V. albo-atrum, V. dahliae, andV. tricorpus were distributed very

sparsely in the soil, being restricted to the soil immediately adjacent

to the tube. V. nubilium and V. nigrescens moved 1 1/2. inches and

2 1/2 inches respectively. Then 3 1/2-inch and 8-inch-diameter

glass cylinders were pressed into the' soil, being centered over the

original source of inoculum. Tomatoes were planted within the two
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concentric rings and only those within the center 3 l /2-inch cylinder

yielded Verticilliun-i (all species caused disease).

Plant materials added to soil undergo a microbiological

ecological succession because of a chemical succession created by

selective exhaustion of the substrates (10, p. 131; 63). Thewater

soluble fraction (soluble carbohydrates) is rapidly utilized, followed

by hemicelluloses, celluloses, and finally the lignins. The final

product is the amorphous humus of the soil. The nitrogenous mater-

ials are usually not lost but are converted from plant protein to micro-

bial protein (10, p. 138). The carbon is lost as carbon dioxide. The

nitrogen content of the residues and soil solution determine the rate

and completeness of decomposition.

Menzies (69, p. 106) mentioned that "non-infested organic

residues incorporated into soil will favor the increase in inoculum

potential only if the organism can compete saprophytically for its

share of this potential food base". Menzies (69, p. 110) expressed

the view that "active saprophytism is more important for prolonged

survival than resting structures, because even the most durable

spore or scierotium is subject to destruction by numerous factors".

The survival of V. dahliae as a commensal organism associ-

ated with plant roots has not been demonstrated. Comrnensal sur-

vival of plant pathogens remains to be explored.
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The plant root growing through soil has a very definite effect

on the biological environment. The root exudes certain nutrient and

stimulatory compounds that overcome the fungistatic effect of soil

on fungus spores, break dormancy in other resting bodies, and

exert chemotactile effects on hyphae and motile zoospores (2, 16,

49, 100, 101, 102, 136). The compounds identified as excretions

from roots are numerous. Borner (5) has indexed many of the

known root exudates. Amino acids and sugars are the most common

components of root exudates and are the compounds generally impli-

cated as the stimulants for germination of plant pathogens. Schreiber

and Green (100) found that the amino acid fraction from tomato and

wheat roots stimulated V. albo-atrum (V. dahliae) microscierotia

to germinate.

The general stimulation of microbial activity around the root

gives rise to a qualitatively and quantitatively distinct microflora.

The interface between soil and the root is named the rhizoplane and

surrounding soil influenced by the root is termed the rhizosphere.

The activity of many microorganisms is based upon certain growth

requirements being furnished by plant roots, Sewell (97) observed

sporulation of V. albo-atrum from infected residue pieces and in-

fected roots within the rhizosphere. Verticillium was the first

visible sporing colonizer of the roots.
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V. dahliae penetrates root tips by purely mechanical means

(36; 77, p. 66). Wounds are not necessary (36) but the fungus takes

advantage of wounds, especially wounds made by the emergence of

adventitious roots, insects, and tillage operations (77, p. 66).

Knowledge of the biology of V. dahliae in soil is very incom

plete and certainly warrants further study.



METHODS AND MATERIALS

SOIL

One lot of a Chehalis sandy loam top soil was used in nearly

all experiments. The soil was screened, then stored in15-Z5

gallon galvanized garbage cans.

Soil required for anexperiment was moistened for seven to 14

days to establish biological stability. Soil moisture was calculated

on an oven-dry weight basis. Moisture tension determinations for the

Chehalis sandy loam soil were made by Dr. L. Boersma, Soils

Department and were as follows: 0.10 atmospheres, 40.78%; 0.30

atmospheres, 31. 03%; 1.00 atmosphere, 19.13%; 2.00 atmospheres,

15. 15%; 5.00 atmospheres, 13. 82%; 15.00 atmospheres, 11. 13%.

A moisture tension of 0.30 atmospheres approximated field capacity.

The soil pH was 6.3.

Field capacity was approximated on other soils by a quick

laboratory procedure. Dry or nearly dry soil was poured into one-

inch diameter glass tubing plugged on the opposite end by a fine mesh

wire screen supported on a one hole rubber stopper. The soil was

compacted by tapping the column several times on a solid surface.

Water added to the top of the upright column was allowed to diffuse

through the soil until the advancing water front moved very slowly.

50
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This normally occurred after 30 to 60 minutes. The moisture

content of the soil just behind the water front was near field capac

ity. For mineral soils data from this procedure have correlated

well with 0. 3 atmospheres on the pressure membrane.

INOC ULUM

Three isolates of V. dahliae were included in this study. Two

were.isolated from severely diseased peppermint plants and one from

Portulaca oleracea L. growing .in a field with wilt diseased potato

plants. All isolates were maintained by mass transfers on potato

dextrose agar (PDA) and all produced numerous microsclerotia on

PDA.

Cellophane tray inoculum was prepared in the manner describ-

ed by Nadakavukaren (73, p. 14). For small quantities of inoculum,

V. dahliae was grown on cellophane over PDA in sterile petri dishes.

Attempts to separate microscierotia from associated hyphae and

spores were generally unsuccessful. The hyphae and spores were

lysed to a gummy mass after soaking for 17 hours in 0. 125% NaOH,

yet, the microscierotia were intact and would germinate.

Individual rnicrosclerotia were obtained from the tray inoculum

by blending the microscierotial masses, picking out single micro-

scierotia and transferring them through several sterilewater washings.
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During cool moist weather V. dahliae forms microsclerotia

readily within the pith and cortex of infected peppermint stems fol-

lowing death of the plant. Stems with many microsclerotia are

usually silver gray in color in contrast to brown normal stems. In

the Willamette Valley, dead stems will form microsclerotia by

August, but best microsclerotial yields are obtained after November.

A procedure was devised for separating microscierotia from pepper-

mint stems, Dry stems were dry-chopped in a Waring Blendor for

one to two minutes, then fractionated into different sizes by dry

sieving. The fraction passing through the smallest screen (200

mesh) contained a high yield of individual microsclerotia. Material

passing the 200 mesh screen contained one to 10 million microsclero-

tia/g dry matter, determined by visual counts and dilution assays on

ethanol-streptomycin agar.

Microscierotial inoculum was obtained also from autoclaved

barley straw seeded with V. dahliae. Numerous rnicrosclerotia

formed on the surface of the straw after about two months. The

straw was dried, placed in a series of Tyler Standard sieves, then

shaken violently for nearly 20 minutes, Microsclerotia and conidia

were separated from the straw and collected beneath the 200 mesh

sieve. The microsclerotial fraction was suspended in a mild deter-

gent solution, larger microsclerotia allowed to settle out, and the
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conidia and small rnicrosclerotia decanted off the top. Repeating

this procedure several times greatly reduced the ratio of conidia to

microsclerotja.

ASSAY PROCEDURES

Stern Assays. Sterns were tested for the presence of V. dahliae

by sterile isolation procedures. Stern segments with one node were

surface sterilized in a 1. 05% sodium hypochiorite solution for two

minutes. Adding a "pinch" of commercial household detergent to the

sterilant helped break surface tension on the stems. Following sur-

face sterilization, stems were cut into 1/8 inch segments with a

sterile razor blade, and cultured on PDA amended with 100 ppm

streptomycin sulfate.

Soil Population Assays. Soil populations of V. dahliae were

determined by soil dilution plate assays using a modification of

Nadakavukaren and Homer's (74) ethanol-streptornycin agar (ESA).

A 1% water agar:was autoclave sterilized and coo1edto40C ma

temperature controlled water bath. Sixteen ml of 47. 5% ethanol con-

taining 6250 ppm streptomycin sulfate were added/liter of agar just

prior to plating.

The soil samples were suspended in sterile distilled water,

then an equal volume of 1% sodium carboxymethyl cellulose was
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added to increase the viscosity of the diluent. All serial dilutions

were made into sterile distilled water. The rate of dilution was de-

pendent upon sample size, expected population of Verticillium, and

voluthe of ESA used. Generally, 100 ml of ESA will enumerate V.

dahliae from 0.01 to 0.02 gm of mineral soil and in certain cases,

0. 05 gm of soil can be extended in 1 00 ml of ESA. Attempts were

made to keep the actual plate counts of V. dahliae above 30 per repli-

cation. The soil population of V. dahliae was expressed as viable

propagules per gram (oven-dry weight).

Root Assays. Roots from plants growing in infested soil were

thoroughly washed in tap water and taken to the laboratory for further

processing. The stem was removed, and the taproot, if quite large,

was removed also. While floating on the surface of clean tap water,

small bits of soil organic matter were picked from the roots. The

roots were placed into 500 ml erlenmyer flasks and the flasks placed

so that small jets of tap water were directed down into the flasks.

Electrical condiiit drilled with small holes and connected to the cold

water tap served as the manifold of water jets required for this pro-

cedure. Roots were washed in this manner for 18 to 24 hours, then

cut into small pieces, and dispersed mESA poured into sterile petri

dishes. In certain experiments, a portion of the root system received

a two minute surface sterilization in 0. 525% sodium hypochlorite prior
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Isolation of V. dahliae from residue pieces will be discussed

in the next section.

PROCEDURE FOR CROP RESIDUE ASSAYS

55

Stems of the following plants were collected: alfalfa past full

bloom, pigweed (Amaranthus retroflexus L.) fully matured, mon.-

bund peppermint, and oat and barley as standing straw (grain not

harvested). All leaves were removed from the stems and the stems

were dried at 80°C for two to three hours. The stems were chopped

in a Wiley mill equipped with a 20 mesh screen, then screened on a

42 mesh Tyler Standard sieve to remove pieces smaller than 0.3 51 mm.

Dry soil was screened through a 48 mesh Tyler Standard sieve

(0. 295 mm opening) to remove the larger particles. The sotl was

moistened for several weeks, then infested with Verticillium inoculum

that had passed a 200 mesh Tyler Standard sieve. All infested soils

were mixed thoroughly in a cement mixer. The crop residues were

mixed into the soil at a 1000 ppm (one ton pen acre) rate (w/w) using

a twin shell V blender. The amended soil was divided into 50 g

portions which were maintained near field capacity in 125 ml erlen-

myer flasks. Periodically flasks were weighed and the moisture

content returned to field capacity. Moisture loss never exceeded 5%.
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During the experiments soils were exposed to room temperatures.

To study the survival of V. dahliae in soil without residues, non-

amended controls were normally included.

Periodically the contents of several, flasks were assayed for

total number of crop resid,ie pieces invaded by V. dahliae and for the

population of the organism in the soil. Each flask compriseda repli-

cation. The soil was washed from the flask onto a 42 mesh Tyler

Standard sieve. The soil passed through the screen but residue

pieces were retained. Soil adhering to the residue pieces was re-

moved by rubbing them over the sieve and washing. All the soil and

washwater was collected in a three liter erlenmyer flask ,calibrated

for three liters. Soil dilutions were made directly from this flask

into ESA medium.

The residue pieces were further washed under a water faucet

while being rubbed with fingertips, then were transfered to a special

washing chamber. The chamber was stiff polyethylene tubing 3/4

inch OD by three inches long with a 48 mesh stainless steel screen

heat welded onto one end of the tubing.

While inthe washing chamber, the residue pieces were soaked

in a 0. 1% detergent solution for nearly five minutes. Then, the open

end of the washing chamber was slipped over a hose adapter ona

cold water faucet. The adapter directed a jet of water into the
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chamber resulting in a very turbulent washing action. After five to

ten minutes the residue pieces were washed with a minimum of dis-

tilled water into a flask of melted ESA and poured into petri plates.

Counts were made on total stem pieces and total pieces invaded by

V. dahliae.

FUNGISTASIS TESTS

Procedures outlined by Lockwood (59) were modified and used

in many of the tests for fungistasis. Twenty ml. of 2% sterile water

agar were poured into sterile ten cm diameter petri dishes and allow-

edto solidify on alevel surface. Cellophane sheets one mu thick

were boiled to remove any coating materials, then autoclaved. The

cellophane was placed over the agar, overlapping the edges of the

petri dish. Moist screened soil was placed on the cellophane and the

plate was maintained at room temperature. After 24 or more hours,

the cellophane and soil were removed and the test fungus was seeded

on the agar. The percentage of germination on this agar was corn-

pared with the germination on agar covered with cellophane and no

soil, and on agar covered with cellophane and autoclaved soil.

With another method, ten ml of 5% sterilewater agar were

allowed to solidify in a ten cm diameter petri plate. The agar sur.-

face was seeded with a test fungus. Strips of agar approximately
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1/2 inch wide were transferred to boiled, autoclaved nylon tubing

one inchwide with a one mu wall thickness. The nylon tubingwas

autoclavable and water permeable (purchased from Sierra

Engineering Company, Sierra Madre, California). The ends of the

tubing were heat sealed with a small soldering iron. These small

sealed packets were buried in moist soil. The soil was held at

3-5°C for six to eight hours then returned quickly to room tempera-

ture. The nylon packets were washed and spore germination counts

were made by microscopic observation through the transparent nylon

film.

Instead of seeding the agar before exposure to soil, the fungi-

static agar could be removed from the nylon film packets and tested

by seeding after soil exposure. The latter modification, however,

was very susceptible to contamination.

CULTURE OF GERM FREE PLANTS

Germ free plants were cultured and used for root exudate

experiments. Seeds were surface sterilized in 0.5% sodium hypo-

chlorite with a small amount of household detergent, rinsed in ster-

ile distilled water, then germinated on the surface of FDA in one

inch test tubes. The PDA usually contained only 0.75 to 1% agar.

Any contamj.nated seedlings were discarded. The apparently healthy



59

seedlings were washed for three to five minutes in a sterile nutrient

broth consisting of : 15 g Bacto yeast extract, five g Bacto proteose

peptone No. 3, ten g dextrose, two g KH2PO4, and 1000 ml distilled

water. The seedlings were rinsed twice indistilled water then trans-

ferred to a 5/8 strength Knops agar. Many seedlings that showed no

contamination on PDA, contaminated the nutrient broth during the

washing procedure. Seven to ten days were allowed for contamination

to appear and nearly all contamination was bacterial. Seedlings caus-

ing this contamination were dscarded. The 5/8 Knops agar consisted

of: 0.50 g Ca(NO3)2 4H20, 0.125 g KNO3, 0.125 g KH2PO4,

0.125 g MgSO4 7H20, 0. 0Q6 g Fe(NO3)3 9H20, 0.6 ml A-Z minor

element solution, 7.5 g Bacto agar, and 1000 ml distilled water.

Peppermint rarely produces viable seed so germ free plants

were obtained from vegetative tissue. Experimentation showed that

axillary buds produced more vigorous, germ free plants than stem

apices, and runner tips. Stem nodes 1/16 to 1/8 inch long were sur-

face sterilized and rinsed by the procedure used for seeds (above)

and were placed on 5/8 strength Knops agar amended with one mg

napthaleneacetic acid, one mg thiamine .HC1, and 40 g glucose/bOO ml

of medium. Approximately 5% of the nodes produced germ free plants.

Better results were obtained when the mother block from which the

nodes were taken was sprayed to runoff two days prior with a 1000
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ppm streptomycin sulfate and 1000 ppm captan N-trichloromethylthio

tetrahydrophthalimide) suspension. Eighty95% of these nodes pro-

duced germ free plants. After roots and leaves developed on plants,

determinative tests were made for sterility and all transfers were

made into nonamended 5/8 strengthKnops agar.

All plants were grown under supplemental lighting from six

warm white and two cool white 40 watt fluorescent lamps. A common

contaminant of peppermint plants was an unidentified rod bacterium

that produced a yellow slimy colony. Mint plants grew better when

associated with this contaminant than when they were germ free.

Cuttings were taken from germ free plants for propagative pur-

poses. Each successive generation was less vigorous until after

about three generations the cuttings died. Inorganic nutrient balance

and pH did not account for degeneration of the stock.

COLLECTION OF ROOT EXUDATES

An apparatus was built to collect the root exudates from germ

free plants. The first system was modified slightly, thus, the last

modification will be presented. A semi-schematic drawing illustrates

the system (Fig. 1). The system had four basic components: 1) reg-

ulated sterile air source, ) growth chamber, 3) nutrient solution

reservoir, and 4) air outlet-internal pressure regulator. Each
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FIGURE 1. Semi-schematic diagram of n apparatus designed for the collection of root exudates from germ free plants
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component will be described and its function discussed.

The regulated sterile air source. Compressed air from a

piston type aquarium pump (A) was filtered through cotton (B) to re-

move dust particles and was directed into the manifold (C). One out-

let (D) from the manifold was connected by rubber tubing to eight mm

glass tubing (E) extending 36-48 inches into water (F). Air pressure

in the manifold (C) forced the water down in the glass tubing (E) and

the inches of water displaced was a measure of the pressure in the

manifold, If all the water in the glass tubing (E) was displaced, the

air would bubble out and regulate the manifold air pressure. Another

outlet (G) was connected to a solenoid valve (H) which released all

the air from the manifold (C) when electrically activated by a timer

(I). All other outlets from the manifold were connected by rubber

tubing to Swinny filter adapters each containing a 0. 45 micron

Millipore filter, 1/2 inch diameter. The Millipore filters sterilized

the air and regulated the air flow through each Swinny adapter. With

a constant pressure head, the air flow varied less than ±10% between

different filters in repeated tests.

Growth chamber. The growth chambers were constructed of

two 65 mm 500 mm Pyrex glass test tubes (L) joined on the open

ends and secured with plastic electrical tape (M). In an upright

position, the six mm OD glass tubulation at the top (N) led to the air
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outlet-internal pressure regulator system. An 8mm OD glass

tubulation projecting to the side (0) was the air inlet to the chamber.

The chamber was subtended with an 8 mm OD glass tubulation (P)

with a five ml bulb. The opening from the chambers (L) into the low-

er tubulation (P) was screened by a 1/4 inch diameter piece of 48

mesh stainless steel screen. A short length of 1/8 inch Tygon tubing

(Q) was heat welded to the screen and extended into the glass tubula-

tion (P) to center the screen over the opening. The screen prevented

the downward movement of the acid-washed white builders sand (R),

which was previously wet-screened on a 28 mesh Tyler Standard

sieve to remove all small particles. The tubulation (P) was connect -

ed to the nutrient Solution reservoir by 3/8 inch OD tygon tubing (S)

and extended downward to a point at least 12 inches below the surface

of the sand (R).

Nutrient solution reservoir. The nutrient solution was contain-

ed in a Pyrex filter tube (T) 42 mm ID x 160 mm total length. The

tubulation on the filter tube connected with the Tygon tubing (5). The

large open end of the filter tube was capped with a flexible, autoclav-

able nylon bag (U), three inches x nine inches, two mils thick (Source:

Sierra Engineering Company, Sierra Madre, California). The nylon

bag was fastened to the filter tube with plastic electrical tape.

Air outlet-internal pressure regulator. This simple component
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consisted of 6 mm glass tubing (V) connected to the growth chamber

by rubber tubing and extended downward 10 inches into water (W).

Operation of apparatus. When in operation, sterile air from

the Swinny adapter K) aerated the plant rooted in sand (R). The out-

lets for the air were obstructed by the nutrient solution in the sand,

and water (W) at the air outlet which created a positive pressure

within the growth chamber. The positive pressure forced the nutri...

ent solution out of the sand and up into the nutrient solution reser-

voir. The flexible nylon bag (U) acted as a Illungi? and expanded to

compensate for the air displaced in the filter tube (T) by the nutrient

solution. The positive pressure in the growth chamber also displaced

the water in the outlet tube (V). When an internal pressure of ten

inches of water was reached in the growth chamber, the air escaped

from the tip of the tubing (V), thus the tubing acted as an internal

pressure regulator. The ten inches of pressure maintained within

the chamber kept the excess nutrient solution out of the sand which

permitted aeration of the plant roots. Periodically the timer (I)

would activate the solenoid (H) and release the air pressure from

the manifojd (C). The internal air pressure within the growth chatn-

ber gradually decreased when the air passed back through the Swinny

filter adapter () into the manifold. The nutrient solution returned

to the sand (R) under the influence of gravity and bathed the plant
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roots. The solenoid was activated for 7 1/2 minutes every 45

minutes.

The nutrient solution accumulated root exudates and occasional-

ly nutrient solutions were changed. To drain the system, the nutrient

solution reservoir was lowered and all the nutrient solution in the

system, except that still wetting the sand drained into it. The tubing

(S) connected to the filter tube (T) was surface sterilized with alcohol

then the filter tube with contents was removed. Immediately another

reservoir system with fresh sterile nutrient solution was joined to

the tubing (S). A sample of the old nutrient solution was added to

nutrient broth to determine the sterility of the solution and exudates

collected.

All components inside the dotted line (X) in Figure 1 were

autoclave-sterilized inside autoclavable nylon tubing or brown paper.

Assembly of the unit under aseptic conditions in a transfer room

usually resulted in 50% or more of the units being contaminated

Contamination problems were eliminated when the apparatus was

assembled inside a flexible film, sterile glove isolator, but the pera-

cetic acid used as the stérilant for the isolator was very toxic to

peppermint. Wheat was not seriously affected by residual peracetic

acid or its breakdown products.

Twelve growth chambers were operated at one time from the
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manifold (C) and all used one container of water (W) to maintain the

pressure within the system. The growth chambers were aligned in

a row and supplemental lightiiag was provided with 12 warm white and

four cool white 40 watt fluorescent lamps arranged along each side

of the row of growth chambers. Sterile growth chambers could be

added or removed from the system without affecting the sterility or

operation of other units.

STATISTICAL ANALYSES

Statistical analyses were performed when appropriate and pos-.

sible. Li (56) and Bryant (9) were used as references, however,

Dr. D. R. Jensen, Assistant Professor of Statistics, Oregon State

University, was consulted frequently for advice and guidance, and

this help was greatly appreciated. Significance was established at a

probability of 0. 95.



RESULTS

INOCULUM POTENTIAL OF MICROSCLEROTIA FROM STEMS

ln:fectedstem pieces are commonly used as inoculum for infest-.

ing soil. Microscierotia of V. dahliae obtained from naturally infect-

ed pepperpiint tem survived better in soil, than microscierotia

cultured on artificial media (34). Information was lacking, however,

on the n.imbr of these natural microsclerotia required in soil to

incite disease. The severity of wilt incited by V. dahliae in tomato,

potato, and peppermint is directly proportional to the inoculum poten-

tial and in b,zrn the irioculum density of the organism in soil. There-

fore, an experiment was performed to determine the amount of

natural inoculum required for disease when soil temperature was

controlled.

Weighed samples of microscierotial inoculum- were diluted in

sterile distilled wa.ter. Microscierotia from aliquots of the dilution

were collected on a Millipore filter and visual counts indicated ap-

proximately 5.75 million microsclerotia/g of inoculum. Soil was

infested on the basis of this visual count, however, assays on ESA

yielded only 3.93 million viable propagules/g of inoculum,

Inoculum was added to-26, 000 g portions of Chehalis sandy

loam soil at rates of 100, 316, 1,000, 3,162, and 10,000

67
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microsclerotia/g of soil and mixed in a cement mixer. While the

soil was blending, a 21-10-10 fertilizer mixture consisting of ammon-

ium sulfate, ammonium nitrate, potassium nitrate, and ammonium

phosphate was added at the rate of 560 ppm. Infested soils were

transferred to tared one quart wide-mouth Mason jars, 900 g of

soil/jar. One rooted mint cutting was planted/jar and the soil mois-

ture was adjusted to field capacity. The 28 jars of soil at each inoc-

ulum density were set into four controlled temperature tanks, seven

jars/tank, with each jar considered a replication. Seven noninfested

controls were included per tank. Soil temperatures of 15 ± 1. 5°C,

20 ± 1. 5°C, 25 ± 1. 5°C, and 30 ± 1. 5°C were maintained throughout

the experiment. The experiment was started on December 9 and

carried through the winter months, thus supplemental fluorescent

and incandescent lighting of 16 hour duration was supplied. Soil

moisture was determined by jar weight, considering an approximate

plant weight increase, and was readjusted to field capacity when mois-

ture tension neared one atmosphere.

On February 9, wilt symptoms were recorded, the green weight

of the stems was determined, and isolations were made from the

stems using streptomycin PDA and previously described sterile

techniques. Degree of symptom expression was based upon: 1 = no

symptoms, 2 = mild symptoms (assymetry of leaf formation on the

shoot apex), 3 moderate symptoms (downcurled, dying leaves),
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4 = severe symptoms (severe stunting of shoot, many dead leaves),

5 = dead plant. However, none of the plants died. The data

(Table 2) showed that disease severity was directly proportional to

TABLE 2. Severity of wilt symptoms on peppermint grown at four
soil temperatures in soil infested with V. dahliae micro-
sclerotia at five inoculum densities

a Average of 7 replications where severity of wilt was recorded

Temperature

(°C) 100

Inoculum Density
(microsclerotia/g)

316 1000 3162 10,000

15 10a 1.0 1.0 1.1 1.6 2.3

20 1.0 1.0 1.3 1.7 2.9 3.3

25 1.0 1.0 2.3 1.6 2.9 3.3

30 1.0 1.0 1.0 1.3 1.0 1.0

as: 1 - no symptoms, 2 - mild symptoms, 3 - moderate
symptoms, 4 - severe symptoms

Analysis of Variance

Source of Variation SS DF MS F F( 05)

Total 167.00 167

Temperature 25.01 3 8.33 18.11 2.68

Inoculum density 49.04 5 9.80 21.30 2.28

Interaction 27.35 15 1.82 3.96 1,77

Error 65.60 144 0.46
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the inoculum density, but that a significant temperature interaction

was involved. At 20° or 25°C, 316 to 1000 microsclerotia/g of soil

caused mild symptoms, but a considerably higher inoculum density

was required to cause disease at 150 C. Scarcely any disease ap

peared at 30°C. The analysis of variance of these data was applied

with some reservation and must be interpreted likewise because of

a lack of variation at the lower inoculum densities and the discrete

ness of symptom values.

The green weight of the stems was directly related to the soil

temperature, except at 30°C the growth was no different than at

25°C (Table 3). A reduction in green weight was associated with an

increase in inoculum density of V. dahliae only at 20° and 25°C,

This reduction occurred when moderate to severe symptoms appear

ed. Analysis of variance indicated highly significant temperature,

inoculum density, and inoculum density X temperature interaction

effects.

The extent of stem invasion by V. dahliae was determined by

isolating from the base, mid'-point, and tip of the main stem. Numer'

ical values were applied to the data to obtain some idea of the relative

extent of invasion (Table 4). An increase in inoculum density result

ed in a progressively higher invasion of the stem by V. dahliae. This

increase generally reflected the progressive invasion of a plant



TABLE 3. Green weight of peppermint stems grown at four soil
temperatures in soil infested with V. dahliae micro
scierotia at five inoculum densities

a Average of 7 replications; recorded in grams

Analysis of Variance

71

Temperature Inoculum Denity
(microsclerotia/g)

(°C) 0 100 316 1000 3162 10,000

15 7,9a 7,7 7,9 7.2 6.9

20 13.7 13.8 13.4 11.9 10.5 9,5

25 16.8 17,7 15.0 15,7 11.4 10.4

30 17.8 17.4 18.1 16.9 15.9 17.8

Source of Variation SS DF MS F F(
05)

Total 3130.80 167

Temperature 2170.92 3 723.64 205.58 2.68

Inoculum Density 251.86 5 50.37 14.31 2.28

Interaction 201.22 15 13.41 3.81 1.77

Error 506.80 144 3.52



TABLE 4. xtent of stem invasion by V. dahliae in peppermint
grown at four soil temperatu.res in soil infested with
microscierotia at five inoculum densities.

a Average value br 7 replications where extent of stem
invasion by V. dalzliae was enumerated as: 1 - absent,
2 - at base only, 3 - present at mid-point of stem,
4 - present in tip of plant

Analysis of Variance
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Temperature

(°C) 0

Inoculum Density
(microsclerotia/g)

100 316 1000 3162 10,000

1.0 1.1 1.1 2.4 3.0

20 1.0 2.0 2.7 3.0 3.1 3.0

25 1.0 1.4 3.7 2.4 3.6 3.6

30 1.0 1.0 1.0 1.3 2.0 2.0

Source of Variation SS DF MS F( 05)

Total 257.90 167

Temperature 48.57 3 16.19 23.13 2.68

Inoculum Density 79.69 5 15.94 22.77 Z. 28

Interaction 28.21 15 1.88 2.69 1.77

Error 101.43 144 0.70
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rather than an increasing number of plants infected. Infection was

greater at 20°C and 25°C than at 15°C and 30°C. Even though

symptoms failed tq appear at 30°C (Table 2), the pathogen invaded

the stems at higher inoculum densities (Table 4). An analysis of

variance indicated that inocul.um density, temperature, inoculum

density X temperature interaction effects were significant, however,

again the analyses should be interpreted with caution.

The symptom expression data and the isolation data were compar-

ed for the single plant replications to examine the interrelationships

of extent of invasion and disease severity (Table 5). Although four to

five stem segments, including at least one node, were plated V. dahliae

possibly escaped detection or: was killed by the surface sterilization

procedures in some instances. Moderate and severe symptoms occa-

sionally appeared even though the pathogen could not be isolated from

the tip of the stem. In many instances V. dahliae was present in the

stem tips, yet, symptoms did not appear. The plants were well

matured when harvested so the fungus possibly proliferated in ma-

tured stems where typical symptoms were never expressed.

Soil dilution plate assays were made of the population of V.

dahliae in soil originally infested with 10, 000 microsclerotia/g

(visual count). Five g soil samples were used and all samples were

diluted by a factor of 200. Data are presented in Table 6.
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a Number of individual plants showing the particular symptoms
when the stems are infected to certain points.

b No 'comparisons available.

TABLE 5 Relation of disease severity
by V. dahliae in peppermint

to extent of stem invasion
plants growü in infested

temperaturessoil maintained at four

Temperature Uppermost point
(°C) of stem infection

Symptoms
None Mild Moderate Severe

15 Absent b

Base 5 2
Mid-point 1. 1

Tip 2 3

20 Absent 8 -
Base 1 2
Mid-point 3 1 4
Tip 5 2 4

25 Absent 7 1 - -
Base 2 - - -
Mid-point 2 1 3 3
Tip 3 6 2 5

30 Absent 27 -
Base 3 -
Mid-point 1 - 1

Tip 3 -



aASS3Y of soil infested with 10, 000 microsclerotia/g; date
experiment was started.

b Average of 3 replications.
C Average of 7 replications.
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The original count of viable propagules was only 74% of the in-

festedIevels so all inoculum densities were lower than originally

established. Soil dilutions were not made at the other inoculum den-

sity levels during the course of the experiment. The population

study (Table 6) indicated that more than 60% of the propagules were

still viable after two months and the termination of the experiment.

Soil temperatures used did not greatly influence survival of V.

dahliae in soil.

This experiment demonstrated that soil should be infested with

natural microsclerotia at concentrations above 316 microsclerotia/g

TABLE 6. Population of. V. dahliae propagules in soil planted to
peppermint and maintained at specific temperatures.

Temperature Date of Sampling

(°C) Dec 9a Jan 16 Feb 15

15 7440b 5226c

20 7440 5647 4402

25 7440 5289 5284

30 7440 5466 4703
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and preferably above 1000/g. The soil temperature should be main

tamed between 20°C and 25°C to get greatest disease and V. dahliae

activity. These standards have proven useful in other studies with

the disease and for establishment of realistic and more natural

populations in soil.

SOIL FUNGISTASIS AND MICROSC LEROTIA GERMINATION

A widespread soil fungistatic factor has been shown to inhibit

germination of spores (59) and microsclerotia (100) of Verticillium.

The latter was reported after the work presented in this section was

completed. These data complement and extend the report of

Schreiber and Green (100).

The procedures of Lockwood (59) were used with a Chehalis

sandy loam soil as the source of the fungistatic factor. After one,

two, three, four, 5 1/2, and 6 1/2 days the cellophane and soil were

removed and 30 microsclerotia were placed on the agar surface. The

microscierotia were from a cellophane tray culture and were washed

several times in sterile distilled water. For two controls, 30 micro-

sclerotia were placed on agar never exposed to soil and 30 micro-

scierotia were placed on fresh agar, covered with sterile cellophane,

and soil was placed on the cellophane. Inthe latter control, the

cellophane and soil we're removed to count germination. Germination
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counts were made daily. The results are summarized in Table 7.

As the duration of soil exposure increased, fewer microsclerotia

germinatedthe first day after seeding, and the fungistatic effect

persisted in the agar for a longer time. Microsclerotia that never

were exposed to soil, formed many germ tubes symmetrically about

the propagule. Those seeded in agar exposed to soil for one day,

germinated by only a few germ tubes and usually unilaterally from a

TABLE 7. Germination of microsclerotia on agar previously
exposed to soil for various durations

Duration of Number of microscierotia out of 30 that germinated at
soil exposure daily intervals up to l0 days.

(days) 1 2 3 4 5 5j- 64 74 84 9- io4

0 30 30 30 -- - - - - - -

1 20 28 29 29 29 29 29 29

2 15 26 27 27 28 28 28

3 6 22 22 28 29 29

4 0 11 20 25 28

54 0 8 14

61 0 11

25 30 30

a Microscierotia seeded at 0 days and exposed continuously to
soil.

9 29

28 28

29 29

28 29

15 18

11 14
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microscierotiurn. With two or more days exposure to soil, the

microscierotia formed only one or two germ tubes and elongation of

the germ tubes was suppressed extremely. The one mil thick cello

phane membrane was penetrated by a few soil fungi within 5 1/2

days. This limited the duration that agar could be exposed to soil.

SOIL FUNGISTASIS AND MEMBRANE COMPOSITION

The rapid penetration of cellophane films by soil fungi suggest-

ed that other films may be better for soil fungistasis experiments.

Non-moistureproof cellophane with and without softeners, cellulose

acetate, and nylon (polycaprolactam) films were tested for resistance

to penetration by soil fungi, and permeability to soil fungistatic

agents. The films were autoclave sterilized between sheets of bond

paper, then laid over water agar in petri dishes and moist soil was

placed on the film. The film and soil was removed from three plates

daily and a sterile petri dish lid was put on the plate. One week

later the agar was observed for fungal contamination. The results

are included in Table 8.

In a separate experiment the films were autoclaved between

sheets of paper and the modified fungistasis test of Lockwoods (59)

was performed with each film type. Four replications were seeded

with V. dahliae conidia after one, two, three, and four days exposure
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of the agar to moist sandy loam soil. Agar in another set exposed

to soil for four days was seeded with conidia of Penicillium patulum

Bairiier. The level of fungistasis in the soil was lower than usual.

The results for germination of V. dahliae on agar exposed to soil for

three days are summarized in Table 8, and are representative of the

general response. Germination of?. patulum conidia was very low

on agar where 300 PUD-O and 300 PHD cellophanes separated the

soil and agar.

Cellulose acetate and nylon films resisted penetration by fungus

hyphae and passed the fungistatic principle. However, cellulose

acetate films wrinkled very badly when autoclaved and Ludlow Papers,

Inc., temporarily stopped production of Caplene nylon films.

FUNGISTASIS IN MINT SOILS AND NON-CROPPED SOILS

Fallow Chehalis sandy loam soil was screened and put into six-

inch clay pots. Five were left as moist fallow treatments and five

were planted with peppermint cuttings. The soils were sampled at

four different times, including soil closely associated with roots,

and tested for level of fungistasis by Lockwoodts (59) technique.

Washed individual microsclerotia were seeded on the agar. Germi-

nation of microscierotia was greatly inhibited by the fallow soils and

mint soils when compared to no soil and autoclaved soil controls.



TABLE 8. Characteristics, fungal penetration, and fungistasis permeability of ten manufactured films.

Film Supplier Softener Thickness Fungal Spore
(inches) Penetration Germination

300 PUD-0 Cellophane a E. I. duPont deNemours & Co. None .0010 5b

Clinton, Iowa

300 PHD Cellophane 10 0/ Glycerine .0010 3 64

300 Pd-62 Cellophane 14 % Glycerine .0010 3 67

450 PD-62 Cellophane 22 % Glycerine .0015 4 85

300 PD Cellophane 10 90 Glycerine .0010 2 48
8 %Urea

600 PD Cellophane 25 % Glycerine .0020 4 87

300 PSD Cellophane 13.5% Glycerine .0010 3 14
3. 5% Propylene Glycol

10 % Non-moistureproof
nitrocellulose

88 CA148 Cellulose Acetate E. I. duPont deNemours & Co. .0010 None in 12 days 29
Wilmington, Delaware

200 CA143 Cellulose Acetate .0020 None in 12 days 19

Caplene Nylon (Polyca- Ludlow Papers, Inc.
prolactam) Needham Heights 94, Mass. 7 .0015 None in 16 days 18

Control - No Film 97

a All cellophanes were non-moistureproof.
b Days for soil fungi to penetrate one of three replications.
c Percentage of V. dahliae conidia that germinated after 8 hr at 5°C and 16 hr at 25°C on agar exposed to film and soil for three days. 0
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Fallow soils and mint soils had approximately the same degree of

fungistasis.

FUNGISTASIS AND ROOT EXUDATES

V. dahliae microscierotia and conidia were susceptible to the

widespread fungistasisin soils, whichprobably is a major factor in

the passive survival of the organism in s0il. These quiescent struc-

tures undoubtedly germinate in the vicinity of host roots and root

exudates likely stimulate the germination process.

Root exudates were collected in sterile Knops nutrient solution

with the apparatus described previously. Samples were taken at two

week intervals. Three experiments will be discussed.

1. Concentrated peppermint exudates. Exudates collected

from peppermint between the second and fourth weeks of growth,

were concentrated under vacuum in a flash evaporator. An original

volume of 90 ml was reduced to 15 ml. A control of fresh Knops

solution was treated likewise. The concentrated samples were de-

salted in a mercury float electric desalter (PrecisionScientific,

Model 1930) at a potential of 47 volts. A drop in conductance within

the desalter cell from 12. 7 milliinhos to 4. 2 millimhos removed the

majority of the inorganic ions. The pH of the samples dropped
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considerably during the desalting process, and was adjusted to pH

5. 5 with dilute KOH.

Water agar exposed to natural soil and autoclaved soil for two

days by Lockwood's (59) cellophane technique, and water agar never

exposed to soil were used in the test. Conidia of V. dahliae were

sprayed on the surface of the agars and sterile non-moistureproof

cellophane (300 PIJD 0) was laid over them. Filter paper assay

discs, 1/2 inch diameter, were allowed to imbibe the desalted test

solutions or distilled water, then were placed on the cellophane over

the conidia. Three filter pads of each test solution were randomized

in the two petri dishes of each agar treatment. The plates were

held at 5°C for six hr, then exposed to room temperatures until ger-

mination counts were made (Table 9). On agar previously exposed

TABLE 9. Effect of peppermint root exudate on germination of
V. dahliae conidia.

a Numbers in the same row or column followed by the same
letter are not significantly different. Values are the aver-
ages for three replications where 100 conidia were observed
in each replication.

Previous Exposure Peppermint
Root Exudate

Knops
Solution

Distilled
Water

Natural soil 66a lOb 26b

Autoclaved soil 80a 79a 87a

No soil 52a 55a 80a
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to natural soil, peppermint root exudates significantly increased

spore germination when compared to desalted Knops solution or dis-

tilled water treatments. There were no significant differences in the

germination percentages of spores exposed to peppermint root exu-

dates, regardless of the past history of the agar medium. Spore

germination was significantly decreased on agar previously exposed

to natural soil, in the presence of desaltedKnops solution or dis-

tilled water, indicating a definite fungistatic effect.

2. Root exudates from a non-host. Wheat is not considered a

host of V. dahliae. Several experiments were performed to deter-

mine if wheat roots will also exude compounds that stimulate germi-

nation of V. dahliae conidia in a fungistatic environment. Root

exudates were collected from germ-free wheat plants four to six

weeks old, and germ free peppermint plants five to seven weeks old.

The root exudates were collected in Knops nutrient solution.

Ten ml samples of the following solutions were put into sepa-

rate test tubes containing 0. 2 Difco Bacto agar: 1) Knops nutrient

solution with wheat root exudates, 2) Knops nutr.ient solution with

peppermint root exudates, 3) Knops nutrient solution, 4) 2% glucose

solution, 5) 2% solution of Bacto Casamino acids, and 6) distilled

water. The agar mixtures were autoclaved, then poured into flat-

bottom petri dishes. The surface of the agar was seeded with conidia
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of V. dahliae. The agar:was cut into 3/4 inch discs, sealed into

nylon packets and handled as described in the previous chapter.

Three packets were made for each agar, each being a replication.

One hundred spores were observed in each packet. Spore germina..

tion data indicated a highievel of fungistasis in the soil. Only the

agars containing casamino acids, wheat root exudates, and pepper

mint root exudates showed any spore germination when exposed to

soil. The average germination percentages were 8. 0%, 3. 0%, and

0. 3% respectively. Spore germination ranged from 30% to 78% on

the agar pieces never exposed to soil. The agars containing organic

nutrients had the highest percentages. These data were incomplete,

but indicated that wheat roots also may exude compounds stimulatory

to V. dahliae. This suggested that a similar experiment be per.

formed.

3. Final root exudate experiment. Root exudates were collect-

ed from germ free wheat and peppermint plants. Wheat plants were

two weeks old and peppermint plants were three weeks old when put

into the exudate collection apparatus. The Knops nutrient solution

was changed at two week intervals for six weeks. The samples were

frozen immediately after collection. All samples were analyzed in

one fungistasis test, where exudates were incorporated into agar, as

in the previous experiment. The agar was put into nylon packets,
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exposed to soil for two days, removed from the packets, then assay

ed for fungistasis. Many of the agar blocks were contaminated by

bacteria during the procedure so only the data for exudates collected

during the second two week period are included in Table 10. By

TABLE 10. Percentage germination of conidia of V. dahliae on
agars containing root exudates and exposed to soil
fungistatic factors

Exudate Soil No Soil
Incorporated Contact Contact

Wheat #1 76 a 93 a

Wheat #2 53 a 92 a

Wheat #3 55 a 94 a

a Significant from distilled water controls.

paired comparison analyses (9, p. 90; 56, p. 408) of the binomial

populations, conidial germination was significantly higher on all the

agars containing wheat exudates when compared to the Knops nutri-

ent solution and distilled water controls.

Peppermint #1 48 74

Peppermint #2 50 55

Knops nutrient solution 41 88 a

Distilled water 40 67



PARASITIC, NON-PATHOGENIC SURVIVAL

Crop rotation practices have failed repeatedly to control Verti-

cillium wilt diseases of plants. When investigated, many supposedly

nonhost crop and weed plants involved in rotations have been infected

by V. -dahliae without disease symptoms and were implicated in the

survival mechanisms of the pathogen. The range of plants that are

susceptible to infection by V. dahliae has received little attention.

In the previous section, the data indicated thatwheat roots exuded

materials which induced V. dahliae conidia to germinate in soil.

Wheat is considered immune to V. dahliae. Can a spore induced to

germinate by-wheat root exudates, infect the wheat roots? Several

experiments were performed to demonstrate root infection in non-

hosts by V. dahliae. A few typical experiments will be presented.

1. Investigations with crop plants. Microscierotia from mint

stems were mixed into Chehalis sandy loam soil at 1000 microscier-

otia/g of soil. This rate previously induced moderate disease symp-

toms in peppermint. Seeds or rooted cuttings-of 21 plant species

were planted in six-inch clay pots with three pots of one to four

plants for each species. Appropriate controls were planted in non-

infested soil. At about three, five, and seven week intervals, one

pot was harvested and isolations were made from the roots (see pre-

vious chapter for root isolation procedures). Half of each root

86
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system received the hypochlorite treatment. Number of petri

dishes containing roots infected with V. dahliae and the relative

amount of infection was recorded. Data for five week old plants is

presentedin Table 11. Of particular interest was the density of in-

fection on wheat, oat, and barley roots, even after surface steriliza-

tion. The hypochiorite treatment reduced the density of infection

greatly, indicating that many of the infections were probably super-

ficial. Many of the fine fibrous roots were completely sterile after

hypochiorite treatment.

In this and other experiments, the frequency and density of V.

dahliae infection increased with age of the plant. V. dahliae colonies

normally originated from the surface of the root, however, in older

roots colonies often arose from cut ends indicating possible vascular

invasion. Several times the cut ends of roots were associated with a

fan shaped distribution of small individual colonies of V. dahliae in

ESA agar. This suggested that spores were released into the agar

from roots cut prior to plating.

Verticilliutri was not detected on roots grown in noninfested

soil. The population of V. dahliae in the rhizosphere was determined

by soil dilution. Counts on the ESA medium ranged from 190 to 2955

propagules/g. The population of V. dahliae in infested fallow soil

had dropped to 433 propagules/g. In general, V. dahliae increased



TABLE 11. Frequency of isolation and intensity of Verticillium infection in roots of host and nonhost plants after five weeks when grown in
infested soil

a Percentage of either five or ten plates showing V. dahliae
b Based on: -, absent; + to ++++, increasing numbers of infections

Recovery of V. dahliae

Plant Species Common Name No Surface
Sterilization

Surface
Sterilized

Frequencya Intensity1' Frequencya Intensityb

Hosts:
Mentha piperita L. Peppermint 100 ±4++ 20 ++
M. crispa L. 100 ++++ 20 +
Beta vulgaris L. Red beet 100 ++++ 60 +
Lycopersicon esculentum

Mill. Tomato 100 +++ 20 +
Helianthus annuus L. Sunflower 100 +
Medicago sativa L. Alfalfa 100 ++ 0 -
Linum usitatissimum L. Flax 60 + 0
Raphanus sativus L. Radish 100 +++ 20 +
Sol-anum melongena L. Eggplant 100 +++ 20 +

Nonhosts:
Alliuni cepa L. Onion 100 + 0
Dactylis lomerata L. Orchard grass 100 +++ 0 -
Pisuni sativum L. Pea 20 + 0
Anethum graveolens L. Dill 80 +++ 0 -
Triticum aestivum L. Wheat 100 ++++ 100 ++

orghum vulare Pers. Sorghum 60 ++ 60 +

Avena sativa L. Oats 100 -i-H-+ 100 ++

ZeamaysL. Corn 20 + 20 +
Daucus carota L. Carrot 100 ++ 0 -
Hordeum vulgare L. Barley 100 -H-+ 100 ++
Phaseolus ru1karis L. Bean 80 + 0 -
Poapratensis L. Bluegrass 0 - 0 -
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in the rhizosphere of most plant species. Large increases were

found in rhizospheres of wheat and oats.

Formation of microscierotia in roots. In a subsequent

similar experiment, several plants each of wheat, bush bean, flax,

dill, groundsel (Senecio vulgaris L.), and yellow mustard (Brassica

campestris L. ) were grown to maturity and death. The dead plants

were kept at 60-70°F and the soil was periodically moistened. After

approximately three months, the dead stems and roots were washed

and examined under a dissecting microscope. Microscierotia had

formed profusely in the stems and roots of yellow mustard and

groundsel. Microscierotia were formed in the roots only of wheat,

flax, and bush bean. The microscierotia were teased out with a

needle and plated on streptomycin FDA. V. dahliae morphologically

identical to the inoculurn strain grew from all microscierotia. In

associationwithDr. G.E. Homer, the cultures were increased and

used to root-dip inoculate peppermint cuttings. All isolates were

pathogenic to peppermint.

Contamination of roots while washing. In an experiment

similar to #1 above, the roots of plants growing in infested soil were

washed initially in 200 ml tap water. The water was pouredthrough

a 28 mesh sieve then used for the initial five minute washing of plant

roots from noninfested soil. Then these roots were washed and



90

plated by normal procedures. None of six species grown in non

infested soil yielded V. dahliae after this treatment.

4. Efficiency of the sodium hypochiorite treatment. Two ex-

periments were performed to test the effectiveness of sodiu,m hypo-

chlorite for killing V. dahliae propagules in soil. The soils used in

both experiments had been infested with natural microscierotia from

stems and kept moist for extended periods. Two and ten g samples

of the soils were suspended in 100 ml of 0.5% and 0.3% sodium car-

boxymethyl cellulose solutions respectively.

In the first experiment, one ml of soil suspension contained

0. 02 g of infested soil. One ml of the soil suspension was added to

nine ml of 0. 58% sodium hypochiorite solution in a test tube and

agitated frequently. After 60, 120, 180, and 300 seconds, the mix-

tures were filtered within two seconds, through a 5. 0 micron porosity

Millipore filter. The test tube, filter pad, and filter assembly were

immediately rinsed and flushed with large quantities of sterile dis-

tilled water. Three replications were made at each time interval

and two replications were made of a control which consisted of nine

ml of distilled water instead of the sterilant. The filter discs were

placed into melted ESA medium held at 41 °C and agitated vigorously

before pouring into sterile petri dishes. Most of the V. dahliae

propagules were washed from the filter disc and suspended in the



Time Viable propagules

a Average of two replications; all other values are average of
three replications.
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agar. Results are presented in Table 12.

The second experiment was performed similarly except as

noted. One ml of soil suspension contained approximately 0. 1 g of

soil. The soil suspension was added to a test tube containing four ml

of distilled water, then five ml of a 1.05% sodium hypochlorite solu-

tion Was added. Three replicates were made of a water control and

time treatments of 60, 120, and 180 seconds. Data are included in

Table 12.

In both experiments the final mixture of soil and hypochiorite

contained 0.525% sodium hypochlorite. The hypochlorite treatment

TABLE 12. Viability of V. dahliae propagules in soil after exposure
to 0. 525% sodium hypochiorite solutions for different
time intervals

0 1515a 152.0

60 1.67 4.33

120 1.67 0.00

180 0.33 0.33

300 0.33

(seconds) Experiment 1 Experiment 2
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drastically reduced the viable propagules of V. dahliae after one

minute in both experiments. The exposure time for 100% kill was

never reached according to the data, however, a few survivors may

have escaped the treatment. In the first experiment the soil solution

was added by one ml pipet to the sterilant and due to the viscosity of

solution, had to be blown out. This caused splashing of droplets

towards the lip of the test tube that were never takeninto solution.

Technique in the second experiment avoided excessive splashing,

yet one colony appeared after three minutes exposure to the sterilant.

Any influence that sodium carboxymethyl cellulose had on the exper

iment was not determined.

Additional experiments performed with dry microscierotia

have shown that the rate of kill/unit time of exposure to hypochlorite

is usually less. The dry microscierotia are more resistant to hypo-

chlorite treatment. It is not known whether physical or physiological

factors, or error in procedure was involved in the resistance.

SAPROPHYTIC SURVIVAL

Potatoes grown in a field near Klamath Falls, Oregon, that

had been cropped to oats and barley for 10 years previously, showed

100% Verticillium wilt (65). Soil dilution plates revealed only 10-40

viable units of Verticilliurn/g of soil. Many of the colonies came
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from partly decomposed plant stem and root tissues. The origin of

colonies from stem tissues suggested that the saprophytic behavior

of V. dahliae in soil should be re-evaluated. A slight saprophytic

capability, coupled with long survival of microsclerotia, could help

to explain the high incidence of disease found in the potato cropafter

10 years rotation to nonhost crops.

A 50 g sample of the above soil was wet'sieved to remove

particles larger than 0. 59 mm (28 mesh) and smaller than 0. 30 mm

(48 mesh). The particles were rubbed briskly with the fingertips on

the 48 mesh sieve while washing with tap water. Mineral particles

were removed by sedimentation procedures. An estimated 500

organic matter particles were suspended mESA medium and poured

into sterile petri dishes. V. dahliae grew from ten of the partly de-

composed organic pieces. With this information, an experiment was

designed to inve stigate the parameters involved in saprophytic

colonization of organic matter by V. dahliae.

1. Colonization of different crop residues. Screened stem

pieces from barley, oat, peppermint, alfalfa, and pigweed were add-

ed to Chehalis sandy loam soil infested with 4113 V. dahliae propa-

gules/g. The inoculum was microsclerotia cultured onsterile barley

straw in the laboratory. After 8, 16, 30, 41, 72, and 176 days, all

the stem pieces in three flasks of amended soil were removed,
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washed and cultured for V. dahliae. Percentage of the stem pieces

invaded by V. dahliae was calculated from the total stem pieces in

three flasks and the total pieces invaded (Table 13), The total count

TABLE 13. Percentage of stem pieces invaded by V. dahliae after
six different exposure periods to soil infested with
V. dahliae

Stem NitrogenZ
Pieces (%)

Days exposure to soil

8 16 30 41 72 176

Barley 0. 18 1.35 b 0.80 a 0.65 a 0.62 a 0.45 a 0.42 a

Oat 0.17 0.57 a 1.05 a 1.00 a 1.16 a 0.64a 0.6Oab

Alfalfa 0.81 3.48c 4.20b 3.04b 2.86c 1.65b 1.l0bc

Pigweed 1.25 3.15 c 4.27 b 3.92bc 3.55 cd 2.69 c 1.12 C

Peppermint 0.58 3. 10 c 5.12 b 4.18 c 4.42 d 3.48 C 2.03 d

a Percentages calculated from total stem pieces from three
flasks; figures in a column that are followed by the same
letter are not different; figures in a series for one residue
with a common underline are not different.

z - Nitrogen determined by micro-K jeldahl method (35,
p. 643-644) in residues before soil exposure.

of stem pieces variedfrom 1544 to 6716/treatment. Because of this

uneven sample size, statistical analyses of the binomials weremade

by comparison of paired population means (56, p. 407). Rejection of

the hypothesis that any two means were equal established that the two

percentages were statistically different. Li (56, p. 409) notes that
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dissimilar sample sizes tend to favor acceptance of false hypotheses.

Possibly, then, some percentages were accepted as equal but actual-

ly were unequal. Stem pieces of all plaTlt species were invaded, but

alfalfa, pigweed, and peppermint stem pieces were invaded with

relatively greater frequency than barley and oat residues. Micro-

Kjeldahl analyses for nitrogen showed that alfalfa, pigweed, and

peppermint residues initially had a far greater nitrogen content than

oats and barley. The first samples showed that barley residue was

invaded by V. dahliae significantly more than was oat residue, but

later samples showed a general reversal. At 41 days, the V. dahliae

isolations from oat stern pieces were significantly higher than those

from barley. No differences were observed inthe yield of V. dahliae

from alfalfa, pigweed, or peppermint residues until 30 days exposure

to infested soil, when peppermint residues yielded a significantly

higher percentage of the fungus than did alfalfa stems. After almost

six months in the soil the stem pieces were still intact and V. dahliae

was cultured from about 2% of the peppermint stem pieces. Except

for barley residues, the greatest invasion of residue by V. dahliae

was demonstrated in the samples taken after 16 days exposure to soil.

Thereafter, the relative yield of V. dahliae generally declined. The

yields of V. dahliae from one residue were compared statistically

only to determine the values ina time sequence that probably were
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equal. A percentage observed at eight days was not compared to the

percentage observed at 176 days if bothwere significantly different

from a value at an intervening time.

The soil was assayed by ESA dilution plate methods to deter-

mine the population of V. dahliae associated with each residue.

Three replications of soil without added residues were included as

controls. Results are presented in Figure 2. The population of V.

dahliae decreased at a logarithmic rate for 41 days then the popula-

tion leveled off and possibly increased at 176 days. The population

of V dahliae in soils amended with residues was more erratic than

the population in control soils from one date to the next date.

The population of V dahhae dropped rapidly in pigweed amend-

ed soils, but leveled out and had the highest population of any soil

after 41 days. The populations of V. dahliae in various soils were

analyzed for significant differences between treatment populations on

a particular date. The "Short cuts to allowances" One-Way Classi-

fication prepared by R. F. Link and D. L. Wallace, Oregon State

University, Department of Statistjcs, was applied to the data. Sig-

nificant differences were obtained in the populations of V. dahliae

betweenparticular treatments on certaindates: 1) At eight days,

control and oat-amended soil populations were higher than pigweed-

amended soil populations. 2) At 16 days, the oat-amended soil
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population was higher than populations in control soil and pigweed

and peppermint-amended soils. 3) At 41 days, pigweed-amended

soil had more V. dahliae than alfalfa-amended soil.

Thirty five days after the experiment started, the buried stem

pieces from one flask of each residue-amended soil were removed

and washed. Thewashing chamber with stern pieces was placed into

a beaker of 0.525% sodium hypochiorite for exactly two minutes, then

regular washing procedures were continued. V. dahliae grew only

from one piece of barley tissue, however, the percentage of stem

pieces yielding fungal growth was less than 1% of the total.

Several times the stem pieces just removed from soil were

examined under a dissecting microscope for evidence of microscler-

otia. Generally, the residue was very dark. Typical spherical

microscierotia were never seen, although, dark aggregations of

cellswere occasionally observed and marked. Some of these pieces

yielded V. dahliae, but not often enough to warrant further study.

2. Residue invasion in presence of added soil nitrogen. Since

nitrogen content of the residue was associated with residue invasion

in the previous experiments, an experiment was performed to deter-

mine the effect of additional soil nitrogen on the saprophytic invasion

of organic residues by Verticillium. Chehalis sandy loam soil was

infested with natural microsclerotia from peppermint stems at 2280
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propagules/g. Barley, oat, peppermint, alfalfa, and pigweed stem

pieces were blended into separate lots of infested soil with 100 ppm

nitrogen added to the soil as granular KNO3. The same residues

blended into separate lots of infested soil without added nitrogen

functioned as a no nitrogen control and a repeat of the previous ex

per iment. Control soils without residues but with and without nitro

gen were included.

One flask of each residue treatment was moistened to field

capacity and immediately transferred to a 5°C room, The next day

stem pieces were removed and washed by normal procedures. Con-

tamination of stem pieces by V. dahliae was practically nil, so the

data from all ten flasks were combined to get a value suitable for

statistical comparisons. The combined samples yielded V. dahliae

from 0. 05% of the pieces (rate of one colony/2008 pieces). Only

2. 8% of the total stem pieces showed fungal growth after 20 days in

the ESA medium. The washing procedure evidently removed most

fungal contamination.

All the stem pieces from four flasks of each treatment were

removed, washed, and plated after 13, 2?, 58, and 75 days exposure

to inlested soil. As before, the percentage of stem pieces yieldLg V.

dahliae was calculated from total pieces and total successes in all
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four replications (Table 14). Total stem piece counts ranged from

1529 to 8554/treatment.

The addition of nitrogen to soil generally decreased the inva.

sion of barley, oat, alfalfa, and peppermint residues by V. dahliae

with the decrease being statistically significant in six of 16 instances.

Conversely, pigweed stem pieces were invaded by V. dahliae more

frequently in nitrogen amended soils than incontrol soils (Table 14).

Oddly enough, pigweed residue had the highest nitrogen content of

all residues (Table 13).

The relative ranking of residues for frequency of invasion was

the same in the nonfertilized soil as in the previous experiment

(Table 13). The addition of nitrogen changed the relative ranking for

pigweed and peppermint. Peppermint stem pieces in soil receiving

no nitrogen were invaded by V. dahliae at a much higher frequency

after 58 days soil exposure. This increased frequency of invasion

was consistent in all replications.

Invasion after 13 days was significantly greater than at zero

days for all residues. The yield of V. dahliae generally was highest

on residues exposed to soil for 13 to Z7 days. Thereafter, the yield

of V. dahliae declined with time. This correlated with the previous

experiment (Table 13).

The soil population of V. dahliae was determined fOr all



TABLE 14. Percentage of stem pieces from five plant species
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a Percentages in a column followed by same letter are not
different; percentages calculated from total pieces and
total pieces invaded by V. dahli.ae from four replications;
percentages for one residue with a common underline are
not different.

* - Percentages were significantly different from respective
nitrogen or no nitrogen treatment.

invaded by V.
to infested soils
fertilizer

dahliae after four periods of exposure
nitrogen fertilizer or nowith added

Days of Exposure
Stems

0 13 27 58 75

NO NITROGEN:

Barley 0.05 O.22a O.29a 0.50b* O.21a

Oats 0. 05 0. 48 b 0. 46 a 0. 23 a 0. 56 b

Alfalfa 0.05 3.19 c* 1.37 b 1.99 c l.29c*

Peppermint 0.05 4.02 c* 3.63 c 8.32 e4 3.07 d*

Pigweed 0.05 3.86 c* 5.86 d 3.58 d* 1.76 c

100 ppm NITROGEN ADDED TO SOIL:

Barley 0. 05 0. 29 a 0.21 a 0.22 a- 0.32 a

Oats 0.05 0.26 a 0.28 a 0.28 a 0.30 a

Alfalfa 0. 05 2.29 b* 1.23 b 1.63 b 0. 70b*

Peppermint 0. 05 2. 74b* 3.33 c 2.68 c* 1. 52c*

Pigweed 0.05 5.91 c* 5.41 d 4.61 d* 2.34.d
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treatments harvested l3.and 27 days after the start of the experi.-

ment. In addition, nonresidue-amended control soils were assayed

at the start of the experiment, then three, 13, 27, and 75 days later.

To aid in dilution, 500 ml of 1% sodium carboxymethyl cellulose were

added to the 3000 ml dilution flask. The variance associated with

the control soils for the zero and three-day dilutions was low, how-

ever, the samples taken at 13 and 27 days were extremely variable

(Table 15). Certain treatments showed large population increases,

but the replications were quite variable. Statistical analyses were

the short-cut procedures for allowances used before. When the soil

was infested, the soil and inoculum were blended in a cement mixer.

Thus, biological factors and not incomplete mixing, probably caused

the wide variation in soil population. The great increase in the soil

population of V. dahliae in the presence of pigweed residues and nitro-

gen possibly influenced or was a result of the increased invasion of

pigweed residues by V. dahliae in the presence of nitrogen (Table 14).

The data from this experiment and the previous experiment

established that V. dahliae was associated with the residue pieces in

soil. Some idea of the manner of association, superficial or deep

penetration, was desired. During the later stages of this experi-.

ment, stem pieces were removed from soil and subjected to 0. 525%

sodium hypochiorite for short time periods, hopeful of only a surface
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a - Populations are average of four replications expressed as
propagules/g of soil; values in a column that arefollowed
by the same letter are probably equal.

TABLE 15. Population of V. dahliae after different incubation
residues andtimes in soils containing stem piece

added nitrogen fertilizer or no fertilizer

Days of Incubation
Residue

0 3 13 27 75

NO NITROGEN ADDED:

None 2280 1750

Oat

Alfalfa

Barley

Pigweed

Peppermint

1265 a

950

1235 a

1820 ab

2475 b

2735 b

90 a

270a

405 a

1665 b

1595 b

1880 b

279

100 ppm NITROGEN ADDED:

None 2280 1810

Oat

Alfalfa

Barley

Pigweed

Peppermint

2315 bc

1155a

1595 ab

1660ab

2770 c

1870 abc

205 a

710a

395 a

340a

2020 b

240 a

39
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sterilization of the minute pieces.

Stem pieces were removed from two flasks of each treatment

combination after 59 days then treated in the hypochiorite solution

(containinga trace of household detergent) for exactly 1 1/2 minutes

while carried in the washing chamber. The stem pieces were washed

by a jet of tap water for five minutes immediately following hypo-

chlorite treatment, then cultured on ESA medium. Two more flasks

were processed by identical procedures, except that the sterilant

was a 2% aqueous solution of peracetic 3cid (Becco Chemical Divi-

sion, FMC Corp., Buffalo, N. Y.) containing 0. 1% household deter-.

gent. The data from the hypochlorite treatment are included in

Table 16. Peracetic acid completely sterilized all the stem pieces.

After 75 days exposure to infested soil, the residue pieces

from three replications of each treatment combination were treated

with hypochiorite as above, except, the treatment time was shortened

to one minute. The results are presented in Table 16. Also on this

same date, ground peppermint stems permeated with natural micro-

sclerotia, were screened to remove pieces larger than28mesh and

smaller than 48 mesh. The screened pieces were similar in size to

the residue pieces used above. These naturally infected pieces were

thoroughly washed while on the 48 mesh sieve, then divided into six

lots. Three lots were treated with hypochlorite for one minute, then



TABLE 16. Percentage of stem pieces exposed to infested soil that yielded V. dahliae and fungi after treatment with 0. 525% sodium hypochiorite
on two dates

NO NITROGEN ADDED:

a Total from two replications
b Total from three replications
C Total pieces that yielded V. dahliae
d Approximated
e Significantly different from nontreated control

0
U.'

Peppermint 1604 8.0 0. 43 7 2292 15.9 0. 43 10

Pigweed 2047 2. 7 0. 19 4 837 6. 3 0. 00 0

Alfalfa 1660 7.8 0.00 0 1408 11.2 0.00 0

Barley 3332 5.8 0.06 2 1528 12.0 0.13 2

Oat 1600 9.8 0.00 0 660 17.0 0.00 0

100 ppm NITROGEN ADDED TO SOIL:

Peppermint 1372 6.9 0. 14 2 1521 18.7 0. 39 6
Pigweed 2904 4. 1 0. 06 2 1614 5.9 0. 06 1

Alfalfa 2489 5.9 0.04 1 1960 13.5 0. 05 1

Barley 3257 6.0 0.03 1 768 12.8 0.00 0

Oat 1184 13.9 0.00 0 1540 16.0 0.06 1

Naturally infected mint hypoch1orite treated) 2189 27. 27e 597
Naturally infected mint (not treated) 1353 80 34. 15 462

59 day soil exposure with 1 1/2 minute 75 day soil exposure with one minute
Stem hypochlorite treatment hypochiorite treatment

Pieces Totala Percent Percent V. dahliaec Totalh Percent Percent V. dahliaec
Pieces Fungi V. dahliae Successes Pieces Fungi V. dahliae Successes
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washed as above; the other three lots were washed but were not

exposed to the sterilant. The results are included in Table 16.

The yields of V. dahliae from any of the hypochiorite treated

residues from soil were greatly reduced from the yields obtained

without sterilization (Table 14). Peppermint stem pieces yielded the

most V. dahliae. Although relatively large numbers of straw pieces

were involved, five to ten fold more were needed to obtain sufficient

isolation successes for analyses.

The hypochlorite treatment decidedly reduced the total number

of stem pieces yielding any fungi detectable on the ESA medium.

Fungi grew from essentially 100% of the washed stem pieces in pre-

vious trials.

Treatment of naturally infected peppermint stem tissue with

hypochiorite significantly reduced the percentage of pieces containing

viable V. dahliae, but not in proportion to the great reduction exper-

ienced with residues exposed to infested soil.

3. Invasion of NitrogenAmended Residues. In the previous

experiment, the addition of KNO3 to soil caused anomalous sapro-

phytic responses by V. dahliae. Yet, the rate at which residue pieces

were colonized still correlated with the nitrogen content of the resi-

due. This suggested a third experiment to test the effects of nitrogen

added to a low nitrogen residue. In addition, the soil in previous
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experiments was moistened for an extended period before V. dahliae

inoculum was added. Information was lacking on the saprophytic

behavior exhibited by the organism when dry soil is moistened.

Thus, in the third experiment, inoculum and residues were added to

wet and dry soils.

Individual lots of 0. 5 g of dry oat stem pieces were added to:

1) 10 ml water plus 0. 482 g K NO3, .) 1.0 ml water plus 0. 323 g

(NH4)2SO4, 3) 5. 15 ml water plus 4.85 ml acid hydrolyzed 10%

case in hydrolysate (Nutritional Biochemicals Corporation. Cleveland,

Ohio), 4)10 ml 0. 085 N KOH plus 0.485 g Difco casein, and 5)

1 0 ml 0. 085 N KOH. All solutions theoretically contained the same

amount of nitrogen and it was assumed that the pieces would imbibe

the same amount of solution/g of residue. Pieces remained in the

solutions for approximately two hours, then were removed and dried

at 60°C in a forced air oven. The total nitrogen content of each dried

residue was determined by micro-K jeldahi techniques (35, p. 643-

644). The nitrogen assay for oat straw amended with KNO3 was low

because the method was not suitable for nitrates. In view of the

eventual results, the nitrogen content of this residue was never re-

determined by alternate procedures.

These amended residues and nonamended oat, pigweed, and

peppermint residues were added to wet or dry soils infested with
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microscierotia from peppermint stems at the rate of 936 propa-

gules/g of soil. Soil used in this experiment was never used in pre-

vious Verticiflium research, so nonamended peppermint and oat

residues were added also to moist noninfested soil. The soil was a

coarse sandy loam with a field moisture capacity of 26. 3%. The

moist soil had a lower bulk density so tamping was required to com-

pact the moist soil to the same volume as dry soil. All soils were

moistened to and maintained near field capacity. Four single flask

replications of each residue treatment were made for each soil.

The stem pieces from all the flasks were processed at 15

days. The percentage of the residues colonized by V. dahliae was

calculated from total colonies observed on ll stem pieces in the

four replications (Table 17). A few residue pieces in noninfested

soils were colonized by V. dahliae. The cropping history of the soil

was unknown so the source of indigenous V. dahliae remains unex-

plained. The percent colonization of peppermint and oat stem pieces

was very low and probably induced little error into the experiment.

Pigweed stem pieces were invaded much less by V. dahliae if

the soil was infested in a dry condition. Moisture conditions prior

to infestation did not influence the invasion of the other residues by

the fungus.

Amendment of oat residue with nitrogenous compounds generally
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TABLE 17. Relative colonization by V. dahliae of stem pieces
amended and nonamended with various nitrogenous
compounds when exposed to two infested soils or a
noninfested soil for 15 days

a - Percent colonization of total stem pieces in four replica-
tions by V. dahliae; percentages in a column followed by
same letter are probably not different; percentages
joined by a line are probably different.

£ - Total nitrogen in residues determined by standard micro-
Kjeldahl procedures (35, p. 643-644).

g - Value is low as the particular micro-K jeldahi method was
not suitable for nitrate.

h - Soil was air-dried 10 days prior to infestation.

i - Soil was moist when Infested.

Residue
Nitrogen Nitrogen

Added (%)

Soil

Dryb
Infested

MoistMoisti Non-Infested Infe s ted

Pigweed None 1.25 2.58 a ---5.50 a

Peppermint None 0.58 3.12 a 3.21 b --- 0.11

Oat KOH only 0.17 0.99b 1.01 c

Oat None 0.17 0.37 cd 0.65 cd--0. 23

Oat CaseininKOH 2.12 0.56bc 0.44d

Oat Potassium nitrate 68g 0. 39 cd 0. 47 d

Oat Casein hyclrolysate 2.44 0. 17 d 0.31 de

Oat Ammoniurn sulfate 2.49 0.28 cd 0. 19 e
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decreased the rate of invasion by V. dahliae in soil infested in a

moist condition and no effects were observed in soil dried before

infesting. The mild KOH treatment of the straws, used as a con-

trol for casein treatment, increased the invasion of oat residue in

both soils, but significantly only in the previously dry soil. Invasion

by V. dahliae of nonamended oat, pigweed, and peppermint residues

was similar to previous experiments (Tables 13 and 14). Differen-

tial invasion of residues observed in all of these experiments prob-

ably was not related to nitrogen content of the residue.

4. Contact spread in soil. A large amount of organic matter

is returned to the soil each year and much of it is fresh uncolonized

plant tissue. Some of the tissue may contact concentrated sources

of V. dahliae and be subject to colonization by the fungus. Therefore

an experiment was performed to determine if Verticillium in natural-

ly infected stems could colonize adjacent fresh residues in soil.

Stem pieces of peppermint containing microsclerotia in the

pith were halved lengthwise and cut into one inch lengths. All the

pieces were checked under the dissecting microscope to confirm

that microscierotia were present. These infected pieces were joined

to two inch long pieces of noninfected stem pieces in an oven at 80°C

for two to three hours. The paired pieces were held together with

fine nylon thread wound spirally around them. The paired



combinations were the pith of infected peppermint against:

the epidermis of alfalfa stem
the pith of alfalfa stem
the epidermis of barley straw
the surface of the pith cavity in barley straw
the epidermis of oat straw
the surface of the pith cavity in oat straw
the epidermis of peppermint stems
the pith of peppermint.

Paired stem pieces were placed in Chehalis sandy loam soil

which was manipulated by two variables. The soil was either mois-

tened for 14 days prior or remained dry for that period, and soil

either received 100 ppm of nitrogen (by KNO3) or remained unfer-.

tilized. The combinations made four different soil treatments.

Three 8 inch x 12 inch x 4 inch deep plastic containers were filled

with each soil. Five each of the eight paired stem combinations were

randomized in each container. Thus, there were 12 containers with

40 paired stems in each container. The soil was moistened to field

capacity and maintained near this moisture jevel.

After six weeks, stems were removed from one container of

each soil type. The pairs were separated and all pieces were ob-

served with a dissecting microscope at 50 X magnification. The

results are enumerated:

1. The originally infested peppermint stem pieces had

ill
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formed many more micrsc1erotia while buried in soil.

Many microscierotia were formed at the interface

betweenthe infested and clean stem. These formed regardless of

the type of stem or soil treatment.

Microscierotia were rarely observed within barley

and oat stem tissue when epidermal tissue was exposed to massive

inoculum. When the surface of the pith cavitywas exposed to moe-

ulum, more microsclerotja were formed within the stem tissue, but

the number formed in oat and barley was iever as great as in

alfalfa or peppermint stems.

When portions of old leaf sheaths of oat and barley

were exposed to inoculum, the leaf sheath was often permeated

densely with microscierotia.

Microscierotia often formed within dead parenchyma

tissue of alfalfa and peppermint. More microscierotia formed with

alfalfa and peppermint tissue when the pith surface was exposed to

inoculum than when epiderrnal tissue was exposed.

Microscierotia formed on stems regardless of soil

moisture or nitrogen treatment but more microscierotia tended to

form on stems in soil that was not previously moistened.

Stem pieces from premoistened oi1 were very firm

and maintained their integrity when handled. Those from soil that
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was dry prior to experimentation, were very fragile and badly de-

composed.

8. Small hyaline segmented worms were seen several

times on the interface between the stem pairs. They were feeding

on the dead parenchyma tissue and microscierotia. Many micro-

scierotia were observed within the digestive tract of the animals.

The stem pieces from the above test were thoroughly washed

under a jet of tap water, segmented with a sterile razor blade, and

covered with ESA medium in petri dishes. The water wash removed

much of the highly decomposed tissue on the surface of the stem

pieces, including many microscierotia associated with epidermal

and pith tissues. V. dahliae grew from some segments, but many

other fungi were present also. All stem combinations and soil treat-

ments yielded similar data.

Stems from the remainder of the containers were washed then

macerated with water in an Onu-iimixer for ten seconds. The residue

was transferred to the washing chamber used in previous experi-

ments, and the pieces were washed for five minutes. The general

results were:

1. Very few V. dahliae colonies grew from stem pieces

in soil dried prior to experimentation. This probably was due to the

greater biological decomposition that occurred with stems in this
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soil and the antagonism associated with the decomposition process.

Peppermint sterns exposed to V. dahliae by pith

tissues were heavily invaded by the fungus when placed in soil that

was moistened prior to experimentation.

V. dahliae never grew from alfalfa stem fragments

when the epidermal tissues on the stem had been exposed to the

inoc ulum.

5. Soil microbiological sampling tube experiments. Soil

microbiological sampling tubes (SMST) developed by Mueller and

Durrell (72), supposedly detect actively growing fungi in soil.

SMST were handled according to procedures outlined by Mueller and

Durrell (72) and Martinson (64). Three 16-hole SMST were filled

with the following types of media: 1) 2% water agar, 2) agar #1 plus

100 ppm streptomycin, 3) agar #2 plus one ml ethanol added/l00 ml

medium after autoclaving, 4) agar #1 plus 67 ppm rose bengal, 5)

agar #1 plus 15% (v/v) peppermint root exudate (added either before

or after autoclaving), 6) agar #5 plus 100 ppm streptornycin, 7) PDA

plus 100 ppm streptornycin, 8) agar #1 plus 0.5% catechol, and 9)

corn meal agar plus 1 00 ppm streptomycin. The tubes were inserted

into Chehalis sandy loam soil infested with 5000 microsclerotia/g.

Soil moisture was maintained near field capacity. Tubes were re-

moved from the soil after five days and the samples were plated onto
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1/4 strength FDA plus 100 ppm streptomycin. V. dahliae grew from

two of the 48 total samples of agar #4 above. All other treatments

were negative.

Root exudates from peppermint were extensively studied in

another experiment using SMS but completely negative results were

obtained. Root exudates evidently did not stimulate V. dahiiae to

grow into the tubes. The exudates could have stimulated micro-

scierotial germination, but germ tubes probably were not attracted

to the source.

6. Reproduction in soil. The population of V. d3hliae fluctu-

ated greatly over a time period in the first and second experiments

in this section. The fluctuation might be attributed to sporulation of

V. dahliae on the residues. A simple experiment was performed to

determine if V. dahliae infected residue would produce easily detach-

able propagules.

Pieces of infected peppermint tissue containing microsclerotia

were thoroughly washed with tap water, while carried ona Z8 mesh

screen. After quick drying, 0. 3 g of these pieces was mixed into

five g lots of Chehalis sandy loam soil which was either amended or

nonamended with 200 ppm nitrogen NO3). Moisture was maintain-

ed at either 30% or 45%.

After four and 10 days, the soil was washed through a 48 mesh
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screen with 50 ml sterile distilled water. The infected residues

were neither agitated nor rubbed as they were held by the 48 mesh

screen. Fifty ml of 1% sodium carboxymethyl cellulose were added

to the soil and wash water. A 1:200 dilution aliquot was suspended

mESA medium Four soil samples were run for each spil treat-

ment and a zero day control was also included. Individual replica-

tions show (Table 18) some of the variation experienced between

samples. The residue pieces still released some propagules at

zero days even though they were thoroughly washed. After ten days,

certain replications showed large increases inthe number of water

detachable propagules that mayhave been produced on the surface

or within the residue pieces. This experiment did not prove sporula-

tion of residues, but suggested that sporulation may be a cause for

the increase of Verticilliurn in residue amended soil.



TABLE 18. Verticillium. propagules washed from 0. 3 g of
infected peppermint stem piecesplacedin 5 g of
soil

a 1:200 dilution values for individual replications.

b 200 ppm N as KNO3.
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Soil
Moisture

Nitrogen
Added 0

Days of Incubation
4 10

Control

30

30

45

45

Control

Yesb

No

Yes

No

30a
15

3
16

30 30
31
43

5

92
36
29
59

59
15
14

6

14
10
10
14

54
60
20

291

514
224
36

387

455
52
15
13

119
7

49
47



DISC USSION

The inoculum density of V. dahliae in soil had a definite influ-.

ence on the severity of the wilt disease in peppermint. A threshold

level of inoculum density was required before symptoms were ex-

pressed (Table 2), V. dahliae was demonstrated in the stem (Table 4),

and a loss in green weight was apparent (Table 3). Threshold levels

were dependent upon temperature since more inoculum was required

at 15°C and 30°C than at 20°C or at 25°C. When the threshold was

surpassed the severity of disease, extent of stem infection, and loss

in green weight were related directly to the inoculum density, and

were dependent on each other. The severity of disease was depend-

ent on the extent of stem invasion by V. dahliae (Table 5). Symptoms

appeared only when the fungus was present in the stem. A loss in

green weight occurred only with moderate to severe symptoms.

Toimsoff (108) clearly demonstrated similar disease responses

to inoculum density in Verticillium wilt of potato. Wilhelm (120,

122) found a direct relationship between inoculum density and inci-

dence of infection of tomato by V. albo-atrum (V. dahliae).

Nelson (77, p. 182) and Berry and Thomas (3) showed that

disease severity in peppermint was dependent on soil temperature.

Nelson reported an optimum temperature of 22°C. Berry and

Thomas indicated that symptoms initially were most severe at 25°C,

118
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then later at 20°C. The same time-temperature relationship was

observed in this experiment. Nelson, and Berry and Thomas demon-

strated a considerable amount of disease at 30°C, which was not

apparent in these tests, even at high inoculum densities (Table 3).

Roberts (92) removed older leaves and greatly reduced the number

of infectedtomato plants and the extent of Verticillium invasion with-

in the plant. This restriction was attributed to reduced carbohydrate

production. The disease severity and extent of infection in these

experiments was probably decreased likewise, as the experiment was

performed during the cloudy winter months and the supplemental

lighting was probably insufficient for good photosynthetic activity.

The reduced carbohydrate levels were probably more critical at the

soil temperature of 30°C, where peppermint growth was greatest

(Table 3). Disease-temperature interactions analogous to the results

with peppermint, have been reported for Verticillium on tomato (21)

and pepper (48).

In these experiments inoculum density and temperature factors

of inoculum potential were examined and significant inoculum density

x temperature interactions were observed (Tables 2, 3, and 4).

Disease severity, or average extent of V. dahliae stem invasion was

dependent upon soil temperature and inocul.um density. Toimsoff

(108) performed inoculum density experiments with Verticillium wilt
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of potato at different air temperatures and different seasons of the

year. Disease always increased with additional inoculum, but the

rates of increase and threshold inoculum densities were different,

which Toimsoff attributed to a temperature effect.

Microsclerotial inoculum collected from dead peppermint

sterns was very effective for soil infestation. In unreported experi

rnents, inoculum densities of 1000-2000 viable microsclerotia/g

have usually resulted in moderate Verticillium wilt of peppermint.

Homer (34) reported that this type of inoculum survived better than

laboratory grown inoculum in soil. Natural inoculum probably lacks

genetic homogeneity and undoubtedly is a concentrated source of

inoculum for other pathogens. Since Homer (33) has shown that

peppermint is susceptible to non-pathogenic infection by many differ-

ent strains of V. albo-atrum (V. dahliae), the natural rnicrosclerotia

can not be regarded with 100% certainty, as from a pathogen of

peppermint. In spite of this uncertainty of genetic homogeneity and

freedom from other pathogens, the ease of collection, handling,

freedom from excessive organic matter, and the long survival value

of the natural propagules make them desirable for experimental use.

Generally the natural inoculum is relatively free of conidia.

Microscierotia (Table 7) and spores (Table 8) of V. dahliae

were shown to be susceptible to the widespread fungistasis in soils
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which confirms earlier work by Lockwood (59) and Schreiber and

Green (100). The microscicrotia. normally germinated in all direc-

tions on the agar surface, however, with extended eposure of the

agar to soil, the microsclerotia germinated unilaterally, were de-

layed in germination, or failed to germinate.

Fungistatic materials readily passed cellulose acetate and

water permeable nylonfilms (Tables 8, 9, and 10). These films

were very resistant to fungal penetration (Table 8), a quality requir-

ed for long term fungistasis tests. No evidence was found in the

literature, that cellulose acetate or nylon films have been tested for

permeability to fungistatic materials from soil.

Root exudates from germ-free wheat and peppermint plants

masked soil fungistasis and stimulated or allowed conidiaof V.

dahliae to germinate (Tables 9 and 10). Wheat was supposedly im-

mune to V. dahliae. Schreiber and Green (100) showed also that non-

host wheat and host tomato root exudates stimulated conidial and

microscierotial germination in a fungistatic environment.

The roots of wheat and 19 other host and nonhost crops of 21

species tested were rapidly invaded by V. dahliae (Table 11). The

density of root infections on wheat, oat, and barley was particularly

interesting, since plants in the Gramineae are considered immune to

V. dahliae. These crops and many others, showed infection byV.
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dahliae even after surface sterilization of the roots with hypochlor

ite (Table 11). The surface sterilization procedures decidedly re-

duced the number of infections on roots, an indication that infection

or root association was largely superficial. Mentha crispa L. which

is highly resistant to Verticillium wilt, showed the same frequency

of isolation and density of infection as peppermint.

Evidence was obtained to show that the infections were not a

reflection of contamination:

The relative number of infections increased with

plant age.

A 0. 525% sodium hypochlorite treatment of soil

suspensions for exactly two minutes killed more than 99% of the V.

dahliae propagules, including microscierotia, in soil (Table 12).

The roots were treated in 0.525% hypochlorite for two minutes, then

removed, cut into small pieces, transferred to dry petri dishes, and

covered with a thin film of ESA medium. The roots retained the

film of hypochlorite for several minutes during this procedure, so,

the hypochiorite treatment of roots was extended considerably longer

than two minutes. Yet, the roots of many nonhost plants showed

numerous infections after hypochiorite treatment.

Roots of plants grown in noninfested soil were not

contaminated when washed initially in soil water containing V. dahliae.
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The washing procedure evidently eliminated most Verticillium con

tarnination and uptake of V. dahliae by broken roots during the wash..

ing procedure was not a factor.

Microscierotia. formed in roots of host and nonhost

plants after death of the plants. V. dahliae cultures from the micro

scierotia were pathogenic to peppermint.

In older roots of hosts and nonhosts, colonies often

originated from the cut ends, which suggested systemic invasion.

These data strongly suggest that the roots of many plants are

susceptible to V. dahliae invasion. Wheat and peppermint root

exudates stimulated the germination of V. dahliae conidia (Table 10).

Since the roots of many different plants are invaded by the organism,

it is reasonable to assume that the roots of many plant species exude

compounds stimulatory to V. dahliae. The Jtstimulustt is probably

only a food source that masks soil fungistasis. Data of Schreiber

and Green (100) suggests that amino acids are the important germina-

tion factors in tomato root exudates.

The nonpathogenic invasion of plant roots establishes the para

site within living tissue. When the root dies, the organism can

quickly colonize the surrounding tissue. Nonpathogenic invasion of

nonhosts is probably a definite survival factor, a belief shared by

Menzies (69, p. 96), Wilhelm (128, p. 361), Baker (1, p. 378) and
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Martinson and Homer (65). The infestation of soil by V. dahliae is

undoubtedly maintained or prolonged by nonpathogenic infections and

multiplication within plants. V. dahliae was isolated from nonhost

roots even after surface sterilization (Table 11) and microsclerotia

were discovered within roots of nonhost plants. Supporting evidence

was presented by Martinson and Homer (65) who observed that roots

of nonhost weeds and cereals were heavily infected with V. albo..

atruni (V. dahliae) when grown in soil monocropped to nonhosts for

ten years. The susceptibility of many crop species to V. dahliae

infection (Table 11) or at least the superficial association of the

organism with plant roots may explain why crop rotations have usual-

ly failed to control wilt diseases incited by V. dahliae. The super-

ficial association of V. dahliae with roots and reproduction within the

rhizosphere may exemplify a process of commensal survival of the

organism.

An investigation of the saprophytic ability of V. dahliae in soil

showed that the organism invaded a low percentage of small pieces

of plant residue added to soil (Table 13). To permit statistical

analyses, large numbers of stem pieces were assayed and the num-

ber of successful V. dahliae isolations usually ranged from 20 to 150.

V. dahliae appeared to function as a tipioneer fungus" or pri-

mary colonizer of the residue as the largest percentage of residue
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pieces were colonized within the first few weeks of exposure to in-

fested soil (Tables 13 and 14). Thereafter, the yield of V. dahliae

from the stem pieces gradually declined. After six months incuba-

tion in soil, V. dahliae was isolated from approximately Z% of the

peppermint stem pieces, 1% of the alfalfa and pigweed stem pieces,

and 0.5% of the barley and oat stem pieces (Table 13). V. dahliae

infrequently invaded more than 5% of the residue pieces. The rela-

tive frequency of isolation was dependent on the type of residue

exposed to infested soil. Pigweed, peppermint, and alfalfa residues

were consistently colonized at higher frequencies than barley or oat

residues. Pigweed, peppermint, and alfalfa stems contained much

higher concentrations of nitrogen than barley and oat residue, which

suggested that the nitrogen content was important (Table 13). How-

ever, addition of KNO3 to the soil decreased the rate of stem piece

invasion by V. dahliae for all residues except pigweed, which was

invaded significantly more with additional soil nitrogen (Table 14).

Pigweed stems initially had the highest nitrogen content of all resi-

dues. When the nitrogen content of a low nitrogen residue (oat) was

increased artificially, the relative colonization of oat residue by V.

dahliae was generally decreased (Table 17). The relationship

between nitrogen content and the colonization of organic residues was

more complex than originally visioned.
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When residues were mixed into initially dry or moist soils,

which were later maintained moist, pigweed was the only residue

that was differentially invaded by V. dahliae in the two soils. The

fungus colonized significantly fewer pigweed stem pieces inthe pre-

dry soil than in the soil moistened prior to experimentation.

One could assume that pigweed residue decompositioninvolved

a quite different microflora than was associated with the other resi-

dues. Additional nitrogen could have inhibitedthe antagonistic micro-

flora associated with pigweed residues, and stimulated the antagon-

ists associated with the other residues. The preferential invasion

of certain residues was evidently associated with some characteris-

tic other than nitrogen.

Tissue structure undoubtedlyhad a great influence on the

saprophytic colonization of residues by V. dahliae. Many micro-

sclerotia formed on the surface of barley and oat stem tissue, but

were rarely observed within these tissues. The leaf sheaths of the

cereals were readily colonized by V. dahliae, which was shown by

the many microsclerotia that formed within them. Microscierotia

formed within the stem tissues of alfalfa, pigweed, and peppermint.

These observations may explain the low frequency of oat and barley

residue invasion by V. dahliae (Tables 13 and 14).

Plant residues were placed in contact with massive sources of
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V. dahliae inoculum in soil and microscierotia formed on and within

the residue. The tissues containing microsclerotia were generally

parenchyrnatous, well decomposed, and as a result, were lost dur

ing the washing procedures. The small stem pieces that were incor

porated into soil, were composed primarily of structural tissues of

the stem and the pieces were easily recovered from soil after six

months, if V. dahliae will invade parenchyrnatous tissues: easier

than structural tissues, then the observed relative percentages for

stem piece invasion by V. dahliae (Tables 13 and 14) are probably

lower than would be expected for whole stems.

The soil was not infested with extremely high populations of

V. dahliae for the saprophytic colonization tests. Although the inoc-

ulurn was dispersed as single propagules, the inoculum densities

were in the range where moderate to severe disease would normally

occur (Table 2).

Soloveva and Polyarkova (104) reported that V. dahliae inhabit"

ed the organic matter in soil. Wilhelm (123, 126), isaac (39), and

Wilson (120) classified V. albo-atrum(V. dahliae)as a soil invader.

These authors failed to detect any appreciabiegrowth of V. dahiiae

through natural soil and/or sterilized soil reinfested with antagonistic

microorganisms and based their classification onthis characteristic

of growth through soil. V. dahliae is generally well distributed
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throughout naturally infested soils as dormant propagules, so sapro

phytic growth through soil is of lesser importance than colonization

of organic matter brought into contact with the propagule. Menzies

(69, p. 110) considers active saprophytism as a more important

attribute than resting structures for prolonged survival of plant

pathogens in soil. Thus, an organism with good passive survival

potential and a slight saprophytic ability should survive very well in

soil. The competitive saprophytic ability of an orgaisshou1d not

be equated with survival potential, especially if the organism has

dormant propagules that will survive well in soil.

The population of V. dahliae in soil for residue colonization

tests declined to a certain level, then remained at this level for the

duration of the experiment (Fig. 2). Homer (34) observed a similar

response in the population of V. dahliae in field soil. An asymptotic

population level was reached after six months and was maintained

for two additional years. A slight saprophytic ability could account

for these findings.

The large fluctuations in the soil population of V. dahliae

(Table 15) was assumed to be a result of sporulation. Infected stem

tissue liberated many water disper sable propagules at ten days

(Table 18). McKay (66) observed sporulation byVerticillium on inC-

fected residue in soil, and Sewell (97) observed sporulation by V.
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alboatrum on residues in soils. The formation of aerial micro

scierotia by the process of conidial anastomosis (124) has not been

observed in soil. If found they could prove very important in sur-

vival mechanisms.

The ethanol streptomycin-agar technique (ESA) has made

possible the detection of V. dahliae in the presence of numerous

other microorganisms. It would have been very difficult to locate

and identify the organism on roots or stem pieces if nutrient agar

media were employed. Although theESA technique depends solely

upon microscierotia for identification, numerous transfers of micro-

scierotia to nutrient agars from colonies on roots and residue pieces

confirmed the identity of V. dahliae.

Active survival of V. dahliae by parasitic, nonpathogenic inva-

sion of roots, and limited saprophytic activity in soil was demonS-

strated. Good passive survival as microsclerotia joined with the

ability to invade and reproduce in nonhost crop plants and a slight

saprophytic ability may account for the maintenance of high inoculum

potentials of V. dahliae in certain soils in the absence of host crops.

The overall objective of this study was to gain new knowledge

of the biology of V. dahliae in soil that could be applied to control

Verticillium wilt of peppermint. Crop rotations have failed repeat-

edly to control the disease, even when extended beyond observed
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lengths of micro scierotia survival in soil. The indiscriminate inva-

sion of plant roots by V. dahliae and multiplication within the roots,

indicates that alternate crops should be chosen with care. At pres-

ent, no crop plants are known that will resist invasion by V. dahliae.

The use of plants as trap crops is not feasible since only about

1/500th to 1/1000th of the total soil volume is influenced directly by

plant roots. This would require thousands of successive trap crop-

pings to assure contact between roots and all the microsclerotia of

the soil.

Since V. dahliae can saprophytically colonize fresh organic

matter, especially dead peppermint tissue, the practice of returning

spent mint hay to infested fields should be discontinued. Infected

stubble should be burned, if possible, and never returned to the

infested soil mass. Several Oregon farmers have prolonged the

productive life of mint plantings infested with Verticillium by propane

flaming of mint stubble.

If soil fumigation proves to be an effective control measure,

dosage rates should be well controlled. Partial sterilization by cut-

ting dosage rates would present a large volume of sterilized organic

matter to the surviving V. dahliae, and the fungus would probably

proliferate on the organic matter, and no control would be exper-

ienced. Further research is needed in this area if soil fumigation

practices are to be applied effectively and intelligently.
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