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TF PTFLUENCE OF QUANTITY OF INOCULUM ON T{E SEVERITY OF 
VERTICILLIU}1 WILT 

INTRODUCTION 

The acreage of land planted to potatoes in Oregon has not 

changed substantiafly during the past 5; years; approdmately 30,000 

to 40,000 acres have been planted annually fron. 1900 to l95. The 

najor variety of potatoes presently grown in Oregon is the Russet 

Burbank (Netted Geni) variety. 

During the early part of the present century potatoes were grown 

priTarily in the Willairette Valley in western Oregon wh3re irrigation 

was not required for their cultivation. With the availability of 

irrigation, three new potato-producing areas developed and potatoes 

are now grown in the Ontario area in eastern Oregon, in central 

Oregon and in the Kianiath basin in southern Oregon. 

One of the limiting factors in potato production in the 

Willamette Valley during the first two decades of the present cen- 

tury was Verticillium wilt (70, 71, 72), a disease caused by the 

furigu8 Verti.ciiliuin albo-atrum Reinke and Berth. The destructive- 

ness of this disease was temporarily left behind when potato produc- 

tion moved to new areas, but Verticilliurn wilt is now a limiting 

factor in the production of potatoes in central Oregon and the 

Klaznath basin (150, 151, 152). 

Approthnately 10,000 to 12,000 acres of potatoes are grown 

annually in the Klaniath area of southern Oregon. Verticiiium wilt 

was estimated to have reduced yields by at least 500,000 sacks 
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(loo-pound sacks) of potatoes in the K1anath area durin: 1957 (152). 

This was considered to be a conservative estimate of yield losses. 

The Verticilliuin wilt disease did not appear suddenly in the 

Kiamath area and all evidence indicates that many years of continuous 

potato culture were required for the disease to becor.e severe. Many 

fields which 30 years ago produced between 300 and 500 sacks of 

potatoes per acre now produce less than 200 sacks per acre in spite 

of improved cultural practices. Fields which have been in potato 

production fewer years produce correspondi.rigly larger yields. The 

severity of symptoms in the plants is closely correlated with the 

number of crops of potatoes raised on the land. This correlation 

between disease severity and cropping history has been reported in 

other potato-producing areas (lo, 34). 

The relationship between wilt severity and cropping history and 

the fact that effective control of Verticililuin wilt was obtained by 

soil fumigation, although plants on treated soil were infected 

(150, 151, 152), led to the investigations reported in this thesis. 

These experiments were desiried to determine the relation between 

inoculum potential of Verticillium in the soil and the aeverity of 

Verticillium wilt in potatoes. 
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LITERATURE REVIEW 

HISTORICAL 

Rinke and Berthold (91), in 1879, described a disease of 

potatoes in Germany and the fungus associated With the symptoms they 

observed. The fungus was described as a new species of the genus 

Verticilliuni ami named Verticilliuin albo-atrum Reinke and Berthold. 

They showed conclusively by inoculation experiments that at least 

part of the symptoms, which they assumed to be associated with a 

single disease, were due to the invasion of potato plants by their 

newly described fungus. 

Reirike and BertFld (91) believed that there were at least three 

types of disease on potatoes incited by Verticilliuin albo-atrum which 

they designated types A, B and C. Foxm A first appeared in the 

plants in July and was characterized by a yellowing and withering of 

the older leaves with a progressive upward developnent of these 

symptoms. Rolling of the leaves and formation of brown foliage 

spots frequently but not always occurred. The vascular system was 

:rellow and filled with mycelium that remained confined to the vascu- 

lar elements until the infected part died, whereupon the fungus 

invaded the dead tissues. 

For,n B, like foxn A, was said to appear durina the middle of 

iJuly and the above-ground syr:ptoms were essentially the sanie in both 

forms. The main distinction between the two was that fonn B caused 

the undergiund parts of the stem and larger rots to develop, large 

brown. spots and fissures in the bark tissue. Form B was further 
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characterized by the presence of Verticillium in the roots and its 

complete absence from the stems. Forms A and B were said to occur 

separatelr or in combination on the same plant. 

Form C of the disease was believed to arise when tubers produced 

by plants affected by forms A or B were planted. Fon: C was charac- 

terized by the sudden wilting arid death of young shoots, resulting in 

elimination of the disease since new tubers were not produced by these 

plants and since it was believed that the pathogen overwintered in 

infected tubers. Form C was further characterized by glassy appearing 

steins that were fragile and broke easily when bent. These symptoms 

described for form C did not always develop when tubers were planted 

from hills affected with forms A and B. Frequently healthy plants 

grew from these tubers, or other forms of the disease reappeared. 

At the time that Reinke and Berthold were woÑing ori Verticiflium 

wilt, plant pathology was still in its infancy. With the exception of 

late blight, caused by Pwtophthora infestans, rione of the economi- 

cally important diseases of potato had been recognized or described. 

There had been a condition of potatoes in Europe since the earlier 

part of the nineteenth century which had commonly been called 

Krauselkrankheit in Germany. Rudolph (95) pointed out that this term 

had been used collectively to include potato diseases in general and 

that it included several distinct potato diseases. Reinke and 

Berthold believed that Krauselkrankheit was a single potato disease 

with various manifestations. It is not surprising, therefore, to 

find in their description of Verticillium wilt the symptoms that 
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properly belong to several distinct diseases which were described and 

characterized as separat diseases 30 to 40 years later. 

R3irìke and Berthold :icountered difficulty in reproducing dis- 

ease symptoms of the various forms of what they believed to be 

Verticlllitun wilt. Inoculation experiments with . albo-atrum fre- 

quentl3r failed to produce any symptoms in potato plants. They 

interpreted their results as indicating that the fungus had to spend 

a given number of EeneratiOfl$ passing from parent plant to the tubers 

before certain fonns of the disease appeared. When tubers were taken 

from diseased hills and planted in the field, sane of the symptoms 

which they were unable to produce b' inoculation with Vertici]iuin 

appeared in the new plants. They belieed their observations sub- 

stantiated their interpretation and did not consider the possibility 

of plants contracting Verticillium wilt or other diseases from 

natural sources in the field. They believed that tuber transmission 

was the primary mode of perpetuation of Verticillium wilt. 

Reinke and Berthold observed that Verticillium gained entranc3 

to the tubers through the stolons, but they were unable to find the 

fungus in the tubers at d3pths greater than 15 mm. from the point of 

attachment to the stolon. It was believed that this was the location 

at. which the fungus overwintered within the tuber. In attempting to 

explain the mode of disease transìJ.ssion from the tuber to the new 

plant it is significant that Remnke and Berthold did not believe that 

Vicillium grew directly throught the tuber and into the new shoots. 

Instead, they claimed that it grew back out of its stem-end location 



within the tuber by the path through which it entered. It was 

believed to then penetrate only the cork layer of the tuber and grow 

along the cork layer until reaching a shoot which it penetrated, 

invaded arid kiUed. Dark inycelium was found on the surface of 

tubers, and it was believed that this observation substantiated 

their interpretation of tuber transmission. 

Among the many manifestations of the disease as originally 

described on potatoes was a rapid collapse and wilt of young plants. 

This has proven very misleading to later workers who have riot 

realized that in all probability this synptom was associated with 

some disease other than Verticillium wilt. Those who have looked 

for this symptom in Verticiflium wilt have been unsuccessful in 

finding it. This symptom has occasionally been attributed to the 

disease without sufficient evidence that there i,s a relationship 

between infection of young potato plants by Verticilliurn and rapid 

wilt and collapse of the host. Pethybridge (F36) and Rudolph (95) 

realized that the slowly progressive tpe of wilt and death of 

plants as described by Reinke and Berthold was probably the type 

associated with Verticillium wilt. Théir own experiences with the 

disease led them to suggest that the ten tVejcjrn wilt" be 

abandoned in preference for "Verticillium hadrornycosis" since the 

wilting phenomenon is not always tìie most obvious symptom of the 

disease under natural conditions. 

There were two major errors made by Reinke and Berthold (91) in 
their original description of the Verticillium wilt disease. One of 
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these errors was th assumption that most of the disease synptorns 

they observd wer3 induced by . a1bo-atrirn. In view of the fact 

that Verticilliun wilt can occur in potatoes in combination with 

virus-induced diseases, blackleg, Rhjzoctonia, and other diseases, 

it is apparent how Reinke and Berthold could have interpreted these 

various diseases as different manifestations of Verticillium wilt, 

particularly since these other diseases of potato had not yet been 

described. 

The other major error made by Reinke and Bertlld was the 

assuniptïon that since potato tubers were infected by Verticillium, 

tuber tranission of the disease would necessarily be one of the 

primary modes of disease perpetuation. These two errors have had a 

strong influence on the concepts of the Verticillium wilt disease and 

on the subsequent areas of investigatioc. 

A number of observations recorded by Reinke and Berthold serve 

to support the concepts of the V.rtìciilium wilt disease as they 

are to be presented in this thesis. They are: (a) the first appear- 

ance of symptoms typical of Verticillium wilt occurred near the 

middle of the growing season; (b) sjmptoms appeared on the older, 

lower leaves first; Cc) typical disease symptoms could be present 

without appreciable, if any, amounts of fungus mycelium in stcr:s; 

(d) in the tubers, the fungus was localized in the stem-end; (e) not 

all tubers frox diseased hills contained Verticillium; (r) the 

fungus did not penetrate through the tuber in gaining entrance to 



new shoots from infected tubers; arid (g) difficulty was encountered 

in obtaining disease symptoms upon reinoculation with Verticillip. 

TIME OF INFECTION 

Little effort has been made to detennine the time of infection 

of host plants by Verticillium under natural conditions. The 

general opinion on the time of infection is well illustrated by 

Rudolph's (95, p. 26E) statement that, "Infection may take place at 

any time during the growing season, --". This staten.ent was made 

without supporting data. Referring to the disease in potatoes, 

Waggoner and Taylor (123, p. i6) followed different lines of reason- 

ing and stated that, ttVerticilliurn wilt symptoms first appear on th 

plants in the field du.ng late July or early August. Therefore, 

inoculation must occur during June.' Pethybridge (6) had con- 

flicting ideas on the time of infection, and although he was unable 

to find Verticillium in potato plants until after several weeks of 

growth had been made---even when infected tubers were planted---, 

he stated that infection could take place in potatoes during any 

stage of growth. 

All of the published data suggest that natural infection occurs 

at specific stages of plant development, or that the host is far more 

susceptible to infection during certain stages of develorxnent than at 

others. This would appear to be true for many diverse plant species 

grown in widely separated areas. 



Reinke and Berthold (91) reported that typical Verticillium 

wilt on potatoes first appeared during the middle of the growing 

season. Pothybridge (86) was unable to find nyce1ium in potato 

stems until several weeks after tubers had been planted. He was 

unable to detect invasion of plants for an extended period of time 

even when they were grown from tubers that were known to be infected. 

McKay (71) was not able to isolate Verticillium from roots or stems 

of potato plants with any degree of consistency until 5everal weeks 

after planting. Even when viable inoculum was in direct contact 

with young plants, infection had not taken place. Ludbrook (6e) felt 

that there was some unexplained reason for the delay of wilt symptoms 

on potatoes grown in infested soil in the greenhouse. He believed 

that this delay in symptom expression could not be explained on the 

basis of soil or air temperatures or soil moisture, arid his data 

substantiated this view. McLean et al. (75) reported that various 

varieties of potatoes grown in the field did not show symptoms of 

wilt until later stages of plant development. Young (150) reported 

that symptoms first appeared several weeks after planting tubers. 

Occasionally, abnoimal plants that grow much taller and appear 

exceptionally vigorous develop in plantings of Netted Gem potatoes. 

Nielsen (84) reported that these variants made good growth and showed 

no symptoms of Verticilliuzn wilt until late in the season, while 

adjacent non-variants were severely wilted. The variants blossomed 

later in the season and required a longer growth period to develop 

yields comparable to those produced by the nonnal, severely wilted 



lo 

plants. These findings could indicate that tuber fonnation and infec- 

tion by Verticillium were delayed in the variants, even though 

environmental conditions were favorable for infection and disease 

development earlier in th3 season. 

In greenhouse experiments, Tolinsoff and Young (117) found that 

potatoes grown in artificially infested soil wore not infected until 

tuber font ation was initiated. 

Dana (16) reported that "sunburn" of tozLato fruit was a chief 

cause of yield losses in plants infected with Verticifliun. As 

disease developed, foliage no longer shaded the fruit and, apparently, 

disease developed after fruit had been set. 

Guba (30) reported that eggplants grown in the field did not show 

symptoms of Verticilliuni wilt until after fruit had been set. In an 

extensive breeding program in which resistance or tolerance to 

Verticillium wilt was the objective, symptoms developed later in the 

season on late flowering varieties than on early flowering varieties. 

Sterile varieties showed rio wilt at all or only mild syirptoms late in 

the season. 

Snyder and Rudolph (io) infested soil with . albo-atruit and 

observed that pepper plants grown in the soil did not show symptoms 

of wilt until approximately ten weeks after planting. Kendrick and 

Schroeder (50) obtained wilt of muskmelon grown in infested soil six 

weeks after planting. Isaac (44) found that brussels sprouts did not 

show symptoms of wilt in the field until three to four months after 

planting. 
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Tompkins and Ark (119) reported that strawflower did not show 

symptoms of Verticifliuni wilt until after flowers had been set. This 

was about five months after plants had been transplanted to the field, 

and sptoms developed unifoxnly over fields after flowers were set. 

Cotton grown in California is reported to Lake nonnal growth 

and show no symptoms of wilt until early summer (37) . Available data 

(64, 102) on soil and air temperatures in New Mexico and Californìa 

during the growing season show that the temperatures during the early 

part of th growing season would be eected to produce more severe 

disease than occurs later in the seasorì--providing that the plants 

were infected earlier in the season. Presley (9) stated that 

Verticifliuzn could attack cotton in arr stage of growth, but his 

illustrations showing susceptible and tolerant varieties growing side 

by side in the field reveal that the susceptible varieties nade 

aimost nonnal growth prior to being defoliated by Verticillium wilt. 

Arndt (4) was unable to isolate Verticiflium from cotton seedlings 

grown in artificially infested soils for 21 days with temperatures of 

l.í to 240 C, which should have provided optthium temperatures for 

disease devolopnent. 

Strawberry plants are reported to show the first symptoms of 

wilt after blossoms have been set and usually during the fruiting 

season. This is reported from areas as widely separated as 

British Columbia (74), Oregon (7) and California (U6). 
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Raspberries grown in Canada (6), Washington (62) and Oregon 

(F7, 153) first showed 5yii:ptoms of wilt during the flowering and 

fruiting season. 

The presence of mummified fruit on apricot trees affected by 

Vejcillium was reported by Goheen (23), which would indicate that 

disease developed during the fruiting season, 

Harris (3L) reported that Verticifliuzn wilt of hops occasionally 

appeared while the cones were half-grown, but normally appeared while 

the fully developed cones were ripening. 

Van der Meer (121) was the first to suggest that cartain peren- 

nial hosts had to be reinfected thugh the roots annually for 

disease syrptoms to reappear. He observed that entire cherry trees 

or branches could recover the year following a severe caso of wilt, 

and the discolored çrleì: was confined to the growth made during the 

year of the severe attack. A severe case of wilt in cherries could 

be perpetuated or increased in severity by planting tomatoes between 

the trees, but interplanting with non-susceptible crops resulted in 

decline of wilt symptoms in subsexent years. 

Rudolph (95) reported a similar situation with prune and peach 

trees in which symptom expression was associated with the growing of 

tomato plants between trees, but trees could recover entirely in 

following years and discolored lem was confined to growth made 

during the year of the severe attack. Rudolph also believed that 

annual reinfection may be necessary for reappearance of wilt 

symptoms. 
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Zentiueyer (154, 155) reported the recovery of avocado trees fol- 

lowing a rear of symptom expression, and here again wilting appeared 

to be correlated with the interplantirig of trees with tomato plants. 

Liming (65) observed that elm trees frequently recovered from 

Verticillium wilt after a year of symptom expression. 

Hops have perennial iots that develop new stems annually. 

Harris (35) found that. hops frequently showed wilt one year but not 

the following. Keyworth (54, 56) isolated frau many hop stems for 

several consecutive years and found that hills infected one year 

were frequentl' uninfected the next. 

Raabe and Wilhelm (90) inoculated rose plants resistant to 

Vertidilliuni wilt by the root-dip method and obtained invasion and 

mild symptom expression during the first year, but the saine plants 

were free of Verticillium the second year after inoculation. 

Wilhelm (142) inoculated strawberry plants by dipping the roots 

in a spore suspension. Plants were grown in the greenhouse for a 

period of time and it was shown by isolations from petioles that the 

plants were infected. Thes3 plants were then set out in the field 

and the following season isolations from the sanie plants showed that 

infection had declined by 7 per cent. Pratt (87) recovered 

Verticillium readily from strawberry petioles during the summer, but 

had dIfficulty in recovering it from petioles of the same plants 

during the winter. 

Pratt (7, p. 46-47) transferred raspberry plants severely 

affected by Verticillium wilt to the greenhouse. Under temperature 

conditions favorable to wilt developnent, incidence of disease 
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declined during the winter. 

Two phenomena appear to be consistently associated with 

Vrtici11iusn host-parasite relationships under field conditions: 

(i) the delay in symptom eression on many distantly related host 

species until the growing season has progressed considerably, and 

usually until the time of f1owring or fruiting; and (2) the apparent 

recovery of perennial hosts in years following severe attacks. There 

is a complete lack of data in the literature suggesting that under 

natural conditions hosts are infected during early stages of develop- 

ient, There are no reports in which V3rticillium was known to be the 

cause of wilting and dying of seedlings in the field. Yet, under 

conditions of artificial inoculation in which active fungus rnycelium 

was brought into direct contact with host tissue, wilting has fr- 

qently occurred within several days. 

Bewley (8, 9) and Rudolph (95) obtained wilting of tomato 

seedlings nine days after inoculation of the roots with a spore and 

mycelium suspension. Virgin and Maloit (122) and Scheffer et al. 

(loi) obtained wilt of tonato seedlings eight days after inoculation 

by the root-dip technique. Schaible et al. (loo) reported initial 

wilt symptoms on tomato seedlings one week after root-dip inocula- 

tion, and pronounced stunting of plants occurred within three weeks 

after inoculation. Using the root-dip inoculation method on cotton 

seedlings, Wiles (130) observed wilting in seven days, Presley (88) 

within 14 days, and Robinson et al. (94) in 10 days. Using this 

same method of inoculating eggplant and cucumber, Robinson also 

obtained wilting of these hosts in ten days. Zentmeyer (154, 155) 
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reported wilting of avocado seedlings within two weeks arter inocu- 

lation by the root-dip niethod. Symptoms of wilt appeared in two weeks 

over a soil temperature range of 15 to 3Q0 C. Webb and Schultz (125) 

obtained wilting of potato seedlings in 12 to 30 days using root-dip 

inoculation. 

There is no reason to believe that the host is resistant to 

infection during early stages of development in the field while being 

susceptible during sirnilar stages under experimental conditions. or 

is there reason to believe that enviroiinental conditions are unfavor- 

able for infection or disease deve1oent in the field while the 

plants are young. Tiperature records (64) reveal that temperatures 

were more favorable for disease develo nt early in the growing 

season of cotton, but disease developed in the older plants under less 

favorable environmental conditions. 

The fact that infection is readily obtained by artificial inocu- 

latio:rì of seedling8, by the root-dip method, but apparently does not 

occur or is unimportant in seedling infection under field conditions 

suggests that some factor is present in artificial inoculation and 

absent in the field. With artificial inoculation by the root-dip 

method, niycelium and conidia of Verticiflium are brought into direct 

contact with host tissue. There is no experimental evidence showing 

that viable mycelium or conidia of VericiUium are present in soil 

in the field. On the contrarr, Wilhelm (137, 140, 141, 143) has 

stressed the importance of the resistant microscierotia as the 

surviving infective units in the field. Wilhelm (137, 143) reported 



that Verticilhium albo-atruin is incapable of iraking saprophytic growth 

in unamended soil, and mycehiuin and conidia were found to be very 

transient under natural conditions. Luck (67) confirned this and 

reported that mycelium was non-infective after relatively short 

incubation periods in soil. Soxie of Isaac's (41) and McKeen's (73) 

data can be interpreted as showing the transiency of conidia and 

myceliuxn in the soil. 

Therefore, it is likely that the host-parasite relationships are 

different in natural infection and in artificial inoculation. With- 

out the presence of viable mycelium and conidia in field soil, 

infection might result from root excretions stimulating gexination 

of the dorwant, resistant inicroscierotia and resting mycehluin. It is 

conceivable that stimulation of germination might occur at certain 

stages of host developnent, and this could explain the reason for 

delayed invasion of hosts under natural conditions. 

The area immediately adjacent to plant roots, known as the 

rhizosphere, profoundly influences the developnent of soil organimns 

(13, 15, 66, 113, 114, 126). Both qualitative and quantitative dif- 

ferences are present in the rhizosphere microflora as compared to 

soil further from the roots and the predominant types of organins 

present in the rhizosphere change with age of the piai-it (13, is). 

Kerr (52) and Kerr and Flentje (53) have recently 5hown that chemical 

stimuli are very likely to be involved in host infection by 

Pellicularia filamentosa. Sequira (104) found that spores of the 

banana-wilt Fasarium wore induced to germinate by materials diffusing 
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from roots. Buxton (13) recently showed that the rhizospheres of 

different pea varieties had a striking selective action on 

physiologic races of Fusarium oxysporum f. pi, and the selective 

rhizosphere effects were associated with susceptibility of the pea 

varieties to wilt. 

Nematologists are beccnin aware of the intricate relationships 

between plant-parasitic nematodes and the hosts that the neinatodes 

feed on. With several nematode diseases the host plant stimulates 

the hatching of dormant eggs and attracts the larvae (24, 127, 12d, 

129, 149). Widdowson and Wiltshire (127) recently showed that 

potato roots excrete water and acetone soluble materials believed to 

be organic acids. The root exudate caused mad.mum stimulation of 

hatching of the potato-eelworm cysts with concentrations as low as 

0.1 mg. active material per liter of water (.1 pi). The stimu- 

latory effect upon hatching changed with age of the plar!ts. 

Different hosts stimulating the same nezriatodos aro believed to pro- 

duce different stimulants in some cases (24). 

Wilhelm et al. (147) reported that seeds of an obligate 

parasite, Orobanche ramosa L., (the broomrape plant) were stimu- 

lated to germinate in the presence of tomato roots. Apparently, the 

stimulatory effect was veri localized in the soil, because planting 

three successive crops of tomatoes into infested soil and preventing 

reproduction of the parasite did ot result in a successive decrease 

in numbers of infections with succeedi crops. 



The phenomenon of a host plant stimulating its own invasion by 

a para8ite is not now and there is reason to believe that this condi- 

tian may exist with the Verticilliuxn wilt disease. Otherwise, it is 

difficult to explain the prolonged survival of riLicrosclerotia in field 

soil in the absence of ìsceptible hosts (141, 131), the delayed inva- 

sion of plants grorì in the field under conditions favorable for 

disease developnent, the abundance of infections occurring with a 

small volume of naturally infested soil (132, 136), and to relate 

these facts with the transiency of conidia and myceliurn in soil 

(67, 137, 140, 141, 143). If infections occurred at random from 

microscierotia geriririating at random, the inoculum potential of 

VrticiUiurn would be eected to be very unstable and should not 

accumulate appreciably; however, this has not been the case 

(lo, 30, 37, 64, 34, 7, 102, 132, 152). 

DJXREE 0F INVASION 

There are different degrees of host invasion and symptom 

expression with Verticillium wilt. This has remained one of the most 

characteristic features of the disease since it was first described 

by Reinke and Berthold (91). Rudolph (95) was aware of this pecu- 

liarity of the disease and stated that, (95, p. 212) "The di8ease 

is peculiar in that it iay attack any suscept in all parts, or it may 

be confined sharply to one side or even to only one shoot or limb of 

the affected plant," and (95, p. 220) "In the leaves, the disease 

picture is analagous to that seen in the stems. The infection may 
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be sharply localized or it may involve the entire organ. In sonic 

instances, only a lobe of a leaf or only one leaflet of a conpound 

leaf may become diseased." 

This peculiarity of Verticifliuni wilt has been observed by 

nearly all 'workers, ar attenipting to e1ain the phenomenon has been 

a center of much speculation and investigation. The phenomenon has 

not yet been adequately explained. any workers have controlled the 

degree of 1t in experiments, but have not appreciated the signifi- 

cance of their results as related to the disease as it develops in 

the field. 

Zeller (153) reported that unilateral symptom expression by 

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

roots on the same side of the plant to which 8ymptoms were confined. 

When infected roots were distributed around the plant, symptoms were 

more general over the entire host rather than being confined uni- 

laterally. 

Keyworth (60) found that the severity of wilt in hops was 

correlated with the extent of root infection, and that the extent of 

root infection determined the extent of stem invasion. The degree 

of root invasion did not influence the upward growth of the fungus 

in the stems, but it did influence the quantïty of the vascular 

system invaded. 

From the reports of Zeller (153) and Keyworth (60) alone, it can 

be seen that the severity of wilt is influenced by the quantity of 

the root system invaded or by the number of roots Infected. It might 
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then be assumed that by controlling the number or quantity of roots 

infected, infection could result in a range of disease severity fran 

symptoînless infection to a very severe wilt. Much of the data in the 

literature support this view when reinterpreted. 

Harris (35) isolated frorL many hop plants taken from infested 

fields, but isolations were iade from symptoinless plants as well as 

those showing symptoms. lIe concluded that most of the hop plants in 

fields were infected whether they showed symptoms or not. 1-le 

believed that nearly all hops were infected, but that sorfle special 

soil conditions were required for sinptom developnent. In the 

absence of these special conditions infected plants failed to develop 

symptoms. Keyworth (56) confirmed the findings of Uarri8, and also 

concluded that the number of infected hop plants was not represented 

by the number showing symptoms. He ruled out the possibility that 

late infection was re8ponsible for the high percentage of synptomless 

infected plants, arid,in other experiments, Isaac and Keyworth (47) 

showed that a nild infection could remain mild throughout the growing 

season. Keyworth (54) also believed that some soil factor deter- 

mined whether infected hop plants showed symptoms, but he showed that 

the soil factor was not soil moisture as Harris (35) had believed. 

Keyworth conducted a number of other eerinents 8hOWing the 

influence of root invasion on disease severity. In grafting experi- 

inents (60, 61) a susceptible arid a tolerant variety of hops were 

used. The tolerant variety becane infected at the same time as the 

susceptible variety and the fungus progressed up the ster in both 
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varieties at he saine rate, but the tolerant variety failed to show 

symptoms of wilt or showed only nild symptoms. Susceptible and 

tolerant Variti3S were each grafted on their own rootstock, and, 

in addition, tolerant tops were grafted on susceptible xotstock 

and susceptible tops were graft3d on tolerant rootstock. Soil inocu- 

lations wr made with a virulent isolate of VerticiUiuin and the 

illustrations (60) show that the results obtained were consistent. 

The susceptible variety showed severe wilt when on its own rot- 

stock but it showed mild wilt Wilefl it was grafted on tolerant 

root stock. The tolerant variety showed mild wilt when grafted on its 

own rootstock but it showed severe wilt when grafted on susceptible 

rootstock. Keirworth also fouìd that the root system of the tolerant 

variety of hops was not as extensively invaded as the root system of 

the susceptible variety. 

Keyworth (60, 61) believed that the stems of both tolerant and 

sensit±v varieties were highly resistant to invasion by 

Verticillium. He suggested that extensive stem invasion and acute 

symptom developrient on 'sensitive' root systems might result from: 

a lowering of stem resistance by root inpaînnent or by diffusion of 

fungal toxins; an increase in the invasive power of the pathogen 

through the establishment of a 'food base'; or the production of a 

'fungal accelerator'. 

Talboys and Wi1soi (10F), in an extensive series of graft 

experiments, confined Kerth' s findings that disease severity 

was influenced by the degree of root invasion. They were unable to 
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deznon5trate traislocation of specific tresi3tance' or 'sensitizing' 

factor8 to explain severe wilting arising from 'sensitive' root 

systems and mild syniptoms resulting from 'tolerant' root systeis. 

They suggested that a study of tìie initial phases of root infection 

might give valuable information helping to explain differences in 

degree of host invasion. In a series of reports by Talboys 

(109, 110, iii), data wore presented to show that wilt severity in 

hops is detenined during the infective phase of 'disease develop- 

ment. Thus, the reports by Harris (35) and Keyworth (54, 6) that 

disease developnent is influenced by sana soil factor are sub- 

stantiated since infection arises frorr the soil. 

Isaac and Keyworth (47) and Keyworth (60) concluded that there 

are two strains of Verticillium thai attack hops. The mild strain 

is reported to show nderate to mild symptoms of wilt on su8cep- 

tibie hops and no symiptoms on tolerant hops. The more virulent 

strain caused severe wilt n susceptible hops and mild syrnptoms 

on tolerant varieties. Using various methods of inoculation 

it was shown that the severity of wilt was influenced 'by the method 

of inoculation and riot by the strain of the pathogen. Mild snptoms 

weré obtained on susceptible hops with both strains when inoculum 

was injected into the vascular system of the stem. Severe symptoms 

were obtained on the susceptible variety of hops with both strains 

when they were injected into the pith of stems. Two isolates of 

each strain were used and when the expernent was repeated, results 

were the sane. 
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In selecting varieties of hops for resistance to wilt, 

Kyworth (55) tested resistance in soil that was artificiafly 

inThsted with diseas9d hop stens. All varieties were found to be 

infected, but the degree of symptom eqression differed rarkedly 

between varieties with some showing no external symptoms. These 

varieties were then tested for resistance in fields that had pre- 

viously produced hops with different degrees of wilt. In soil that 

previously had the most severe wilt, all varieties showed symptoms, 

while in soil that previously had a nild case of wilt results were 

similar to those obtained in the artificially infested soil. 

Keyworth interpreted these results as possibly showing the presence 

of different strains of Verticillium in different fields. 

Some of Keyworth's conclusions and beliefs conflict or are not 

complJmentary to each other. Thus, he believed that the severity of 

wilt is associated with the extent of root invasion (60, 61), but 

also stated that Vorticiijium grows in the soi]. (5E) . He believed 

that a single infection is sufficient to cause severe wilt (60), but 

found that plants could become invaded by a virulent strain of the 

pathogen and show very mild symptoms (60). ile believed that some 

soil factor influenced disease developnent (54, 55), but showed that 

the method of inoculation was important in determining wilt severity 

(60). It was stated that the stenof hop plants are highly resistant 

to invasion by Verticillium (60, 61), but the pathogen was shown to 

develop upward rapidly in inoculated stems (60). 
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As will be pointed out later, Keyworth's results and observations 

can largely be explained on the basis of the influence of inoculum 

potential which, apparently, was not obvious to h.1 because he believed 

that Verticilhium grows in the soil. Iowever, Keyworth's eerients 

were well designed and much valuable information has ce from them. 
His finding that the extent of root invasion is associated with 

disease severity is Important because many of the reports in the 

literature on Verticilhiuin wilt can be interpreted as showing the 

influence of extent of root invasion in disease developnent. 

Other workers have tried fewer methods of inoculation which has 

resulted in a more limited range of symptom expression. Haenseler 

(31) and Ludbrook (68) were unable to obtain wilt of pepper with 

inoculations of many Verticilliuni isolates. Bewley () obtained 

mild snptoms of wilt with soil inoculations, while Snyder and 

Rudolph (105) obtained severe wilt of pepper with heavy soil 

inoculations. 

Wilhelm (142) showed that susceptible varieties of strawberry 

would exhibit symptoms of wilt after a single root-dip inoculation, 

while moderately resistant varieties showed wilt after plants were 

inoculated a second time, and resistant plants did not show wilt 

after the third inoculation. Resistant plants were freient1y 

infected after the third inoculation but did riot show symptoms of wilt 

in the greenhouse. When planted in field soil heavily infested with 

Verticillium, resistant plants occasionally showed mild to moderate 

wilting. 
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Van Adricheni and Orchard (120) reported that three successive 

root-dip inoculations of strawberrjr crosses at eight-week intervals 

resulted in wilt of susceitible lines after one inoculation. Plants 

with inoderat resistance showed wilt after the second root-dip 

inoculation. Plants showing only mild syirpthins after the third 

inoculation were classified as being tolerant to Vertdciilium wilt 

and those showing no wilt after the third inoculation were classified 

as being resistant. 

Rudolph (95) made over 250 steni inoculations on apricot trees 

with Verticjlliwu from apricot, tomato, peach and raspberry. Some 

of the isolates produced a definite streaking of te wood and could 

be recovered above the point of inoculation but not nre than five 

of those inoculations were successful in producing even mild 

symptoms. The isolate originally from diseased apricot did not pro- 

duce synptoms. In another experiment, 300 inoculations were made in 

the canes of healthy raspberry plants with the same isolates but 

nono of the inoculations produced symptoms. 

Bewley () irculated tomato plants by ìypocoty1 wound- 

inoculations, internode und-inoculations and by planting tomatoes 

Into artificially infested soil. He observed that (, p. U9), "The 

hypocotyl and internode inoculations were the first to show typical 

disease symptoms but the soil inoculations, although longer in 

producing first symptoms, produced a complete wilt as soon as the 

hypocotyl inoculations. Internode inoculations---the fungus 

travelled up one side of the plant first and produced a wilt on tiis 
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side only." In anìother experiment, using hypocotyl and soil inocu- 

lations, only the data obtained from the soil inoculations were 

presented because (, p. 120), "---these being the more comparable 

with those of plants naturally infected in nurseries." 

Carosefli (14) was able to influence the severity of wilt on 

maple by controlling the quantity of inoculum injected into trunk8 

of trees. The greater the quantity injected, the more severe the 

wilting syiiptoms were. Inoculations made 1er on the trunks were 

more effective in producing wilt than inoculations higher up. 

Inoculations of petioles and leaf-blades failed to produce symptoms. 

Gravatt (27) encountered difficulty in obtaining consistent 

wilt symptoms when maple was inoculated with various isolates of 

Vcrticiilium. J-le believed that thora was a multitude of strains 

of the pathogen, each possessing a different capacity to produce 

symptoms. flaonseler (32) observed a similar situation in inocu- 

lation of peach trees with isolates of VerticiUium obtained from 

wilted peach trees. It was difficult to obtain wilt symptoms and 

arseler concluded that very special conditions were required for 

infection. Winter injury to plmnts was suggested as being a pre- 

requisite for infection. Winter iLjUI 8 not required for 

development of peach wilt in California (95). Haenseler con- 

sidered infection and symptom expression to be synonymous as so 

many workers have done. 

Nelson (2, 3) considered infection and s'inptom expression 

to be synonymous. This led him to the conclusion that the mint 
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strain of albo-atrum was specific in its pathogenicity to mint and 

that other strains of VerticiUìum were incapable of infecting mint. 

Homer (3g, :39) has shown that this is not. true ar1 that the mint 

strain is capable of infecting and existi in other hosts without 

symptom expression, and that other strains are capable of irifccting 

mint with no sytiptn expression. Thomas and Webb (115) reported an 

isolate of Verticilliuin from potatoes capable of inducing wilt in 

pepperiint, although symptoms were milder and somewhat differnt from 

those induced by the poppeunint strain. 

Snyder et al. (106) reported that certain weeds could be 

symptoinless hosts of . albo-atrmi. and this has been observed by 

other workers. Wilhelm (144) pointed out that symptomless invasion 

of nightshade (Solanum sarachoiUs) was associated with the invasion 

of very few roots. Wilhelm and Thomas (13) traced high levels of 

inoculuni in strawberry fields to a previous build-up on syiptom1ess, 

native nightshade weeds. 

Rudolph (96) showed that flax is a host of VerticiUiuxn. but 

symptoms of disease were very- subtle with stunting the most obvious 

symptom. Discoloration of vascular tissue did not occur. 

Workers (1, 26, 76, 6, ici) have reported wilt in teuxs of vas- 

cular discoloration without sufficient proof that it Is closely 

correlated to incidence or severity of wilt. Rudolph (96), Snyder 

et al. (106), Baker et al. (5), Wilhelm (144), arid other workers 

have mentioned several hosts in which vascular discoloration was not 

a symptom of disease or infection. Xc1ay (71, 72) pointed out that 
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this siiptoin is not r1iab1e for detennining either the presence or 

absence of Verticill.uni in tubers of potatoes, but vascular dis- 

coloration of tubers has been used in reporting incidence and 

severity of wilt in potatoes (1, 26, 36). Vascular discoloration has 

frequently been used in recording data when other snptorns were not 

consistent or obvious. 

Luck (67) found t.at mint plants could be infected by the mint 

strain of Verticilliuni without exhibiting any of the sptoms that 

are very characteristic for Verticillium wilt in mint. 5yzptomless 

invasion was believed to be due to factors other than environmental 

because some infected plants showed symptoms and others did not when 

they were grown adjacent to each other. Attempts to deteriine the 

nature of this apparent "resistance factor" were negative. 

Hawkins and Jiggins (36), in the first report o± VerticiUiuin 

wilt on cotton grown in Georgia, reported that syiptons ware very 

mild, and yields were not reduced on infected plants. AU plants 

cultured from had the pathogen. 

Pratt (7) found that more than 30 per cent of the symptomless 

raspberry plants in a field were infectad with Verticifllum. 

Folsom (20) was unable to get wilting of tomatoes with inocu- 

lation of VerticiUum. Ioberts (92, 93) and Wilhelm (132) 

reported that the absence of wilt sptoms in toiiatoes was not a 

reliable indication of the absence of V. a1bo-ptrn froni such plants. 

Kadøw (48) isolated Vertjciljiurn from the vascular tissue of tomato 

fruits grown on symptoinless plants. Pegg (85) found that hyaline 
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tstrainst? of V cilliurn could be present in the vessels of hosts 

without causing external symptoms. Isaac (42, 43, 46) used dif- 

ferences in pathogenicit.y between isolates as further reason for 

ranking the isolates as individual species. ¿e observed that certain 

"species" could be present in the vessels of hosts without causing 

external symptoms. 

Nelson ($3) found that the sev-erity of symptons ori mint at the 

tiìe of isolation of Vortìciilium was not an indication of the 

severity of symptoms which that. isolate would produce upon reinocu- 

lation into mint. Isolates obtained from mint showing very mild 

symptoms were often among the mo8t virulent when reinoculated, while 

isolates obtained frow severely wilted plants were frequently anong 

those that produced rild symptoms when reinoculated. 

Felix (19) observed wilt of spinach in New York and isolated 

. 
albo-atrum from wilted plants, but several inoculation attempts 

failed to produce wilt in spinach. Apparently, isolations were not 

made to determine if infection had occurred without symptoes. 

Varieties of tomatoes have been dveloped which, under condi- 

tions of artificial inoculation by root-dipping, were resistant 

or tolerant to Verticillium wilt (loo). Other resistant varieties 

of tomatoes have been developed in which the resistance broke down 

(17, p. i.io) "---under conditions very favorable to the develop- 

ment of Verticillium wilt." This situation bears a strjkinr 

resemblance to that on hops already described b] Keyworth (55). 
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endrick and Micidleton (51) developed a disease index for 

Verticillium wilt of pepper in which the length of growth made 

between nodes was a8sociated with the dgreo of plant resistance. 

Robinson et al. (94) found that varying the quantity of inoculu 

while root-dippirlß potato plants had a n.arked effect on the degree 

of stunting and time of appearance of wilt symptoms. Since all 

plants were inoculated at the saine tiìe, infection would have been 

expected to occur at the same time with the various levels of 

inoculum. 

Ririk and Berthold (91) found that inoculations of potato 

plants with . albo-atrum produced erratic results and frequently 

the inoculated plants failed to show symptoms. Apparently, it was 

not determined if the symptomless plants were infected. Robinson 

et al. (94) reported that in many cases isolations froIL potato 

plants yielded Verticifliu when the plants showed no syLptoms. 

McXay (70, 71, 72) investigated Verticillium wilt of potatoes 

extensively. In his many field trials in which plants were arti- 

ficially inoculated by placing infested plant material over the 

seed-piece, the results of wilt were invariably mild ar in soe 

seasons Verticillium wilt could not b distinguished from normal 

maturity. st of his experiments (71) wore repeated two and three 

tixes, riot for confination but just to obtain wilting of plants. 

Even after two or three years of trials on separate experiments, 

results were disappointing. 
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McKay (71) was inclined to attribute the rcildriess or absence 

of syirptorns in infected plants to "poor years for wilt", but he 

failed to describe a "good year for In sorne such "poor years 

for wilt", he obtained severe .1ting of plants where inoculuni was 

weil distributed around the plants within a radius of 15 in. , while 

inoculum placed in contact with seed-pieces produced mild wilt (71). 

ìcKay felt that these results were anoLa1ous and repeated a similar 

experiment in another "poor year for wilt" and again obtained the 

anomalous results in which wilt was mild where inoculurn was well 

situated for early infection, but poorly distributed for nu1tip1e 

root infections. Wilt was the most severe where inoculurn was 

distributed in such a manner as to aflow a greater infection area 

in the roots. These results are in good agreement with those 

described by Keyworth (60) who found that the severity of wilt was 

associated with the extent of root invasion. 

McKay (70, 71, 72) changed from the use of stem isolations 

to tuber isolations because too many synptomless plants were 

infected in the field. Thus, frequency of steI: invasion was not 

correlated with symptom expression. Apparently, this was con- 

fusing to McKay, and he lost faith in the use of symptom expression 

for recording disease severity. He states that (71, p. 466), "The 

percentage of tubers infected rather than the appearance of the 

plants during the growin season is used as the index for judging 

the extent of infection fran the soil because it is the more 

reliable method." Thus, McKay's (70, 71, 72) data on tuber 
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transmission, field spread, and control through crop rotation are 

based ori tuber isolations and do not represent disease severity 

since McKay pointed out that the association between appearance of 

plants and the results from tuber isolations was not constant. 

McKay was aware that Verticïllium could be present in potato plants 

without inducing symptom expression but believed that this resulted 

from infection occurring late in the seasons (71). Rudolph (95) 

also believed this, but neither worker presented data to support 

this view. 

Ludbrook (6e) carried out extensive field and greenhouse 

experiments in which numerous hosts and many isolates of Verticil- 

liuin were employed. He obtained 46 isolates of Vticilliwn of the 

microscierotial and "dauermycelïum" types from several foreign 

countries and various areas within the United States. Using II 

isolates he inoculated 20 to 40 plants of potato, tiato, pepper, 

cucumber, eggplant and several woody hosts in the field during two 

consecutive years. Sand-cornmeal inoculum was placed near the 

seed or transplant. Inoculum was favorabl located for early 

infection and infection occurred, as determined by isolations, but 

symptoms failed to develop with potato, tato, pepper and cucumber 

while moderate to very mild symptoms appeared on eggplants. The 

results were the saine during both years in which the trials were 

conducted. When these saine isolates were used in greenhouse inocu- 

lations with inoculum mixed in the soil, eggplant and tornato wilted 
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Beverely while potato showed moderate wilt. Studies of optimum and 

iriaximwn soil and air temperatures and optimum soil moisture for 

disease deve1opìent in the reenhous showed that severe wilt would 

have been expected in all of the hosts uflder the field conditions 

that prevailed if these environmental factors had played a major 

role in disease deve1opi3nt following infection. Ludbrook (6E, 

p.153) concluded that, "The difficulty experienced in obtaining the 

disease in the field at tinperatures below the experinìentally 

derived maximum 1ads to the belief that sotie factor or factors 

other than temperature must have lessened the susceptibility of the 

field-grown plants to the disease." There is no reason to believe 

that the susceptibility of the field-grown plants in Ludbrook's 

experiments was reduced. The results of Ludbrook (63), McKay (71) 

and many others can be explained on the basis of the quantity of 

the root system invaded by VerticiUium. 

Since the time that Verticillium wilt was described by Reinke 

and Berthold (91), there has remained a baseless assumption that 

still prevails. There have been no data to support the assumption, 

it has seldom been stated, but it appears to have been accepted by 

all who have worked with the disease. This assumption implies that 

a single infection of a host plant by Verticilhium is as effective 

in causing disease symptoms as multiple infections. This assumption 

has led many workers to use stein inoculations which have frequently 

failed to produce wilt syptorns or have produced only mild symptoms. 

Keyworth (60) obtained severe wilting when Vertciflium was 
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inoculated into the pith of hop stems, but with naturally infected 

plants it is doubtful if the pith becomes invaded until the plant 

is dead. 

The assuription that a single infection is as effective in 

causing disease as multiple infections appears unreasonable when one 

considers that Verticiflium grows predominantly longitudinally in 

the vessels (64, 95). Multiplo root infections would then be 

expected to result in a greater quantity of the vascular system 

infected or a greater quantity of the fungus within the host. 

Since there are definitely different degrees of disease, these could 

be the result of having different quantities of the pathogen within 

the host. There are no data to support the belief that a single 

infection will continue to develop until the host is as thoroughly 

invaded as would result from multiple infections. Keyworth (60) 

pointed out that a mild infection in hops remained mild throughout 

the growing season. 

Although data were not presented to substantiate the statement, 

Schneider (102, p. 141) concluded from his ork on Verticiflium wilt 

of guayule that, "There are also some indications that multiple 

infection are more serious than a single infection." 

Talboys (110) recently reported the results of a histological 

study of hop roots during early stages of infection by Verticillium. 

The study included two varieties of hops, One highly susceptible and 

the other highly resistant, and two strains of VertjçiUium one 

being mildly pathogenic and the other a virulent strain. Cortical 
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tissues appeared to offer soie resistance to penetration of either 

pathogen in either host, but the mild pathogen was resisted more 

than the virulent one and the more tolerant host offered mors 

resistance than the susceptible one. 

Apparently, the resistance offered by cortical tissues was of 

a temporary nature or was a feable resistance because Talboys 

believed that the primary site of resistance was in the endodexnis. 

The more rsistant variety had a greater capacity to form suberized 

endoderxnal cell-walls in response to the presence of the pathogen 

than the susceptible variety. The suberized endodexal walls were 

found to delay invasion of the 'vessels and, frequently, prevent it. 

The virulent pathogen was capable of overcoming the suberized bar- 

rier more frequently than the mild strain. When the endodennal 

barrier was overcome the vessels were invaded. 

The results of K3worth (60), in which the hid and virulent 

strains caused equal wilting when inoculated into hop sts in 

equal quantities, are supported by the results of Talboys (no). 

Thus, the primary reason for differences in wilt severity between 

the varieties of hops studied is that fewer VesSelS become 

infected by VerticiUtwn in the more resistant variety because of 

fewer successful root invasions. 

It is possible that with a high level of inoculum in the soil 

successful penetrations to the vessels would be more frequent even 

in the resistant variety, and 8evere disease might result. This 

would effectively explain the differences in disease severity among 
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highly resistant varieties of hops when planted in fIelds with past 

histories of various degrees of disease severity. Keyworth (55) 

found that many varieties of hops that were highly tolerant to 

Verticilliuin infection when grown in artificially infested soil 

showed wilt when planted in fields with previous histories of 

severe wilt. 

Although a rapid wilting of leaves is not a typical syrnptom of 

Verticillium wilt on tsensjtive' varieties in the field, Talboys 

(109) reported that this occurred without the preliminary chiorosis 

when hops were grown in soil that contained a high concentration of 

infested plant debris. Varieties of hops tolerant to Vorticiflium 

wilt also developed acuto symptoms under conditions of very heavy 

soil inoculations (108). 

CURRENT SEASON SPREAD OF VTICILLI 

Reinke and Berthold (91) suggested that Verticilliuni might 

spread from hill to bill in potatoes during the growing season, and 

in this manner one infected plant could servo to infect a nber of 

surrounding plants. This would imply that Verti4Uiu had some of 

the properties of a soil saprophyte although they did not believe 

that it was capable of surviving in the soil for very long. This 

is weU illustrated by the sînificance they placed on tuber trans- 

mission as a means for perpetuation and spread of the disease. 

McKay (71) probably roalized that his data did not support the 

popular belief that VertiCiliiuiL wilt is cnmonly tuber trannitted. 
In some of his experiments the number of infected hills grown from 
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non-infected tubers was not significantly different from the number 

of infected hills grown from infected tubers. McKay explained that 

these data indicated that Verticilhiurn had spread fr infected 

hills grown from infected tubers to healthy hills grown from 

non-infected tubers. When experiments were designed to 3110W spread, 

a number of ftprjor years" for i1t were encountered and flspreadI was 

negligible. It should be pointed out that MCKay's (71, p. 450; 

72, p. io) iflustration of current season spread is definitely an 

exception, as shown by his data. The figure shows a single inocu- 

lated potato plant surrounded by four non-irculated di8eased 

plants. McKay believed that Verticifliun had spread frQn the 

inoculated plant to the four adjacent non-inoculated plants during 

the growing season. This was the only such case involving five 

adjacent wilted plants during two years of experiments in which 

more than 600 inoculated and uninoculated plants were grown side by 

side. 

Furthenrore, McKay's (71) data show that in ali probability 

the occurrence of five adjacent wilted plants was the result of 

r1atural field infestation by Verticillium. Some of McKay's experi- 

mente were conducted in fields that had been planted to potatoes 

only four to five years previously, and it was believed that this 

was "clean soil" because McKay believed that Verticiflium was 

capable of surviving ir1 the soil for only one or two years. However, 

it should also be pointed out that McKay' s methods did not allow the 

detection of Verticilliurn in the soil for more than one year. 



Without realizing the liiritatlons of his techniques, McKaç con- 

eluded that the fungus could survive for only one or two years in 

field soil. 

McKay (71) believed that VerticiUium was capable of spreading 

in the field to a distance of 45 inches fron the point of inocula- 

tion during the growing season. Iis data show that if it is 

capable of spreading this distance, it is also capable of spreading 

75 inches because there was no significant difference in the number 

of infected hiUs located these distances from known sources of 

inoculuin. From his data, it would appear that he arrived at this 

figure on dista-ice of spread arbitrarily. Contrary to McKay's 

claims, his data substantiate the view that VerticjUium does not 

spr 'ad from plant to plant appreciably, if at all, during the 

growing season. 

Under more carefully controlled conditions Roberts (92), 

Isaac (42) and Luck (67) have shown that Verticillium does not 

spread to neighboring plants until after the infected plant dies. 

Then spread is believed to result from the growth of roots from 

neighboring plants into the area formerly occupied by the infected 

plant. This concept is important for it implies that Verticillium 

does not grow through the soil as mycelium. 

Wilhelm (143) stated that (p. 696), "Under the conditions of 

the experiments performed, independent saprophytic growth of 

Verticillium albo-atrum could not be detected in three natural field 

soils during two months of winter." Isaac (42) confirmed this, 
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finding that neither the microscierotial nor tdaueniiyceliu1ttt types 

of Verticillium grew through soil. 

Garrett (22) believed that "apparent spread" of wilt diseases 

during the growing season was more apparent than real. He attributed 

"apparent spread" to a diminishing concentration of inoculuni from a 

central point, but interpreted this as indicating later infection 

progressively further from the central point. 

Some rkers (71, 91) believed that current season spread 

resulted from the contact of roots between plants. Available data 

(42, 67, 92) show that this does not occur until after the infected 

plant is dead. But, when dead, the infected plant could serve as 

inoculum to infect neighboring plants without growth of the fungus 

through the soil. 

Apparently, Keywort.h believed that Verticihium is a soil 

inhabitant for he stated that (53, p. 537) , "The fungus grows in the 

soil---.' There are no data to support this view and, undoubtedly, 

Garrett's (22) classification of the fungus as a sail invader-- 

capable of invading the soil through the hosts which it attacks, 

but incapable of inhabiting the soil as a saprop}rte---places the 

fungus in the proper group of soil-borne organisms. 

SEED AND TUBER TRANSMISSION AND DISSENIJATION OF VERTICIILIU 

Rudolph (9e) obtained fruit from 164 tomato plants that wore 

severely wilted by V. albo-atrum. More than 26,768 seeds were taken 

from these fruits for isolations following surface sterilizing. A 
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total of two seeds were found to be infected by Veicil. It 

was riot shown that the infected seeds were capable of producing 

diseased plants, but Rudolph believed that seed transmission of 

V. albo-atrum by tornatoes was unfrportarit if it occurred at all. 

lie did not state whether the seeds were removed from the fruit as 

they normally would be by commercial seed producers. 

Kadow (48) allowed naturally infected fruit of tomato and egg- 

plant to ferment prior to isolating fran the seeds. He found that 

a very high percentage of both tomato and eggplant seeds were 

infected following this process. It was not determined if the 

infected seeds were viable or if they uld produce infected plants 

providing that they were viable. 

Guba (30) reported that Verticiflium wilt was not s3ed- 

transmitted by eggplant but he did not present the data that night 

have led him to this conclusion. 

Burton and deZeeuw (12) attempted to settle the question of 

whether Verticillium is 5eed-transmitted by eggplant. They tested 

over 12,000 seeds of six different varieties from six major seed- 

producing areas in the United States. They failed to detect 

Vertcillium in any of this seed. They found that naturally 

infected eggplants yielded infected fruit but the seeds in these 

fruit were not normally infected. In one case, seeds from a 

decaying fruit were found to be infected but greenuse and field 

tests failed to produce seed transmission of the disease from 

infected seed. 
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Tornpkin.s and Ark (119) reported that Verticilliuzn wilt was not 

seed-transmitted by strawflower. Isaac (44, 46) found that Verticil- 

1juin was not seed-borne on brussels sprouts and other vegetables 

but particles of plant refuse mixed with the seed contained con- 

siderable contamirtion by the pathogen. 

Rudolph and Harrison (99) isolated from various parts of 3,371 

cotton boils and found that 4.44 per cent of the receptacles were 

infected but none of the seeds were infected. Miles (77, 7) 

reported that Verticilliurn was not seed-transmitted by cotton. Seed 

grown on the Atlantic coast and planted in that area did not produce 

diseased plants, while seed fr the aanie source produced diseased 

plants in widely separated areas in Greece. Presley (9) reported 

that VerticiUium was not seed-transmitted by cotton. 

Tauberihaus (112) isolated the fungus from 199 cotton seeds out 

of 1,441 seeds that were tested. By artificial inoculation, AUen 

(3) showed that infected cotton seeds remained viable but it was 

not deterined if the infected seeds would produce diseased plants. 

The source of propagation stock with vegetatively propagated 

plants such as raspberries (62, 7), strawberries (59, 87) and 

mint (67) has been shown to have relatively little influence on 

disease deve1ornent. Even when such plants were taken from 

diseased fie1s a considerable lapse in time---generally several 

years--was required before wilt becaine obvious or severe. This 

would be about the saine length of Urne required for the disease to 

appear in crops that are grown fr seed where it is believed that 
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the disease is not seed-transmitted. Keorth arid Bennett 

(59, p. 309), working with strawberries, concluded that, "It is thus 

clear that the perfornanc of the runners was unrelated to the dis- 

ease status of their parent plants. It was obviously greatly 

influenced, however, by the disease status of the ground on which 

they were planted." Pratt observed idth strawberries that 

p. 50), "Plants which had been taken from a field in which 

Verticillium infection was known to be present and set out by another 

grower in clean ground were found to be completely disease free." 

It was not made clear whether this was dtenxiined on the basis of 

isolations or symptom expression. 1-lowever, Pratt found that runner 

plants could become infected from either the mother plant or the 

soil by the tire that they formed new roots. Pratt also found that. 

tip plants of raspberry produced by infected mother plants were free 

of infection, as determined by isolations. 

Despite aU of the work that has been done on seed transmis- 

sion of Verticilliurn wilt and transmission thugh propagation 

stock, little can be said about the influence of these plant struc- 

tures on disease transmission and dissemination. The available data 

indicate that seed transmission 01' Verticillium probably plays only 

a rinor role in dissemination of the patgen, particularly with the 

current use of seed-protectant fungicides. The available data also 

indicate that under certain conditions infected fruit can produce 

infected seed, but it still remains to b determined, uìer carefully 

controlled conditions, whether infected seed will produce infected 
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plants. Sinìce infection and 3yfllptOEl expression hava so frequently 

been considered synonynious--and it was pointed out that this is 

not true---abserìce of symptoms have frequently been interpreted as 

indicating absence of infection. For this reason, much of the seed 

trannission work is of doubtful value because it only shows that 

symptoms of disease were absent but it does not show whether 

VerticiUii was absent. It is likely that the amount of macu- 

lum disseminated on seed would not suffice to produce symptoms 

even if it was enough to cause infection. 

One of the most widey accepted beliefs concerning tranrission 

of Verticilliwn wilt is that the disease is tuber transmitted by 

potatoes. Reinke and Berthold (91) based much of their work and 

their description of the disease on this assumption. They found the 

fungus in tubers to a depth of rt greater than 15 n. fran the point 

of attachment to the stolon. In attempting to explain how the fungus 

moved from this location to the new shoots, they said that it grew 

back out of the tuber through the same path by which it entered. It 

was believed to then penetrate the cork layer on the outside of the 

tuber and grow along the cork layer until reaching a new shoot. 

Reinke and Berthold knew that Verticiflium was not capable of grow- 

ing through parenchyrna tissue, and the fact that they were able to 

find the fungus only in the stem-end of tubers must have led them to 

believe that the fungus passed from the tuber to new shoots by the 

route they described. They said that dark xnyceitm was found on the 

surface of planted tubers, and they believed that this substantiated 



their interpretation without appreciating that the dark mycliurn 

could have belonged to any of a number of soil fungi. 

Other workers (, 95) have expressed the improbability of 

tuber transmission occurring as Reinke and Berthold described it. 

Th idea of tuber transrission was not dropped, however. Only the 

concepts on how the fungus moved from an infectod tuber to the new 

shoots have been modified, and nost workers appear to have 

accepted the conclusions of Pethybridge (6). 

Pethybridge (86) was not satisfied that Verticillium was 

localized in the stem-end of tubers for he observed that when 

tubers were cut in half, into eye-ends and sten-ends, and planted 

in the field, both ends of the tubers produced equal numbers of 

diseased plants. Without considering that infection could have 

come from the soil, Pethybridge concluded that the fungus rnust be 

distributed throughout the tuber in the vascular system from the 

stem-end to the eye-end. He believed that he had donatrated 

this through three observations. One was the fact that either end 

of the tuber was capable of producing diseased plants when grown 

in the field. A second observation was that when an infected tuber 

was cut near the point of stolon attacmìent, VezticiUium grew out 

of the vascular tissue of the tuber but this did not demonstrate 

the depth to which the fungus had penetrated. The third observa- 

tion was that when tubers were sliced lengthwise and observed under 

the microscope, "myceliumt was found distributed the entire length 

of tubers. In the first place, observing a sliced tuber the entire 
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length with the optics available at that time and discerning 

zr-ce1ium from other structures that resemble mycelium withiì a 

tuber would have been questionable. Secondly, it is a well-known 

fact (70, 71, 72) that many fungi inhabit the interior of tubers 

and Pethybridge did not make isolations from the interior of tubers 

to identify the nrceliu which he assumed to be VrticiUium. 

Another weakness of the tuber tranission theory as proposed 

by Pethybridge (s6) is that for th fungus to move from the tuber 

to the new shoots, the tuber must remain intact, He found that 

potato plants in the field grown from infected tubers did not 

become infected until after several weeks growth, but he did not 

detez.ine if the tubers had decayed by this time. 

It is not known whether the all quantity of Verticillium 

present in an infected tuber is capable of surviving through the 

decomposition process of the tuber in the soil. Rudolph (95) 

pointed out that the pathogen plays no role in this decomposition 

process and it is highly improbable that the fungus increases 

during decomposition because of its poor competitive nature in the 

presence of other soil organisms as pointed out by WilheL (137, 

143). The preceding section on current season spread also empha- 

sizes that Verticillium is a poor soil saprophyte. During 

decomposition of certain types of organic matter in the soil, 

(us, 134, 136) even relatively aU quantities of organic matter 

have been found to greatly reduce the population of iJcrosclerotia. 

It is therefore doubtful whether the small quantity of Vert.iciUium 
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in an infected tuber would survive the concentrated decomposition 

occurring in a decomposing potato tuber and this inoculum may never 

be available to infect roots after it is released from the tuber. 

McKay (70, 71, 72) advocated the tuber transmission theory of 

Verticilliuxn wilt of potatoes. lus influence on the subject can be 

seen by the maw references citing his conclusions regarding the 

importance of tuber transmission. McKay accepted the conclusions 

of Pethybridge and believed that Verticilliurn was distributed 

throughout the tuber. It is interesting that I'lcKay isolated from 

over 12,000 tubers to detemine if they were infected with 

Vrticifljuz but invariably isolations were made from the stem-end 

where the presence of many other fungi frequently interfered with 

detection of the pathogen. 

McKay (70, p. 822) set up an experiment that should have shown 

the influence of tuber transmission on Verticillium wilt. Tubers 

were obtained from healthy and wilted potato fields from several 

locations in Oregon and from fields in Michigan, Wisconsin and 

Colorado. Tubers from these various locations were planted on 

newly cleared land after it was deterined by isolations that they 

were infected or non-infected with Verticillium. Data were taken 

and isolations were made from tubers but none of these data were 

published showing the influence of tuber transmission. 

In another experiment McKay (71, p. 440) states that, in 

the 1917 tests plants grown on clean soil from VerticiUium-infected 

seed gave 29.7 per cent of Verticililuin infection in the yields; the 
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seed potatoes from which only 'miscellaneous fungi were isolated 

gave 13.3 per cent, and those from which rio organisms were isolated 

gave l.9 per cent." By "clean 9OiltI McKay meant fields that had 

not grown potatoes for at least four to five years. He considered 

the fungus to survive for only about one year in the field, and he 

stated that some of his experiments were conducted in fields that 

had. grown potatoes as recently as four to five years previously. 

His results and some of the field diagraLls (71, p. 443 and 446) on 

pattern of recovery strongly suggest that there was natural infesta- 

tion of the soil which was believed to be free of Verticillium. 

McKay (70, 71) and Pethybridge (86) found that not all tubers 

infected with Verticiflium produced infected plants, but neither 

adeqate1y explained this. Pethybridge suggested that lightly 

invaded tubers might produce healthy plants, while extremely 

invaded tubers would produce diseased plants. 

McKay's (70, 71) results agree with those of Pethybridge (6) 

in that the stem-end of tubers planted in the field produced about 

the sane amount of infected hills as eye-ends. McKay found that 

stem-end halves produced hills in which 22.7 per cent of the yield 

was infected and 24.6 per cent of the yield from eye-end halves was 

infected. It remains, however, to be shown that Verticillium is 

distributed throughout the tuber. Reinke and Berthold (91), 

Spieckermann (107) and others have been able to find the fungus in 

only the stem-end of tubers near the point of attacIient to the 
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stolon. There are no data to show that the pathogen is nonnally 

distributed through the tuber, and the results obtained by 

Pethybridge and NcKay in which either end of the tuber produced the 

same number of diseased hills could be explained on the basis of 

infection occurring from the soil. The data of both of these 

workers show conclusively that the soil in which tubers were 

planted had a greater influence on disease develoent than did the 

source or part of the tuber planted. 

Robinson et al. (94) attempted to detennine the relative 

inportance of infected tubers in tranïtting the disease as corn- 

pared to tubers dth surface contamination. They concluded from 

one experIment that (94, p. 32), "---surface inoculation caused 

most of the wilt present and that vascular infection of seed pieces 

was of little importance." A second experiment led them to the 

onclus1on that (94, p. 33), "This is further evidence that, at 

least under some conditions, surface-borne inoculum of Verticil- 

1juin gives rise to far more wilt than does rnyceliun within the 

vascular ring." Their data show that the amount of disease 

resulting from planting internally infected tubers was negligible 

and could easily be attributed to infection frczn the soil rather 

than from the tubers. No mention was made of the severity of wilt 

resulting from surface contamination of tubers. Dilutions were 

made fr the soil and plant debris taken from a sack used in 

harvesting a field of wilted potatoes. More than 10 million viable 
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particles of Verticiflium were present on the surface of a bushel 

of potatoes. These i'rkers also claimed that Verticillium grow 

from internally infected tubers into new shoots, but their data do 

not substantiate this claim and no conclusive evidence was presented 

to support it other than the claim. 

Lefebvre (63) reported that potatoes grown on new land in 

Alaska were infected with Vertcillium. Certified seed tubers 

from the States had been used for the planting. 

Gratz (26) observed that the planting of tubers in Florida 

taken from severely wilted fields in I1aine did not result in dis- 

eased plants in Florida. Temperature records over a period of 10 

years showed that during the first two-thirds of the growing sea- 

son for both areas average air tnperatures were almost identical. 

Gratz concluded that if soil or air terìperatures had influence on 

disease developnent between the two areas, and if the disease was 

tuber transmitted, Florida-grown potatoes shild also have severe 

wilt. 

Studies on tuber transmission of Verticillium wilt have 

invariably been carried out in the field where it has been assumed 

that natural infestation of the soil was absent. As a direct 

result of this assumption, the belief that internally infected 

tubers would necessarily produce infected plants has persisted 

without supporting evidence since 1E79 when Reinke and Berthold (91) 

described the disease. 



One aspect of tuber infection proves interesting, although no 

attt&pts have been made to explain it. McKay's (71) data show that 

tuber infection is largely independent of disease symptoms on the 

rest of the plant. Some plants showing severe wilt produced a 

normal number of tubers of which none were infected. The reverse 

was also true in that symptomless plants freently produced a 

similar number of tubers of which nearly all, or all, were 

infected. This would imply that the general assumption that the 

fungus naves from infected stems to the tubers nay not be true, and 

that infection of the stolons may occur independently oÍ' the rest 

of the plant or that sone other unrecognized factor influences 

tuber infection. McKay (71) found that stolons were among the last 

part of a potato plant to becOEne infected. 

There has been very little direct evidence linking transmission 

of Verticiflium wilt with infected seed or propagative plant parts 

such as runner-plants, stolons or tubers. Still, when the disease 

appears on a crop, it generally appears over a wide area that has 

had a similar cropping history. A few examples are; raspberries 

grown in the state of Washington (62), Oregon (87, 153) and in 

Canada (6); cotton in California (37), Arizona (9), Mississippi (76) 

and Greece (77); eggplants in Massachusetts (30); strawberries in 

New York (II), California (116, 146), Oregon (87), and British 

Columbia (74); tomatoes in California (95); potatoes in Oregon 

(152), Idaho (64) and i.ssachusetts (10); hops in England (54, 56); 

strawflower in California (119); cherries grown in association with 
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tomatoes or potatoes in Europe (121); and many others. Studies 

of transmission have not adequately explained the appearance of the 

disease over wide areas at about the srìe time. If the disease is 

seed-transmitted it would be a very slow process as shown by 

transmission studies, and it would reasonably be expected to occur 

in localized areas once the organism was introduced to the soil. 

However, this has not been the case. 

Presley (9) expressed the opinion that Vertieiflium was 

indigenous to the soils of Arizona. Lawrence (62) believed ti'ie same 

to be true for soils in the state of Washington. Wilhelm (132, 140) 

believed that infected plant debris and inoculum at the soil surface 

could be blown long distances by wind. Isaac (46) found Verticil- 

1juin to be air-borne during the winter near fields that had produced 

diseased crops. Isaac (44) also found that plant debris associated 

with seed carried infective particles, and Robinson (94) found that 

soil adhering to potato tubers taken from diseased fields carried 

the pathogen in large quantity. Bewley and Buddin (7) found 

Virticiflium in water supplies. It would appear that all of these 

factors could play an important role in the dissemination of 

Verticilliuiil. However, once the fungus was disseminated over an 

area---by whatever means---its longevity could in effect make it 

indigenous to an area. The develoent of disease over wide areas 

as related to ccninon cropping histories of fields could be related 

to the build-up in concentration of the pathogen in the soil. This 

would effectively explain why there is generally a delay period 
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before disease becomes severe in an area where a highly susceptible 

crop has been grown for oniy a few years. Verticillium wilt in its 

milder forms o many hosts could easily go undetected in an area 

until the pathogen become concentrated enough to cause econnical 

losses and attract attention. 

This interpretation would also explain the fact that with 

perennial woody hosts such as Avocados (154, 155), peaches, prunes 

(95),olive (106), cherry (121) and others, the disease severity 

appears to be related to the previous planting of annuals such as 

tomato or potato. These annual crops return considerable quanti- 

ties of inoculum to the soil and continued growth of these between 

and under the ody hosts has resulted in more severe diseases on 

the ody hosts. Fwever, when interplanting the annuals between 

the woody hosts was discontinued, disease severity declined. 

Possibly, woody plants do not offer a suitable substrate for 

build-up of the pathogen, inoculum from such plants may not reach 

the proper zone in the soil to cause root infections, or the type 

of decomposition occurring with woody tissues returned to the soil 

might result in a decrease of the VerticiUium inoculuin present in 

and on them. With very few exceptions, tree hosts nonally do not 

build up the disease potential (95, 106, 121, 154, 155), but 

instead the disease severity decreases in subsequent years even 

though the trees become infected. With semi-woody hosts such as 

hops (4, 56) and guayule (102), disease severity appears to 

increase or decrease slowly or remain about constant by continuous 
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cropping. Herbaceous crops such as tomatoes (141), potatoes (io), 

eggplant (30), mint (67), and many others tend to increase the dis- 

ease potential of soils relatively rapidly under favorable environ- 

mental conditions. 

Thus, severity of Verticifliurn wilt is aJ.rnost invariably 

associated with the previous planting of annual Fierbaceous crops. 

Until it is demonstrated that seed trannission of Verticillium 

occurs commonly, the majority of data support the conclusion that 

the pathogen is widely distributed in nature and that its distri- 

bution is not related to agricultural areas, although its 

concentration is. The correlation between wilt severity and 

cropping histories of annual crops has been pointed out by many 

workers (lO, 30, 54, 84, d7, 96, 106, 121, 141, 155). 

DISEASE 8EVITY AS INFLUENCED BY QUA\?rITY OF INOCULUI( 

A complete lack of available estimates on the quantity of 

inoculum normally present in soils differing in disease potential 

has been the major obstac1 to appreciating the influence that 

quantity and distribution of inoculurn have on disease severity. 

No attempts have been made to determine the number of separate 

infections occurring on diseased plants !ì the field, and it has 

been generally accepted that a single infection is sufficient o 

induce severe disease. 

Although Wilhelm (132) interpreted his data as showing the 

influence of inoculum potential on the number of infected plants, 
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they can be interpreted as showing the number of separate infections 

that might occur on a single plant grown in a snafl qLantity of 

naturally infested soil. A biological assay for deterniriing the 

relative inoculurn potential of soils was devised. Each of many 

soils as assayed by placig soil in four s-inch pots and planting 

ten tomato seedlings per pot. After six to eight weeks, isolations 

were made from the stems of al]. plants. A number of soils produced 

greater than 90 per cent infection in the 40 test plants and some 

produced approximately 100 per cent infection. 

Assuming that each infection was represented by an invaded 

stem, a mini.mum of 9 to 10 infections occurred in each Sj-inch pot 

of soil where 90 to 100 per cent of the test plants were infected. 

The soil in four s-inch pots would haxly be the quantity to which 

the roots of a single vigorous plant would be exposed in the field. 

With 36 to 40 te5t plants becoming infected in this amount of soil, 

and with many of the plants undoubtedly having multiple infections, 

the amount of inoculum and the number of separate infections 

occurring per plant in the field when disease is severe might be 

much greater than previously anticipated. 

In other experiments, Wilhelm (136) grew l test plants per 

1.5 cu. ft. of soil. In unamended, naturally infested soil 

Verticifliuni was recovered from about per cent of the plants. 

When the naturafly infested soil was diluted at a ratio of 1:25 

with disinfested soil 22 plants became infected, which would 

indicate that as many as 550 separate infections might occur from 
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1.5 cu. ft. of the undiluted, naturally infested soil. Similarly, 

when naturally infested soil was diluted at a ratio of 1:500 with 

disinfested soil, Vertïclliuin was recovered from one plant which 

would indicate that the 1.5 cu. ft. of undiluted soil might cause 

500 separate infections. 

Wilhelnits (136) data show that the association between inocu- 

lun potential and frequency of recovery of Verticillium from the 

stems of young tomato plants is not a linear relationship. The 

relationship appears to become logaritbmetic with increasing level 

of inoculurn but, possibly, this relationship would change with age 

of the plants. Wilhelm's data show that naturally infested soils 

are capable of causing numerous infections per plant when th 

inoculum potential is relatively high. 

Bewley (8) obtained 50 single-spore isolates of . a1bo-atrw 

from diseased tomatoes in England and. classified them into six 

groups on the basis of the quantity of niicrosclerotia and dark 

mycelium produced. Group I produced the least rri.crosclerotia and 

dark mycelium, Group II produced more than Group I, Group III pro- 

duced more than Group II, etc., and Group VI produced the most. 

When the "pathogenicityt' of these isolates was tested by planting 

potato, eggplant, snapdragon, cucumber, sycamore, cotton, pepper 

and elm into soil infested by these isolates, disease severity was 

found to be related to the qu&:tity of microsclerotia or dark 

myceliuxn produced. Bewley report.ed that. (d, p. 125), "---there is 

some indication that the virulence of the strains is related to the 
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ability to produce carboriised hyphae and inicroscierotia. Group I 

was uniforii1y slow in producing the characteristic wilt, whil9 

Group VI was r;ost rapid---." The average number of days to wilt 

symptoms was 31.3 days with Group I and 16 days with Group VI. 

The average number of days until death of plants was 65 days with 

Group I and 40 days with Group VI. The other groups produced wilt- 

ing and death of plants at tLe intervals between tIìe two extremes. 

With some hosts, symptoms of wilt were absent but all plants were 

infected, as shown by isolations. 

Nelson (83, p. 3) stated: 

"It has been observed that the most aggressive iso- 
lates of the mint wilt pathogen produce scierotia abun- 
dantly. Conversely, those that are weak producers of 
microscierotia are likely to be less strongly pathogenic. 
They usually induce disease symptoms after a more prolonged 
incubation time, the symptoms are milder and the plants are 
less severely injured. 

(p. 2) "or the many isolates of Vrtici11ium cultured 
from wilting pepperiint and spean;1nt plants, comparatively 
few have been non-pathogenic when tested for infectivity. 
The pathogenic isolates have, however, di8played consider- 
able variation in virulence. Some are only weakly para- 
sitic, while others are much mor2 aggressive and kill the 
host plant in a comparatively short time These variations 
are not correlated with the conditions of the diseased 
plant from which they were cultured. Some of the weakly 
parasitic forms were cultured from plants that displayed 
the most severe symptoms of wilt. 

(p. 82) "Long continued culture of the most patho- 
genie ntint isolates on laboratory media has soneti.es been 
followed by a partial i.mpairient in virulence or even corn- 
plete loss of infectivity. A similar behavior has been 
noted with V3rticiflium isolates froL other hosts, 
including tomato , s napdragon, c hrysanthemum, raspberry, 
eggplant and cotton. ---aB. of them initially formed masses 
of microscierotia on culture media. (p. 83) In older cul- 
tures decreased virulence is often associated with decreased 
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production of scierotia. Cor.plete disappearance of 
scierotia may signify loss of pathogenicity. 
(p. 84) Restoration of sciorotial production has 
sometines increased the virulence of isolates that 
had shown a degradation of pat hogenicity foUowirig 
a decrease in sclerotial production." 

Both Nelson (3) and Bewley (B) interpreted their results as 

indicating that microsclerotial production, or quantity of micro- 

scierotia, was associated with, but incidental to, pathogenicity. 

Both rkers used inoculation by zoil infestation to arrive at 

their conclusions. 

Luck (67) observed a corrnlation between quantity of micro- 

scierotia produced and severity of wilt induced by isolates of the 

mint strain of Verticillium. Homer (40) found that, root-dipping 

mint cuttings with the mint strain and planting the cuttings in 

the field resulted in a rapid death of plants when inoculum was 

concentrated, while a dilute suspension of the saxr.e nìicrosclero- 

tial and conidial inoculum produced mild wilt. 

Presley (88) reported a relationship between the quantity of 

microsclerotia produced by caltant strains of . albo-atrum and 

the severity of syirptoms on cotton inoculated by root-dip. Kal 

and Wood (49) reported similar results using root-dip and soil 

inoculation with cotton. 

Tolnisoff and Young (117) used a sirìle isolate of Vert.icilli 

for soil inoculations on potato and found that a range of symptom 

expression from symptomless invasion to severe and early wilt could 
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be produced by controlling the quantity of microsclerotia intro- 

duced into the soil. Tuber yields were a reflection of the 

differences in severity of synptoms and yields became progressively 

smaller with increasing concentrations of microscierotia. 

Robinson et al. inoculated Irish Cobbler potato plants by 

dipping roots in various concentrations of conidia ranging fran 

35 spores to eight million spores per ml. of inoculum. They found 

that (94, p. 12), Stunting, as based on 10 plants por treatment, 

became steadily more pronounced with increasing inoculum load, and 

was accompanied by earlier appearance of wilt symptoms. However, 

in 27 days severe wilting occurred in plants inoculated with sus- 

pensions containing only 7,000 spores/mi., and slight wilting 

developed even with the most dilute spore suspensions. After 40 

days, ali inoculated plants showed severe and almost equal wilting 

even though there were differences in growth dependent on the 

initial size of inoculum." b interpretation of these results was 

given, but they can be interpreted as showing the influence of 

quantity of inoculin on t degree of root invasion and symptom 

expression. 

Although there is no reason to believe that conidia cause 

infection of roots in the field, under conditions of root-dip 

inoculation they do definitely serve as infecting units. It 

would be reasonable to expect that inoculuni consisting of eight 

million conidia per ml. would cause countless numbers of infections 

on the roots exposed to irioculum. Theoretically, there might have 
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beer. 22,571 infections per plant at the highest rate 0±' irioculum 

for each infection occurring at the lowest rate and, apparently, 

all plants were infected at the lowest rate. It would also be 

reasonable to expect that as the inoculurn density decreased, the 

root infections would be spaced ftirthor apart. With high concentra- 

tions of inoculum the entire inoculated root system would soon be 

thoroughly invaded, while lower concentrations of conidia with 

infections spaced farthr apart would require a longer timo for as 

much of the root system to be invaded. Even with the lowest con- 

centration of irioculurn used there might have been multiple infections 

in the roots. Then it might reasonably be expected that eventually 
the lower concentrations cl' inoculum would pzduce aliost as severe 

wilt as resulted with higher concentrations, but after a longer 

period of tilLe. The re5ults obtained by Robinson et al. agree with 

the findings of Keyworth (60) and McKay (71) . Keyworth found that 

the extent of symptom expression on hops was correlated with the 

extent of root invasion, and McK&y found that the distribution of 

i-ioculum around and beneath potato plants influenced disease 

severitr. 

Isaac (45) atteipted to determine whether nutritional status 

of the host or nutrition of the pathogen prior to infection had. 

more influence on disease develojmient. He found that supplying 

Nai3 to the host had far less influence on disease develonent than 

when it was supplied to Veticillium in culture prior to inoculating 

the host by infesting soil. Isaac interpreted this as indicating 
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it might also be interpreted as indicating that more inoculum was 

present from greater growth wìti supplemented iI&'D3 

The majority of rk reviewed on degree of invasion can be 

Interpreted as showing the influence of quantity of inoculum on 

disease severity. Many of the results fraiL. field experiments on 

the control of VerticiUium wilt can be interpreted sinilarly. 

It is known that chioropicrin is effective in reducing the 

inoculum potential of Verticilliuzn In the soil (139,145). Nelson 

(3) found that rates of chioropicrin up to 400 pounds per acre did 

not reduce the incidence of infection in mint stems but symptoms of 

wilt were delayed and less severe. These effects were proportional 

to the quantity of chioropicrin applied to the soil. 

Young (150) and Young and Tolitsoff (151, 152) reported that 

Vap was effective in reducing VerticiUimi wilt of potatoes as 

measured by the severity of foliage symptoms and increased yields. 

The degree of control was proportional to the quantity of Vapazì 

applied to the soil. The incidence of infection in stems was not 

reduced even by rates of Vap that nearly doubled yields, nor was 

the tThie of infection delayed as corLpared to untreated controls. 

Carry-over effects from one season to the next were present even 

though all of the infected plants were worked back into the 

ground. 
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Sorne cultural practices have been reported to control Verticil- 

1juin wilt in certain areas. Guba (30) found that crop rotation of 

heavily inìfested soil with sod greatly reduced the severity of wilt 

on eggplant in spite of the prevalence of disease arnon.g the plants. 

An almost normal crop was harvested after sod, while disease 

remained severe in controls continuously planted to eggplant. 

Leyendecker (64) reported that summer-fallow reduced the 

severity of wilt in cotton with a dry fallow being more effective 

than wet fallow, the latter 4ving no control. The reduction in 

disease severity and increased yields could not be explained on the 

basis of a reduction in the number of infected plants. Leyendecker 

concluded that a change in some aoil factor or factors was 

responsible for the reduction in disease severity and suggested 

fertility, soil structure and microbial activity as possibly play- 

ing a role in the increase of yields. However, this does not 

agree with the finding that the dry fallow was more effective than 

wet fallow. These results can be interpreted as showing a decrease 

in the inoculuxn potential of Verticillium with dry fallow. This 

interpretation would not conflict with Wilhelm's (141) finding that 

Verticifliurn can survive in the field in the absence of suscep- 

tible hosts for 14 years because Wilheli did not determine the 

percentage of rnicrosclerotia survivin. 

McKeen (73) found that when VerticiUium was added to dry and 

moist soils that were kept dry and moist, respectively, for two 

months prior to planting, symptoms of wilt appeared later in plants 
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grown in soil that had been kept dry during the pre-planting 

incubation period. This can be interpreted as showing the influence 

of environnent on survival of Verticiflium, which in turn can be 

interpreted as showing the influence of inoculuin potential on dis- 

ease developnent. 

McKay (71) reported that a three-to four-year rotation of 

infested land with grains and clover was sufficient to eliminate 

Verticillium fror: the soil. Zeller (153) reported that a 

three-year rotation with non-susceptible crops was sufficient to 

prevent infection of raspberries. Working with th "daueriryceliurn" 

form of Verticiflium. Robinson et al. (94) concluded that a 

three-year rotation with clover and grain was effective in elimi- 

nating the pathogen from the soil, while a two-year rotation was 

effective in significantly reducing the incidence of disease in 

potato plants. Folsom (20) reported that a single year of rotation 

with clover was effective in eliminating wilt of potatoes, but this 

was based on a grower1s observations. 

Wilhelm (132, 141, 146) reported that crop rotation with 

non-susceptible crops for eight years or inor was not effective in 

eliminating Verticillium frani the soil. Thus, the report by Wilhelm 

appears to conflict with other reports, and workers have drawn 

hasty conclusions from these aprent discrepenciss. Flowever, it is 

necessary to consider the eeriments on which the reports are based 

to understand that the reports do not necessarily conflict. They 
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cari be Interpreted as being complimentary when the influence of 

inoculurri potential on disease developnent is considered. 

A field suitable for experiments and naturally infested with 

Verticiflium was not availablo for th rotation studies in McKay's 

experiments and he stated that (71, p. 465), "In order to have the 

diseased soil plots heavily contaiiniriatod with the wilt organism 

a crop of potatoes was planted and inoculated at planting time ----." 

It is doubtful that the grwing of a single crop of potatoes inocu- 

lated with Verticilliurn was sufficient to heavily infest the soil. 
Similarly, Robinson et al. (94) tested tha effectiveness of crop 

rotation on a non-infested field, and the soil was artificially 
infested by planting a crop of tubers froì. a field of wilted 

potatoes. Zeller (153) infested his crop-rotation plots by plant- 

ing and inoculating a crop of raspberries prior to imposing the 

rotations on the soil. Wilheh's reports (132, 141, 146) on the 

in3ffectiveness of crop rotation for eliminating Verticillium are 

based on studies of naturally infested soil in which, generally, 

many susceptible crops were grown prior to the rotations. Thus, 

Wilheln's reports on the ineffectiveness of crop rotation are 

based on heavily infested soil. Wilhelm's data show that a sub- 

stantial reduction in the inoculum potential resulted from either 
crop rotation or suirgner-fallow, but infection was not eliminated. 

Both McKay (71) and Zeflor (153) believed that Vorticilliuin 

survives for only one or two years in the soil. When infection 
occurred in test plants after three years of rotation with 
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non-susceptible crops, they interpreted such infections as arising 

from foreign contamination or error. Thus infection had not been 

eliminated, although a reduction in the inoculum potential 

undoubtedly occurred. In this respect, their results agree well 

with those of Wilhelm (132, 141, 146) in that crop rotation 

reduced the level of inoculìzn without eliminating infection by 

\rrticiUium from the soil. 

It is significant that the severity of wilt occurring in the 

rotation studies was not mentioned by McKay (71), ZeUer (153), 

Robinson et al. (9ì.) and Wilhelm (132, 141, 146). Apparently, it. 

was considered that an infected plant was a badly diseased plant. 

McKay's (71) results are based on the frequency of recovery of 

VrticiUium fron potato tubers, and his results showed that under 

the conditions of his experiments tuber infection was not related 

to symptom expression in the plants. If crop rotation in his plots 

resulted in a decrease in disease severity, no mention was made of 

it, and the results have not proven satisfactory for field control 

in Western Oregon where the experiments were conducted. Nor have 

Zeller's (153) results on the control of wilt in raspberries in 

Western Oregon proven satisfactoxr for field control in that sar':e 

area (7). If VerticiUiun wilt is as easily controlled by crop 

rotation as reported by Robinson et al. (94), this disease should 

not be a problem in that area. Under the conditions of their 

experiments, incidence of disease declined fri one year to the 

next with continuous cropping Qf potatoes on the artificially 
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eliminated Verticilllum is questionabL because of the low incidence 

of disease in the plots planted to potatoes for two consecutive 

years, and the low incidence of disease in all of the plots. Further- 

more, no mention was made of whether control plots were included in 

the experiment. 

Nelson (3) reported that a six-year rotation with potatoes, 

sugar beets, red beets, spinach and cabbage on land infested with 

the mint strain of Verticillium was beneficial in that mint iade 

unusually good growth when replanted following the rotations. how- 

ever, he believed that rotation was not practical since many of the 

mint plants were infected. In another experiment, Nelson (3) 

found that crop rotation and fallow of heavily infested land for 13 

years did not eliminate Verticillium from the soil. 

From the reports of many workers, ìt can safely be concluded 

that the irioculum potential of Verticilliurn in the soil is the 

primary factor determining the severity of Verticillium wilt in the 

field. It can also be concluded that summer-fallow and crop rota- 

tion with non-susc3ptible hosts are effective in reducing the 

inoculum potential of Verticiiium, but these asures of control are 

ineffective in eliminating the pathogen from the soil even when con- 

tinued for periods of up to 14 years. The reports also indicate that 

the niicrosclerotial foxm of VerticiUlum may be more difficult to 

control through cultural practices than the "dauernyceliuin" forni. 



ENVIRO NMENTAL I NPIUE \CES 

The nutrition of host plants has been shown to influence the 

severity of Verticiflium wilt but none of the alterations of host 

nutrition have e1iiriiated infection. Of the major elements required 

by plants, available nitrogen has been shown to be the most influ- 

ential on disease severity (21, 45, 57, 39, 93, 124). Less 

obvious symptoms of dlt have resulted when plants were in a state 

of nitrogen deficiency. Nelson (83) believed that nitrogen deli- 

ciency predisposed mint plants to more saver wilt, but no experi- 

ments were conducted to substantiate this belief. 

Keyworth and Hewitt (57) reported that an excess or deficiency 

of phosphorus, potassium, calcium, magnesium or manganese had no 

affect on hop wilt. GaUegly (21) found that the available level of' 

phosphorus and potassium did not influence tomato wilt. Walker 

et al. (124) obtained an increase in wilt severity on tomatoes with 

an increase in nitrogen supplied to the host. In field experiments, 

Presley (89) reported an increase in wilt severity of cotton for each 

increase in the anount of nitrogen applied to soil and a decrease in 

wilt severity for each increase in the amount of potassium added. 

Roberts (93) found that the addition of potassium had no influece 

on tomato wilt when nitrogen and phosphorus were readily available. 

Jelson (E3) reported that the addition of minor elements to soil had 

no affect on severity of wilt in mint. 

Soil factors other than availability of nutrients have been 

suggested as influencing disease severity. Verticilliuni wilt has 
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been reported to be severe on sandy soils low in organic matter 

(E4, 95, 107, 119, 150, 151), on heavy, clay soils (95) and on soils 

with a high organic-natter content (29, 33, 86, 119, 133). 

In California (133) the disease was reported to be severe on 

soils ranging in pli from 4.5 to 6.7. Van der Meer (121) found 

Verticiflium idit in soils ranging in pli from 4.4 to 6.6. Wilhelm 

concluded that (133, p. 777), "---the occurrence and severity of 

Verticillium wilt is rt greatly affected by soil reaction within 

the range in which susceptible crops are commonly grown." Guba (30) 

found that acidification of soil by applications of sulfur had verr 

little influence on wilt of eggplant within the pH raníe at which 

eggplant would produce a commercial crop. Haensier (33) and 

Martin (69) reported that acidification of soil by addition of sul- 

ftir decreased wilt while addition of linie increased disease, but 

their results were not strikinß. 

Nelson (83) made a thorough review of the influence that soil 

moisture has on disease severity and pointed out, as did Rudolph 

( 95) , that opinions on tue influence of soil moisture vary. Some 

workers (64, 6, 95) believe that moisture levels within the rango 

at which hosts are grown are relatively uninportant, while others 

(, 9, 73) believe that the disease is most severe with high 

moisture levels, and still others (83, 102, 121) believe that a 

soil with low moisture content Induces more severe wilt. 

A nìmibsr of factors may have contributed to the disagroenents 

on moisture influence: (a) sorne rkers have drawn conclusions fr 
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general observations iithout experimental data to support their 

belief on the influence of soil moisture; (b) different txsts have 

been employed in moisture 5tudies, and possibly the disease reaction 

of different hosts varies under different moisture levels; (c) as 

suggested by e1son (3), soil tenperatures may alter the influence 

of soil moisture; (d) not all experiments have been designed to 

separate moisture influenc on the uninfectod host from moisture 

influence on the diseased host; (e) various methods of evaluating 

moisture influence have been used, including incidence of infection, 

incidence of wilt, plant height, plant weight and general appearance 

of plants; (f) at least some hosts are not readily infected until 

later stages of plant development (117) which means that where 

infested soil is used, ìnoculur would remain in the soil until the 

plant became susceptible. Soil moisture could possibly influence 

survival of Verticillium and differenc in disease severity with 

various levels of moisture might be due to different levels of 

inoculim. Thus, it is necessary to separate moisture influence on 

the healtIr and diseased host, and it is necessary to separate both 

o2 these from the influence of moisture on survival of Verticiflium. 

Soil and air temperatures have repeatedly been shown to have 

a strong influence on disease severity. Bewley (8) reported that 

tomato plants severely affected with wilt recovered when air 

temperatures were raised to 250 C. or higher. If the recovered 

plants were then grown at a tperature of about 200, severe dis- 

ease reappeared if the duration of time at which they were at 25 
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or higher was sliort. If they were kept at the high teriperature for 

30 days and then moved to a temperature of 200, disease reappeared 

but lt remained mild. The temperatures reported by Bewley are 

subject to error since they were detrmined by averaging maxinum 

and nxinum daily temperatures, but the phenorenon of recovery by 

diseased tomato plants at high temperatures is a significant find- 

ing. 

Schoevere (103) reported that 25° C. was the axi.mum for wilt 

development in tomatoes and Alexander (2) reported that severe 

wilt in tomatoes occurred in temperature tanks with temperatures 

ranging from 12° C to 24 C At 2ß° C., mild symptoms were 

present and plants made normal growth. 

Under moro carefully controlled greenhouse conditions, 

Ludbrook (6e) studied the influence of soil and air temperatures 

using many "dauermyceium" and microscierotial isolates and several 

hosts. The isolates of Verticillium were obtained from many areas 

within the United States and several other countries, Ludbrook 

concluded from his studies that (6e, . isi), "The most important 

environal factor influencing the diseaae appears to be temperature." 

lie found that all isolates of Verticilllum tested produced most 

severe disease on the various hosts at soil temperatures of 18° to 

22°. Wilt severity declined rapidly at soil temperatures above 

240, and most isolates produced no symptoms or only mild symptoms 

at 2E3° to 30°. 
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Ludbrook (68) found that there was a definite difference in 

the ability of "daueryce1ium" and microscierotial isolates to 

produce wilt symptoms at soil teniperatures of 26° to 30°. The 

"daueryce1ium" isolates did ot produce symptoms on tomatoes, 

eggplant or potatoes at. a soil tnperature of 280, while micro- 

scierotial isOlat3s did induce symptons at this temperature. 

Microscierotial isolates usually produced mild symptoms at 30° 

except on tomatoes, which did not show s'irptorns at this tempera- 

turo. This difference in the abiit of "daueiyceliurn" and 

iiicrosclerotial isolates to induce symptoms at higher temperatures 

has recently been confinned by Edgington and Walker (le) ad 

Robinson et al. (94). Other rkers have reported this difference 

between the two forms and it appears to be correlated with the 

ability of the pathogen to grow at higher temperatures. The micro- 

scierotial isolates grow at hig1r temperatures tln "dauermycel- 

iurn" isolates (lE, 6, 94). 

Ludbrook reported a differenco in susceptibility between hosts 

at higher temperatures and stated that (6e, . 143), "---the maxi- 

muni soil temperature for the occurrence of Verticillium hadroiy- 

cosis in tomatoes inoculated with either a mixture of both species 

or Verticiflium albo-atrum alone appears to be about 260, as 

compared with a madrnum of 30° for eggplants inoculated with 

V. dahUae or 2° for eggplants inoculated with L. albo-atm, the 

air temperature in each case averaging 200. The results of 

Edgington and Walker (is) show that tomatoes were not severely 
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affected with a soil tnperaturc of 2.0, regardless of air tempera- 

ture, using Ttdaueyce1iiiìtt? isolates but their results disagree with 

those of Ludbrook in that they obtained eevere disease at soil arid 

air temperatures of 2R° with the single microeclerotial isolate 

used. Since teiì.peratures were not as accurately controlled in 

Ludbrook's experiments, possibly the reported temperatures were 

lower than actually existed, or there would appear to be a differ- 

ence between the microeclerotial isolates used by Ludbrook and that 

used by Edgington and Walker. 

Ludbrook (6e) and Edgington and Walker (18) showed that soil 

temperatures influenced disease develoent nre than air tempera- 

tures. Edgington and Walker (18, p. 597) stated that, "In the 

upper part of the stem the temperature was closer to air temperature 

than soil temperature for the majority or tim, yet soil tmperature 

was more effective than air temperature in influencing disease 

severity. It would seem, therefore, that the center of greatest 

activity of the fungus must have been in the roots and lower stem 

under the conditions provided in these experients." Soil tempera- 

turc was found to have more influence on the internal temperature 

of stems during the day than at night. At night, air temperature 

had more influence on internal stem temperature. The influence of 

soil temperature on internal stem temperature faded with increasing 

distance frî. the soil level. 
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The statement by Edgington arid Walker in the preceding para- 

graph regarding the activity of Verticilliuuj in tomato roots, and 

the finding of Keyrth (60) that the area of root infection in 

hops detertin.ed the severity of wilt points to another possible 

misconception regarding the disease. It has generally been 

assumed that the roots merely serve as a means for the pathogen to 

gain entrance to the stem arid that the stem, petiole and. leaves are 

the areas of 'eatest fungus activity. It should also be pointed 

out that Reinke and Berthold (91) described a form of the disease 

in potatoes which, for the most part, accurately fits the descrip- 

tion of the disease as it is now knowi to occur, but they clained 

that symptoms of wilt could be present without any evidence of the 

fungus in stems of plants. Petrbridge (6) was unable to find 

myce1ii in steins of potatoes until after sptoms had already 

appeared in the tops. Roberts (92, 93) did not find niycelium in 

tomato stems until after symptoms had appeared in the tops, and 

Key'worth and Bennett (59) occasionaUy failed to isolate Verticil- 
1juin from the upper parts of strawberry plants showing syTipthms. 

All of these findings could indicate that Verjici134p is capable 

of doing major damage to the tops of plants without being present 

there, but through its activity in the roots. Green (28) did not 

believe that this was possible with tomatoes since symptom expres- 

sing parts of plants were found to contain the pathogen under the 

conditions of his experiment. 
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It is generally believed (18, 6E, 94) that the small differ- 

ence in maximum tnjextures at which the "dauenryce1iurn" and 

microscierotial isolates of Verticiflium produce disease under 

greenhouse conditions would adequately explain the geographic 

distribution of these forms. Usually, the "dauennycelium" form 

is found distributed in the cooler areas (68) of' northern United 

States, Canada, England and Europe, and possibly other areas. 

On the other hand, the microscleztial form is generally found 

in southern areas as well as the cooler, northern areas. Tempera- 

ture records (26, 64, 102) fail to show that the southern areas 

are too warm for the developent of the dauermycsliwnt form and, 

as pointed out by Gratz (26), the absence of Verticillium wilt 

frOEn Florida potato-growing areas cannot be explained on the 

basis of temperature. The possibility that the resistant struc- 

tures of the two for,is differ in their resistance to adverse 

envixnmenta1 conditions has been entirely overlooked. If there 

is a difference in their resistance to adverse envirormient, it 

would be reasonable to expect that the "dauennycelium" form would 

be more confined to the cooler areas, whereas the microsclerotial 

form would extend further southward. 
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MATERIALS ¡NT) METHODS 

Cultures 

Ari isolate of Vertici 1) iui obtncd íru a wilting potato plant 

near Klanath Falls, Oregon, was used in the inoculation experiments. 

This isolate, designated KF-V]ij, produced microsclerotia in moderate 

abundance on potato dextrose agar in compariscn with other isolates 

obtained throughout the state. If one considers the microsc1erotal 

and uuermyceliurnt Vertcilli'm isolts ¿s separate peci.os, tldc 

isolnte would be identi fi ed as V. dahliae. The "daueryceìium" 

type wa rarely recovered fron potatoec grown in Oregon. in this 

thesis, all isolates are regarded as V. abo-atrum. 

Mo di a 

Potato dextrose agar containIng 100 ppm streptOErycin nitrate 

was used for isolations from plant tissues, for makin dilutions of 

the inoculuin, and for growing inoculun In the laboratory. The 

medium was preparec by tLe Loll owïng formula: 

Potatoes -------------------- 200 gm. 
Dextrose -------------------- 20 g. 

Agar----------------------- 20gm. 

Streotomycin nitrate (20 per cent active)- - - - C. ml. 

Tap water -------------------- 1,030 ml. 
Potatoes were peeled, sliced into quarterz, placed In half of the 

vol!ime of wate:r arid autoc1aved for 2C minutes at 1 pounds pressure. 

Agar and dextrose were mixed wfth the remainin volume of water 
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in a separate container and were autoclaved simultaneously. After 

autoclaving, the potato decoctiori was strained through cheeaecloth 

and enough water was added to restore the original volume. The 

potato decoction was mixed with the autoclaved, iielted agar and 

dissolved dextrose, .5 ml of 20 per cent streptor7ycin nitrate was 

added, and the inixture was dispensed into containers and autoclaved 

for 20 minutes at 15 pounds pressure. 

Isgiations 

Plant tissues were surface-sterilized by immersion in a 20 

per cent solution of cozunercial Clorox (5.25 per cent sodium 

hypochiorite) for two to three minutes. After surface-sterilization, 

plant tissues were placed on clean paper towels where aall sections 

were removed to be plated. The paper towels served as blotters and 

absorbed excess Clorox solution. 

Five cross sections of tI entire ste were usuaUy taken at 

each of several intervals from the ground level upward. That part 

of the root system that could be rellioved from the soil with the 

plant was entirely surface-sterilized. Roots were chopped up on 

paper towels with a flamed razor blade and part of the root frag- 

mente were scattered over the surface of the medium. Observations 

were made on the apparent quantity of root franents infected by 

VertL ci ilium. 



76 

Preparation of Inoculum 

Two methods were used for the preparation of inoculum. In one 

method, similar to that used by Morton and Stroube (so) , inoculum 

was grown on a sand-cornmeal mixture consisting of 1,000 gm. sand, 

200 gm. cornireal and 250 ni. water. Large quantities of inoculum 

were prepared by autoclaving the ni.xt.ure, in proper proportions, at 

J_o pounds pressure for five hours. Following autoclaving, the 

mixture was inoculated with a spore suspension of Verticilliuxn and 

incubated for two weeks at approxi.mately 650 F. The inoculinn was 

then dried to kill conidia and nycelium, and dilution plates were 

made to deterTnine the approximate quantity of viable microsclerotìa 

pr3sent. Counts obtained by dilution plates were underestimates of 

the quantity of irticroscierotia present because many inicrosclerotia 

adhered t and were embedded in, the sand and cornmeal particles. 

The second method of preparing inicrosclerotial inoculux was 

similar to that used by Luck (67), except that the technique was 

modified to produce larger quantities of inoculum. Verticillium 

was grown on sheets of cellophane in 10" x 12" plastic container8. 

The containers were sterilized by rinsing with 95 per cent ethanol. 

Approximately 300 ml. of potato-dextrose-agar containing 100 ppm 

streptomycin nitrate was poured into each container. Sheets of 

cellophane were cut to fit inside the containers on the surface 

of the solidified medium. Cellophane sheets were autoclaved at 15 

pounds pressure for 20 minutes, placed in a container of sterile 

water, individually to allow expansion, and then stretched over the 
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surface of the medium. A spore suspension of Vert.icillium was 

atomized onto the cl1ophane surface and the containers were 

incubated for 10 to 14 days at roan temperature. 

After the incubation perïod, the slimy layer of Verticilltum 

growth on the cellophane was removed from several containers and 

macerated with approximately an equal volume of water in a 

Waring Blerï.lor for three ninutes. The maccrated inoculum was 

poured over 10 to 15 pounds of finely screened, dry soil and was 

thoroughly mixed with the soil several tires while drying and 

again after the riixture was dry. The dried inoculum was 

rescreened and dilution plates were rade to determine the approxi- 

mate quantity of microscletial units per volume of soil. 

With either method of preparing inoculum, colonies that 

appeared in dulution plates made after the inoculuni had been 

air-dried for one to seven days arose from xnicrosclerotial parti- 

cies. Dilution plates made while the soil was still moist produced 

many colonies that originated from conidia. The viable cohldial 

population WLsappeared rapidly during drying, but the microsciero- 

tial population remained constant for at least two to six weeks 

when the inoculurn was dry. The conidial population decreased 

rapidly in moist soil when a nall amount of the soil inoculum 

was incubated at temperatures of 10, 15, 20 and 25° C. After 

10-day incubation in moist soil, 99.99 percent of the conidia 

were dead. The microscierotial population remained constant under 

similar conditions. 
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Potato Culture 

Potatoes of the variety Ru3set Burbank (ietted Geni) were used 

in the inoculum studies. Certified seed was used, and in both 

greenhouse experiments single-eye seed piecs were planted in the 

infested eoi1 In the inoculum experiment using sand-cornmeal 

inoculuiu, single-eye sed pieces were planted directly into 80il 

without pre-sprouting. In the inoculum experiment using 

cellophane-grown irioculum, single-eye seed pieces were pre- 

sprouted in sand seven days before planting in soil. 

At two- to four-week intervals plants were fumigated with TEPP 

(tetraethyl pyrophosphate) to kifl aplilds, and sprayed with chloro- 

benzilate (io n. per three galions water) to kill mites resistant 

to TEP?. 

Soi1s 

Soil was obtained from two different sources for the two experi- 

ments. For the first experiment, in which inoculum grown on sand- 

cornmeal mixture was uaed, a fine, sandy loam soil was obtained from 

a field near KlamatI Falls with severa Verticifliuin wilt. This soil 

was placed in No. 10 cans and autociaved for three hours at II 

pounds pressure. Dilution plates ¡nado from the autociaved soil 

showed that organiiis capable of growing on potato dextrose agar had 

been eliminated from the soil. This soil was allowed to become 

reinvaded by air-born containinartts before it was used in the 

experiment. 
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The soil used in the second eeriment in which inoculum was 

grown on cellophane was obtaiL-ed fror. a semi-desert ar cast of 

KlazrLath Falls. This soil had never produced a cultivated crop and 

had a vegetative cover consisting priìtarily cf sagebrush and 

Juniper. Twenty potato plants were grown in this soil before set- 

ing up the inoculisn eqeriment, and t'ie 20 plants failed to pro- 

duce Verticillium when steit isolations re ruade. Therefore, this 

soil was not sterilized because it was considered to be free, or 

relatively free, of Verticillium. 



THE INFlUENCE OF QUANTITY OF INOCULUM ON SEVERITY OF 
VERTICI1LIUl WILT OF FOTAES 

Three observations led to an investigation of the iznportanc 

of inoculuin potential in the develojtnent of Verticiiliuin wilt. 

Young (150) found that soil fumigation with Vapait (sodium 

N-methyldithiocarbanìate dibydrate) greatly reduced the severity of 

Verticilliizit wilt of potatoes. Thber yioids rsuiting after Vapam 

treatment were ainiost comparable to yields that would be expected in 

the absric of this disease. However, in unreported data obtained 

by making iso1atior-s fro the plants in the Vapam oxperinients, 1 

per c3nt of the steins were found to be iníectod in both treated and 

untreated soil. Fertilizer experiments conducted with the Vapaiì 

trials showed that disease severity was not reduced by addition of 

fertilizers beyond a level opthuin for growth. Therefore, the 

reduction of disease by Vapan was probably not the result of 

increased availability of nutrients to the plants. 

The second reason for setting up the inoculum potential 

experiirents was because of the results obtained froit root and str 

isolations frì potato plants grown in naturally infested soil to 

which various plant residues were added (U3). Excellent control 

of Verticililuin wilt was obtained by the addition of oat and 

barley residues to soil in the ;reenhouse, but the incidence of 

stern invasion was not reduced. It was apparent that in effective 

treatrents the percentage of infected roots was reduced. 



-y1 

The third reason for settin; up the lnoculum potential expri- 

ments was because of the observation that the severity of 

VertieiUlurn wilt in the field appeared to be closely correlated 

with the number of susceptible crops grown in the soil. A high 

percentage of invaded steris were found in sorne potato fields in 

which plants had rery mild or no sy:ptorns of wilt. Symptomless 

invasion or mild symptoms were associated with the planting of fw 

or no previous crops of potatoes in the soil, while severe symptoms 

were invariably associated with a long history of potato culture. 

In the three cases there appeared to be a correlation between 

the severity of wilt and the percentage of roots invaded by 

Verticillium, and no correlation between st invasion and the 

severity of wilt. Knowing Vapav to be an effective soil fungicide 

it was postulated that the reduction in severity of wilt after soil 

fumigation might be the result of reducing the inoculuin potential 

of Verticillium1leading to fewer infected roots. If the inoculum 

potential influenced the numbers of root infections, and if the 

number of invaded roots was important in determining the severity 

of disease, the severity of wilt iJ.ght have been determined by 

the inoculum potential. This interpretation of Verticil1itm wilt 

of potatoes would take into consideration a mild infection in the 

roots that would aflow symptomless invasion of the stems. Two 

greenhouse experirents were conducted to test the hypothesis that 

the severity of wilt is prirarily determined by the inoculum 

potential. 
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The first experiment, Using sarid-corrnea1 inoculuni, was set u 

ori December 1, 1956, when air ti?eratures could be itairtained 

between 65° and 75 F with greerthouse heating facilities. The 

second experbnent, using cellophane inoculun, was sit up on 

July 1, 1957. Hlninium daily air tenperatures were adjusted to 

750 F. and ma)dLuJfl tperatures frequently exceeded 950 and 

occasionafly exceeded 1000 F. In this second gerient, which was 

conducted during the sunimer, greenhouse cooling units were not 

available and maxfri.ni temperatures could not be controlled The 

first eqeriment was carried out under tetperatures that were near 

optinum for gxwth of the pathogen and were near optliiium for disease 

development. Th second experiiont was conducted under texrperatures 

that are reported as being above optirr.um for disease developraent in 

other crops. 

Table i shows the treatments that were included in the first 
inoculum potential experiment. Rates of microscierotia added to 

the soil ranged fror 179 to 2,932,736 per cc of soil (quantity of 

air-dried soil required to displace i cc of water). Fifteen rates 

of lnoculum were used and 30 single-eye seed pieces were grown in 

each rate except for the highest rate in which 20 seed pieces were 

planted. In addition, 30 seed pieces were planted in a soil heavily 

Infested with natural inoculurn of Verticillium. T seed pieces 

were planted per Mo. 10 can of soil. Each can contained seven 

pounds of soil on an air-dry basis. Controls containing similar 



TABLJ 1. Treatments included in inoculuni potential experiment using 
sand-cornmeal inoculum. 

Treat- Quantity of sand- Minimum number of Number seed 
ment cornmeal inoculum rxiicrosclerotia pieces 
number added:(./35 lbs. soil) per cc soil: planted: 

Control (no Verticiiiium) 

1. 4.00 0 20 
2. 16.00 0 20 
3. 64.00 0 20 

4. 256.00 0 20 

5. 512.00 0 20 

6. 1,024.00 0 20 
7. 2,0J4.00 0 20 

4,096.00 0 20 

Verticillium inoculuxn 

9. .25 179 30 
10. .50 35 30 
u. i.00 716 30 
12. 2.00 1,432 30 

: 

15. 16.00 11,456 30 

16. 32.00 22,912 30 
17. 64.00 45,324 30 
1cc. 128.00 91,643 30 
19. 256.00 l3,296 30 

20. 512.00 366,592 30 
21. 1,024.00 733,134 30 
22. 2,04.00 1,466,36 30 
23. 4,096.00 2,932,736 20 

24. Naturally infested field soil 

quantities of sand-cornmeal, but no Vertici11iu., were st up to cor- 

respond with certain of the Verticllum-infested treatments. 

In the second experiment, rates of 0, 10, 100, 1,000, 10,000, 

100,000, 1,000,000 and 10,000,000 viable particles of nicroscierotia 

per cc of 8oil were used. Only one control treatment was ec3ssary 



in this experiment because inocului Jid not contain the organic 

material upon which the fungus grew. Fifteen pro-sprouted single- 

eye potato plants were planted in each treatment with one plant 

per No. 10 can. ach can contained seven pounds of air-dried soil. 

Isolations wore made from various plant parts 3, 5, and 12 

weeks after planting in the first experiment. Three to six plants 

were removed at random from each of the inoculated series at each 

isolating time-interval. Isolations were not nade from plants in 

the second experiment until after the experiment was cOEnpieted. 

Wilting data were taken to 113 days after planting in the first 

experiment and to 112 days in the second experiment. 

Time of Infection 

Isolations were made froj 43 plants growing in soil infested 

with VerticiUiuza three weeks after planting. Sts of the plants 

were entirely plated out from tlìe growing tip to the point of 

attaclinent to the seed piece. All of the roots, which ranged from 

two to six inches long, were plated out. At this isolating inter- 

val, none of the 4c plants were infected with Vrtiçi11ium. 

Sixty-four plants were rei ovad for isolations at the five- 

week interval. Isolations were made from about half of the root 

system, from the stems below the soil level, fror the soil level 

and at t-inch intervals to the tip. None of the 64 plants were 

infected with Verticillium. 
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At the eight-week Interval, 4? plants wr renved and isola- 

tions were nade from a smafl part of the entire root system, from 

the stem below the soil level, from the soil level and at four-inch 

intervals to the tip. Verticilliurn was recovered fn below the 

soil level in 16 of the 43 plants but was not recovered £ron above 

the soil level in any of the plants. Infection was found in two 

of the steixs below the soil level and in the remainin 14 infected 

plants infection was found only in the roots. Many of what were 

believed to be new infections were found. Those were especiafly 

abundant in the roots with high rates of inoculurn and in the roots 

of plants grown in naturally infested soil. These now infections 

were apparnt)r not systemically established in the vascular 

system because Vtrticillium grew from the epidennis of sections in 

localized areas but from the ends of the sections where vascu- 

lar tissue was exposed. These local infections probably occurred 

very recently because no Infections were found at the five-we3k 

isolating interval ar systemic infections in the vascular tissue 

of the roots were weil established at the eight-week isolating 

interval. 1cal infections were also found on the stexiis below the 

soil level in the higher rates of inoculum and in naturally 

infested soil. 

Since Verticjflïum was not recovered in isolations froE stems 

and roots plated at the earlier intervals, there apparently was a 

type of resistance to infection during the earlier stages of plant 

developnont Time of infection was closely correlated with the 



time of tuber initiation. Stolon and tuber formation were not ini- 

tiated at the three- and five-week intervals, but most plants had 

formed stolons and had initiated tubers after eight weeks. In the 

higher rates of inoculum and the naturally infested soil, plants 

that had not foried stolons were not infected. 

At the 12-week interval plants were infected in all inoculated 

treatments except the two highest ratos of sand-cornmeal inoculurri. 

The large quantities of said-corrrn'eai mixture added to the soil in 

these treatments temporarily retarded plant giwth and especially 

delayed tuber formation. These same effects were present in the 

control treatiients receiving corresponding, quantities of non- 

infested sand-cornmeal mixture. Stolons and tubers wore not 

formed at the eight-week interval in the treatnents receiving the 

large quantities of infested ar non-infested sand-cornmeal mixture. 

Table 2 shows the number of plants from which isolations were 

made at the various tiìe intervals and the number of those plants 

infected by Verticilhium. 
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TABLE 2. Time and frequency of infection of ¡otatoes grown in 
soil containing different quantitics of microscierotial 
irio culuni. 

Minimum numb e r 
rnicrosclerotia Ratio of test4 toin1ctd_plants after: 

179 3_O* 4-O 3-0 4-2 
35 3-0 4-0 3-0 4-2 
716 3-0 4-0 3-0 6-3 

1,432 3-O 4-0 3-1 4-2 
2,364 3-0 4-0 3-1 4-2 
5,723 3-0 4-0 3-0 4-4 

11,456 3-C) 4-0 3-0 
22,912 3-0 4-0 3-2 4-4 
45,24 3-0 4-0 3-2 4-3 
91,64S 3-0 4-0 3-3 5-5 

l3,296 3-0 4-0 3-2 
366, 592 3-0 4-0 3-1 3-3 
733,14 3-0 4-0 3-2 - 

1,466,36e 3-0 4-0 3-0 3-0 
2,932,736 3-0 4-0 3-0 3-0 
Field Soil 3-0 4-0 3-2 3-3 

* Figure on the left indicates number of plants from which iso- 
lations were rade, fire on right indicates number of plants 
fri which Vrtici11ium was recovered. 

** Infections at the eight-week interval were confined to roots 
and underground parts of ster!s. 

*** Isolations were not made froni these treatments. 

Time of 3ymjtom xpress,ion 

The length of time between planting and the first appearance 

of symptoms varied between the two experiments. In the experiment 

with sand-cornmeal inoculum, syirtoms of wilt first appeared 69 

days after planting. Thbers were forned on these plants between 

50 and 60 days after planting, infection occurred at about the 

time of tuber formation, so s3mptcmz appeared 10 to 20 days after 

initial infection in the higher rates of inoculum. In the 



oxperin.ont using eellophane-gin inocuiti the time of tuber forma- 

tian was not observed, but first symptoms of wilt appeared 27 days 

after transplanting pre-sprouted seed pieces to the infected soil.. 

Table 3 shows the relation of inoculum notential to the tir 

of wilt develoient in the firsL experiLent . Wilt siìptoms first 

appeared after 69 days in those treatments containing 11,456 to 

733,D34 (minimum) microsclerotia per cc of soil. The highest per- 

centage of wilted plants occurred in the treatment r2ceiving 

9l,64 mocroscierotia per cc of soil in which 30 per cent of the 

plants showed symptoms at 69 days. The data show that under the 

conditions of this experiment the time of appearance of wilt 

symptoms was largely dependent upon the ïnoculum potential. This 

effect was masked in the highest rates of inoculum, probably due 

to factors resulting from the addition of large quantities of 

organic matter with the pathogen. 



TABLE 3. Relation of inoculum level to tit'e of develoient of 
L1t symptoms. 

Percentage of plants showing wilt 
Ñumber micro- Number plants symptoms at different time intervals 
scierotia per percentage (days) after plaitin: 
cc soil: based on: 69 75 90 95 

o 92 0 0 0 0 0 0 

179 16 0 0 0 0 25 12 

35 16 0 0 12 19 12 25 

716 13 0 0 15 15 15 46 
1,432 15 0 0 7 7 13 27 
2,864 14 0 0 7 0 7 43 

5,728 10 0 10 40 40 60 70 

11,456 16 6 31 37 44 56 75 

22,912 14 7 29 79 79 100 100 
45,824 16 6 19 56 56 100 100 
91,6143 15 30 73 93 93 100 100 
13,296 19 5 42 5 6 89 100 

366,592 17 12 47 59 59 100 100 
733,1S4 20 5 10 30 40 65 95 

l,466,36b 14 0 0 0 14 14 2]. 

2,932,736 7 0 0 0 0 0 0 

Fleidsoil --* - 

* Percentage of seed-piece decay was high in field soil, and plants 
that emerged were used for isolations to determine time of infec- 
tion by VerticiUïum. 

In the second experiment in which inoculum was relatively free 

of organic matter, the time of symptom appearance was directly 

related to the inoculum potential (Table 4) . In tïs experiment the 

highest rate of inoculum, 10,000,000 microscierotial particles per cc 

of soil, was the first to induce symptoms and within 19 days after 

initial symptoms all 15 oí' the plants in this treatment showed wilt. 

Jorie of the plants grown in soil with less than 100,000 znicrosclero- 

tia per cc showed wilt at the time that 100 per cent of the plants 

in the 10,000,000 rate showed symptoms. 



TABLE 4. Relation of inoculuin level to time of developuent of 
wilt ayirptonis in potatoes. 

Number of plants showing wilt out of 15 at 
Number rnicrosolerotia 

o o o o o o o o o o o o 
lo o o o o o i i i i i i 

loo o o o o o i i i i i i 

1,000 0 0 0 0 0 0 0 0 0 0 1 
10,000 0 0 0 0 0 0 0 0 3. 2 2 
100,000 0 0 0 2 3 6 6 7 7 E B 

1,000,000 0 0 5 6 14 14 15 15 15 15 15 
10,000,000 4 5 7 12 15 15 15 15 15 15 15 

Severity ol: wilt d iinie of Plant Depth 

Severity of syrptomss measured by recording the time of death 

of individual plants and by weighing tuber yields. A plant was 

recorded as dead when it no longer had any turgid fo1iao. 

Time of plant death was more closely associated with iculum 

potential than was the time at which symptoms appeared (Table 5). 

For exanp1e, the treatment with 91,648 microsclerotia per cc of soil 

induced symptoms of wUt sooner than any other treatment but plants 

died more quickly in the treatments receiving 1B3,296, 366,592 and 

733,14 mieroscierotia per cc of soil even though they developed 

symptoms later due to the corrvneai affect. When plants in differ- 

ont treatments first showed wilt at the sanie tizne, plants grown in 

the higher rates of inoculum a1nst invariably died fir8t. 

FLgure i shows plants that began to wilt on the saine day. 

The plants differ in grth and in the severity of wilt. The plants 
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TABLE 5. Influence of inocuitmi level on tiv.e of plant death using 

- sand-cornmeal inoculuin. 

Nunfber rnicrosclerotia Per cent of plants dead after: 
per cc soil 90* 93 95 97 99 102 107 110 113 4as 

o o o o o o o o o o 

179 0 0 0 0 0 0 0 6 6 

358 0 0 0 0 0 12 12 25 31 
716 o o o o o 23 3 

1,432 0 0 0 0 7 13 30 47 47 
2,864 0 0 0 0 7 29 29 36 36 
5,728 0 0 0 0 0 10 20 30 50 

11,456 0 0 0 0 0 25 44 50 75 
22,912 0 0 0 7 7 29 71 6 86 
45,824 0 0 6 6 6 25 37 50 50 
91,648 6 6 13 27 30 40 47 80 87 

183,296 26 26 37 47 53 63 74 89 100 
366,592 35 41 47 53 59 59 71 88 100 
733,184 5 10 15 25 25 50 75 85 95 

1,466,368 7 7 7 7 7 36 57 64 71 
2,932,736 0 0 0 0 29 57 57 57 57 

* First day that any plants were dead. 

grown in soil containing 91,648 microsclerotia per cc of soil 

initially showed severe wilting and wilt progressed rapidly untji 

the plants were dead, about two weeks after the photograph was 

taken. The plant with mild wilt was grown in goil containing 179 

microsclerotìa per cc of soil. The single leaflet affected uni- 

laterally halfway up the stein was the only symptom of wilt 

developed by this plant . Two weeks later syirptoms had not pro- 

;ressed much beyond this stage and without careful examination 

these symptoms could easily have gone undetected, if one were 

looking for more striking signs of infection. In this experiment 

there were many cases similar to the one in Figure 1 where plants 



Fig. 1. Plants dth severe and mild wilt giwn in soil con- 
taining 9l,64 and 179 microaclerotia of Verticillium 

per cc of soil, respectively, 96 dajs after planting. 

?ild wilt in plant on right consists of unilateral 

wilting and yeUowing of a single leaflet near middle 
of plant height. Wilt initially appeared in the 

plants on the same day. 
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showing symptoms at the saifle time, or approximately the saiie time, 

were affected nuch more severely and died sooner in higher rates 

of inoculum. 

The time interval from initial symptoms to death was deter- 

mined for all plants that were dead 97 days after planting 

(Table 6). In the only plants that were dead iii th lower rates 

of inoculum, 27 days lapsed between time of symptom expression 

and death. With higher rates, the time was reduced to 19-22 days 

and with still higher rates it was reduced to 5-11 deys. 

Figure 2 shows plants grown in three levels of ìiculum 

beside their corresponding controls 96 days after planting. The 

plants grown in heavily infested soil were stunted in cnparison 

t;o the controls. High rates of sand-cornmeal mixture did not 

influence plant growth except where Verticiflium was present 

and this remained true for all treatments except the two hihest 

rates which temporarily retarded growth of plants in both infested 

and non-infested soil. 
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TABLE 6. Relation of Vert.icillium inoculum level to rapidity of 
dying of infected potato plants. 

Minimum number Averae number of day* - Number of pints 
microscierotia from initial symptom on which average 
per cc soil expression to depth of ants was based 

22,912 27 1 

45,824 27 
91,643 22 4 

183,296 19 9 

366,592 10 9 

733,194 II 5 

1,466,368 5 1 

* Based on plants dead on March 6, 97 days after planting. At this 
date, the above treatments were the only ones with dead plants. 

Figure 3 shows a representative group of plants grown in soil 

containing 179 to 366,592 microscierotia per cc of soil. This 

photograph shows the spectrum of disease severity induced by the 

various levels of inoculum. Disease symptoms included stunting, 

yellowing of wilted and non-wilted foliage, wilting and death of 

plants. Each symptom became more pronounced with increasing levels 

of inoculuin. At the time that this figuz was taken, the controls 

all appeared healthy and were uniforn in height with all levels of 

sand-cornmeal. 

In the second experiment, time and frequency of plant death 

vere directly correlated with the quantity of n:icrosclerotial 

Inoculum added to the soil (Table 7). ear1y all plants in the 

10,000,000 rate of inoculuxn were dead before those in the 1,000,000 

rate began to die. All of the plants in the 1,000,000 rate were 

dead before half of the plants in the 100,000 rate re dead. 



1.1ii. 2. Tue influanc of Verjcjijiurn-inf8ted and non- 
infe8td saíid-cornnìoal iriixture ori plant gxowth and 
diaeaae iev&Lopuent 96 dass aft.er platiting. In each 
of th three croups, plants on tue left were grown 
in Vticijun-in.testcd soil and p1ats on the right 
aro the corre8punding controls. isoased plants frcxn 
leZt to right were grown in soil containing 22,912, 
45,24 and 766,592 lnicro$clerotia per cc oi' soil 
(32, 64 and 1,024 n. of sand-cornmeal mixturo per 
35 pounds soil, respectively). 
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Fig. 3. Spectrun of di3ease everity irxuced by various 
levels of ticrosclerotial inøculun 96 days after 
planting. Lcvels of VerticiUium iriocu1u from 

left to right ar: 179, 358, 1,432, 5172E3, 

11,456, 22,912, 4324, 91,64a, 183,296 arid 
366,592 microsciorotia per cc of soil. 
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TABLE 7. Influence of inoculuni level on tiie of plant death using 

cellophane-grown irioculum. - 
Nnberor piant s dea out 01 i) at dirrerent 

Number microscierotia time intrva1s (da) after planting 
per cc of soil 85* 90 95 100 105 110 

o o o o o o o 

lo o o o o o i 

100 0 0 0 0 0 1 

1,000 0 0 0 0 0 0 

10,000 0 0 0 0 1 5 

100,000 0 0 1 2 7 9 

1,000,000 0 0 1 6 15 15 

10,000,000 4 11 15 15 15 15 

* First day that plants began to die 

Similarly, approdmato1y 50 pr cent of the plants were dead 

in the 100,000 rate before dying began in the 10,000 rate. 

The severity of wilt waa closely correlated with the quantity 

of inoculum added to the soil arid was less closely correlated with 

tJ.me of initial symptom expre8sion (Tables 4 and 7). About 20 days 

elapsed between the first appearance of wilt and the time at which 

all of the plants showed wilt with the 10, 000,000 rate of inoculum. 

Within the first five days after dying began, 73 por cent of the 

plants in this treatnent were dead and within 10 days, 100 per cent 

were dead. 

These data obtained under different environmental conditions 

confirma the results of the first experiiìent in that there was a 

close correlation between the time of symptom expression and the 

inoculuni potential, but there was even a closer correlation between 

the inoculum potential. and the time of plant death or severity of 
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srptoms. This is ftirther eii'phaslzed by the fact that there was one 

plant showing; wilt relatively early i:ì each or the treaùnents 

rceivin LO and 100 rnicrosclerotia per cc of soil, but the synptoms 

were mild and the plants survived until approdniate1y the time at 

which the controls began to dio. The single plant that died in the 

treatzent with 10 ricrosc1erotia per cc of soil was not tie sanie 

plant that showed synptoms of wilt. Since plants began to die from 

normal maturity in the controls after 113 days, the death or the 

two plants in the low rates of ircu1um at 110 day8 may not be 

significant, although in later isolations both plants were found 

to be infected by VerticiUitn. 

Occasionally, plants in a higher rate of inoculiwi first 
showed symptoms at the same time as a plant in a lower rate. When 

this occurred, the plant growing in the higher rate of irioculuin 

invariably had more severe wilt. and died sooner. 

Under the conditions in which this second xperi1nent was 

conducted, stunting of plant8 did not occur with arr level of 

inocuiwn. There was a significant increase in growth of plants 

at the 10,000,000 and 1,000,000 rates of inoculuni shortly after 

symptoms of wilt appeared but this stimulation in owth is not 

apparent in the plants shown in Figure 4. As wilt becar.e severe, 

growth slowed down, but plants in lower levels of inoculuni and the 

controls continued to grow. During early stages of disease 

developnent, plants in the two highest rates of inoculum averaged 

about three inches taller than the controls. In the first 



Fig. 4. Severity of wilt in potato plants 103 days old as 
affected by iioculin potential of Vei'tic,1iuni (93 
days after transplanting to infested soil). Levels 

of iroculum frani left to right ar z 0, 10, 100, 

1,000, 10,000, 100,000, 1,000,000 and 10,000,000 
nicrosclerotia p<r ce of soil. 



exper1innt, increaaing rates of 1noculun caused greater stunting 

of plants (Figure 3). 

Figure 4 shows a representative group of plants froi each 

of the treatherits in the second experiment. In addition to showing 

the severity of wilt, this figure shows sorne new shoots that 

developed fran plants iu the 1,000,000 rate after symptoms became 

severe This resprouting from adilary buds was common among the 

plants in the high rates of inoculum after they were severely 

affected with wilt. Resprouting occurred under the conditions of 

this experiment but it did not occur in the first experiment. 

Thbr Yields 

Tuber yields provided another basis for comparing the 

severity of wilt with inoculum potential. The yield data are 

shown in Tables and 9. 

The addition of non-infested sand-cornmeal in the controls 

reduced tuber yields at higher rates but rates of 4 to 64 grams 

per 35 pounds of soil had very little or no influence on yields 

(Table ). The addition of 256 to 1,024 grars per 35 pounds of 

soil reduced the yields considerably and the reduction was in 

proportion to the quantity of sand-cornmeal added to soil. 

Addition of sand-cornmeal iafested with Verticillium 

reduced yields in proportion to the quantity of inoculum added 

to the soil at rates below those in which non-infested sand- 

cornmeal had no affect,or very little affect, on yields (Table ). 
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TABLE E. Influence of irioculum level on tuber yields using 
sand-co rraneal inoculum. 

Weight of a Minimum number: Grains of tubers in ¡Average a $ R.duo- 
inoculuni a microsclerotia: 5 cans selected at :nuniber i tion 
added per : added per cc a random ¡grams * in 

35 lbs.soil a of soil : 1 2 ¿ 5 ¡per can : yield 

Non-infested 
sand- co rr*ne al 

4.00 gm. 0 114 121 138 119 138 126 
16.00 gIn. O 126 118 125 124 139 126 
64.00 íi. O 124 127 116 113 124 120 

256.00 gin. O 122 US 109 113 111 114 
512.00 gin, 0 113 113 97 106 U3 108 

1,024.00 gm. 0 99 94 90 9 89 93 

Vertj cull juni- 
infested sand- 
cornmeal 

.25 gin. 179 135 125 122 129 114 125 00.8* 
1.00 gin. 716 116 106 106 91 120 108 14.3* 
4.00 gin. 2,864 91 102 109 102 105 102 19.1 

16.00 gn. 11,4% 82 91 101 119 77 94 25.4 
64.00 gin. 45,824 98 64 85 86 104 87 27.0 

256.00 ¿n. 183,296 70 88 57 65 87 73 36.0 
512.00 gai. 366,592 61 61 66 63 65 63 41.7 

1,024.00 . 733,184 51 69 51 63 58 58 37.7 

* Based on comparison with the 4.0 gin. rate of non-infected 
sand-corrnea1 

The percentage of yield reduction in corparison to the corresponding 

controls became greater with wì increase in level of inoculum; 

however, the highest level examined did not reduce yields as much 

as the level just below it. In this respect, tuber yields reflected 

the sanie trends in disease severity as were shown by the data on 

time of plant death. Apparently, secondary factors other than 

time of infection modified the influence of inoculum potential 
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witii rates of 1,024 or nore graius of sand-cornmeal inoculum per 

35 pounds of soil. 

The average tuber yield of 15 plants per treatment in the 

second inoculum potential experiment Is shown in Table 9. Under 

the conditions of this experiment, levels of inoculum below 

100,000 microscierotial particles per cc of soil did not signi- 

ficantly reduce tuber yield8. With rates of 100,000, 1,000,000 

and 10,000,000 inicroscierotia per cc of soil, tuber yields were 

reduced in proportion to the quantity of inocuiwn added to the 

soil. In the absence of organic natter added with inoculum, the 

highest rate of inoculum reduced tuber yields the most with a 

reduction of 42.3 per cent. This percentage of reduction in 

tuber yield is comparable to the greatest reduction of 41.7 per- 

cent obtained in the first experiment. 
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TABLE 9. Relation of inoculum level to tuber yields using 
cellophane-grown irioculum. 

Number inicrosclerotia Average tuber yields Per cent reduction 

per cc of soil (grams) of 15 plants coripared to control 

0 207.0 
lo 206.9 0.1 

100 217.1 (7L4.c) 

1,000 199.3 3e 

10,000 199.7 4.1 

100,000 179.5 13.3 

1,000,000 141.7 31.6 

10,000,000 119.6 42.3 

Frequency of Infection as Influenced by Inoculum Lev1 

In the first experiment, stems were examined for the presence of 

rnicrosclerotia after all of the plants were dead and had dried. Micro- 

scierotia were found in the stems of ail plants grown in soil with 

Verticillium inoculuzn. They were not found in the stems of any con- 

trol plants. Thus, infection had occurred in 100 per cent of the 

plants where Verticiiiuni was present in the soil. 

In the second experiment, the stems of all plants were 

isolated from at the soil level after the experiment was terminated. 

Verticjlliuin was recovered from 100 per cent of the plants in the 

treatments receiving 10,000,000, 1,000,000 and 100,000 microscierotia 

per cc of soil. In the 100,000 rate of inoculum, only eight of 

15 plants showed wilt during the entire experiment . Six of the 

plants in the 10,000 rate produced riciUium, although only two 

showed wilt. bne of the plants in the 1,000 rate yielded 
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VerticilUurn, but one and two plants produced it with rates of 100 arid 

10 microsclerotia per cc of soil, respectively. Thus, the result8 of 

this second experiment differed from those in the first in that with 

lower rates of inoculum lerticUlium was recovered fron a low per- 

centage of plants while the pathogen was found in 100 per cer;t Of 

th- plants in all rates of inoculum in the first experiment. 

There was a closer association between stem invasion and 

symptom expression in the second experiment than in the first. 

Apparently, conditions of temperature, or se other factor, lessened 
the frequency of infection but increased the susceptibility of tops 

after infection occurred in the second experiment. This conclusion 

agrees with the results of Robinson et al. (94) who were able to 

obtain wilt in Netted Gem potatoes only when temperatures were 24 to 

2° C. Thus, it appears that the internal reactions leading to 

symptom expression in the Netted Gem potato may be more active at 

temperatures of 24 to 28° C. Factors leading to root infection 

appear to operate most effectively at lower temperatures. However, 

inoculuzn potential primarily determines the disease severity at any 

temperature. 
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TUBER TA3KIS5IOJ OF VRTICILLIUM 

The irìoculum potential experiments showed that a high popu- 

lation of ViciUium micro8clerotia in the soil was a prerequisite 

to severe wilting of potatos. In view of the claiir.s in the litera- 

turc of the importance of tuber transmission of Verticilliuni wilt, 

and taking into consideration the niethods whereby this importance 

was deterirted, it was of interest to detervaine if the pathogen 

and disease could be tran.itted by tubers under iore carefully 

controlled conditions. If tuber transmission of the pathogen 

occurred, and if severe disease resulted fr such tran&nission as 

reported in the literature, this would conflict with the interpre- 

tations of results from the inoculum potential experiments. 

Three greenhouse experiments were conducted to test tuber 

transmission of Verticillium wilt. Tubers used in these trans- 

mission experiments were obtained from fields that. had severe 

Verticiflium wilt. Thbers were stored at teiciperatures between 550 

and 700 F. for at least three but not more than four months before 

bein planted. Unless otherwise stated, they were not treated with 

fungïcides prior to planting. Usually, they were washed in running 

tap-water and were dried before being planted except in one 

experiment where it was desired to test the influence of surface 

contarnination in tranission. The experiments were conducted in 

the greenhouse between December and Nay. 
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r1)ßj- i 

Iso1ation were nada frau vascular tiaaue dust beneath the 

surface at th ete-ed of' 40 tubera. teiï. ends wera cut fr 20 

tubers fro?fl which VertiiUium waa recovered and planted in 

strii1zed greenhouse soil. 8teue were thinned to one per tuber 

as th3: &erged fr the soil. 

Plants produced by the infected tubera grew vigorously 

but never showed any syzptcis of VerticiUiuui wilt. Adjacent 

plante grown in an irculun potential experiment showed severe 

wilt. Seventy-seven days after planting, four piante were 

reztoed and isolations were vade fr the stette at. the soil level. 

one of these isolations yielded Verticiì1iu, One of th four 

original seed-pieces was still solidly attached to the stsi. 
Isolations made from the point of union between tie tuber and the 

teir were negative but the pathogen was again recovered fru the 

eteL-end seed-piece just beneath the point of the original tuber 

i solatio rie. 

The rdrdng 12 plants (four of the seed-piec3a decayed 

before producing a plant) were allowed to nature before isolations 

were nade from the stems at the soil level. \fcrtjctUim was not. 

recovered frc any of the ates at the soil level or f the point 

of union between stet and tuber in the ori. plant still possessing 

a fixt sied tuber. VrticiUiurri was recovered fri the at er-end 

of this tuber after it had produced a mature, non-invaded steii. 

After isolating the pathogen fr tnis tuber a second tinie, the 
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tuber was allowed to suberize for a few days nd was replanted. 

Another plant was produced fin this tuber but the fungus could not 

be recovered in stei. isolations fm the soil level or from the point 

of union between stem and tuber. Isolations fro& the stem-end of the 

tuber produced Vrticiliwii for tiie third time but neither of the 

two crops of plants produced b it had become infected. 

Fxperiment 2 

One-hundred-fifty tubers were selected for unifoiity in size. 

Fifty tubers were taken at random from the sample and isolations were 

made from the stem-ends to datennine the approximate percentage of 

infected tubers in the entire sample. Verticillium was recovered 

from 48 per cent of the tubers. 

The following six treaents were set up using the remaining 

100 tubers having approxiirately 48 per cent infection by 

VerticiUium: 

i. 50 stem-end halves of tubers 

2. 50 eye-end halves of tubers 

3. 20 whole tubers inoculated internally with 
Verti cillium 

4. 10 whole tubers dipped in a slurry of Vertipillium 

5. 10 pre-sprouted single-eye plants root-dipped 

6. 10 whole tubers grown in infested soil 

Fifty tubers were cut into stem-end and eye-end halves and 

were suberized for several days at ro temperature before plant- 

ins. Twenty tubers were inoculated in the stein-end with 
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microsclerotia, conidia and mycelium of Â hole 

1/2-inch deep was made with a transfer needle and irioculum was 

forced into the hole which was then sealed with scotch-tape. Ten 

tubers were dipped into a slurry of inocului: prepared frani two 

plates of four-week-old cultures of Verticillium. The contents 

of two plates was macerated in a Waring Blendor with 500 nil, water 

for three minutes. This inocuii.mi was dark With microscierotia. 

The roots of ten pre-sprouted, single-oye plants were dipped 

into the same ïnoculuin slurry used for dipping tubers. The remain- 

ing 10 tubers were planted into soil artificially infested with 

approdmately 10 million microscierotia per cc of soil. The method 

of infesting soil was the sane as that used In the second inoculum 

potential experiment. 

The tubers were planted on January 13 into non-sterilized 

soil obtained from an area in which the vegetative cover consisted 

primarily of sagebrush and Juniper. Twenty potato plants were 

grown In part of this soil earlier and V$ici1lium was not 

recovered from any of the plants in st&a isolations made after 

they had matured. This soll was from the same source as that used 

in the secortl inoculum potential experiment. 

Wilting data were taken at different time Intervals and on 

April 14 aU plants were renoved for stem isolations fror the soil 

level. When steni-ends of the original seed tubers were fin, 

isolations were made from them. 
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During the 92 days of the experiment, aU plants in two of 

the six treatinent8 showed wilt siptoms (Table io). These were the 

treatments in which roots were dipped in the inoculum slurry and in 

which tubers were planted into infeeted soil. The treatxxients in 

which naturally infected tuber8 were planted, and in which tubers 

were inoculated internally or externally, produced plants that did 

not show symptoms of disease. Under the conditions of this experi- 

ment, plants grown in infested soil showed far more severe wilt 

than plants inoculated by root-dipping. 

Stan Isolations showed that 100 per cent of the plants in 

the two treatments with wilt became infected by Verticillin 
(Table io). One of 10 plants produced by tubers dipped in the 

inoculum slurry was infected, but this plant had not shn syniptoins 

of wilt. Verticilllum was n.t recovered from any of the 50 plants 

grown from naturally infected stenL-ends of tubers or fr any of 

the 50 plants produced by the corresponding eye-ends of the saite 

tubers. None of the 19 plants produced by the 20 internally 

inoculated tubers were infected. 

0f the 50 stan-end halves of tubers planted, 14 had not 

decayed at the end of the experiment. Isolations were nade fron 

these 14 tubers and six of them (44 per cant) produced Verticil- 
liuni from just beneath the original point of attachnent to the 

stolon. Therefore, these six tubers were infected with Verticil- 
1juni during the entire length of the experiment but the fungus 

had not infected the steis produced by theni. 
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TABLE 10. A comparison of the frequency of wilt in potato plants 
grown from naturally infected tubers and plants inocu- 
lated by various nethods. 

Treatment and Number plants ìumber plants iwiiber plants from 
number of tubers produced by showing which Vrticillìum 
planted tubers wilt* was isolated 

50 stem-end halves of 
tubers with 4 per 
cent natural infec- 
tien 50 0 0 

50 eye-end seed-pieces 
(from above tubers) 50 0 0 

20 internally inoculated 
tubers 19 0 0 

10 tubers dipped in 
inoculum 10 0 1 

lO pre-sprouted plants 
root-dip inoculated 10 l0*I 10 

10 tubers planted into 
artificially infe at ed 
soil 10 10 10 

* Plants were examined for wilt up to 92 days after planting. 

* Plants inoculated by root-dip inoculation showed mild wilt 
compared to those grown in soil artificially infested with 
approximately 10,000,000 znìcrosclerotia per cc of soil. 

xperiment 3 

Another sample of tubers in which approximately 50 per cent 

were internally infected with Verticillitmi, as shown by isolations, 

were obtained. Seventy-five of these tubers were selected for 

uniformity in size. These tubers were not washed or cleaned between 

the time of harvesting and the time that they were used in this 

experiment. renty-five of the tubers were surface sterilized in 

20 per cent Clorox for t minutes and were then rinsed in running 

tap-iiater. They were cut into stem-end arid eye-end halves and were 
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aUowed to suberize several days before p1antin,. The reriiaining 50 

tubers were cut into steni-ond a ;d -end halves but they were 

planted without washing or surface-sterilizing. Tubers were planted 

in greenhouse soll that had not produced infection by Vrtiçi1lium 

in preliminary eorinients with potatoes. 

The numbers of tubers produciri plants before decaying were: 

surface-sterilized stein-ends, 21; surface-sterilized eye-ends, ig3 

non-sterilized stern-ends, 44; non-sterilized eye-ends, 48. The 

plants were examined closely for wilt sìiiiptoms but symptoms failed 

to develop on any of the plants between the time that they emerged 

and the tina that they tured. 

Isolations were not nade fra. the plants but each stem was 

examined for the presence of niicroscletia after the plants 

matured. The presence of microscierotia on dead stems and the 

recovery of Verticiilium in isolations have been closely correlated 

in al]. of the greenhouse experinents reported in this thesis. 

Absence of microscierotia from dead stems above the soil level, 

under greenhouse conditions, has been correlated with absence of 

infection. Therefore, it was assumed that none of the stains in 

this tuber transnission experiment were infected with Verticilhium 

because microscierotia were not found in any of them. 
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DISCUSSION 

Sozìe of the older concepts of Verticilliwn wilt that are stifl 

generally accepted are incompatible with present knowledge of the 

disease. Earlier workers (70, 71, 86, 91, 95) emphasIzed the 

importance of tuber transvission in disease deve1oent in the 

field and believed that a single locus of infection could serve to 

induce severe symptoms . The roots were not obviously damaged when 

invaded by Verticillium and it was believed that they served 
primarily as pathways for the pathogen to gain entrance to the st en:. 

Without sufficient evidence, it was assumed that the host was sus- 

ceptible to imrasion at any stage of deveioent in the field when 

pathogen and host were in close pdniy. Different investiga- 

tors believed that Vertiillum 8pread froi plant to plant during 

the growing season and that the fungus grew saprophytically through 

nornial field soil. Thsse concepts of Verticillium wilt are in con- 

flict with the results presented in this thesis on the influence of 

inoculum potential on disease developnent. 

Influence of Irioculum Potential on J)iease Severity 

The inoculum potential experimente showed conclusively that 

the level of inoculum in the soil is the principal factor that 

determines rate of disease dero1opnent. Under corùitions nìear 

optimum for disease, severe wilt resulted only with high levels of 

inoculuin and mild aynptoins or no symptoms appeared in plants grown 

in low levels of inoculum. When temperatures were above optinawn 



113 

for disease deveioìLent severe wilt stiU occurred, but only with 

very high levels of inoculum. 

In the first experiment, rnicroeclerotial inoculum was 

approximately 2,000 times as concentrated in the treathent pro- 

ducing most severe disease as in the one producing the mildest 

symptoms. Since all plants becaite infected, there could have been 

approximately 2,000 times as irany infections per plant With the 

higher level of inoculum. 

Assuming that infections were distributed at rathom 

throughout the root system, it is possible that with rates of 

inoculum producing severe Wilt the entire root system was invaded 

soon after the planta becair.e susceptible to infection. Because 

of the density of inoculum in the high rates, roots would not be 

capable of outgrowing infections since new infections could occur 

as rapidly as new root growth appeared. Thus, with a mad.murn 

effective level of Inoculum a maximum dissase severity would result 

because the entire root systei would be invaded quickly after the 

plant becwne susceptible to in.fectïon. This concept of Verticil- 

lium wilt, which takes into consideration the importance of the 

quantity of root system invaded, is in excellent agreement with 

results obtained by Keyworth (60) and Talboys (109, 110, lU) and 

Talboys and Wilson (io) for Verticillium wilt of hops, but they 

did not associate their results with the importance of irioculum 

potential. 
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The eeverlty ol Verticifliiri wilt is a relative phenomenon 

r1ated to time and the level of inoculum in the soil. The inoculum 

potential experiments showed that a high level of inoculum produced 

sev3r symptoms of wilt relatively early, while progressively lower 

levels of inoculuin initiafly produced rdlder symptoina that becaie 

severe fiore slowly. The lowest levels of inoculum induced initial. 

symptoms latest and these had very little effect on the plants. 

These results are in agreement with those obtained by Robinson 

et al. (94), although no interpretation of their results was given. 

Because little attention has been given to the importance 

of inoculurn potential, the results of earlier pathogenicity eeri- 

mente with various isolates of VerticilU.um are of doubtful signi- 

ficance. It is difficult to tell whether the results of these 

experiments repr3sent differences in inoculum potential, in longe- 

vity of isolates within the soil, or in pathogenicity between 

isolates after infection occurred. Probably the single exception 

to this statexient is the mint wilt pathogen (3e, 34., 82, 83, 115) 

which is well established as being a distinct pathogenic strain 

of Verticillium. 

Pathogenicity of Ve1cilUum should be more clearly defined 

before comparisons of pathogenicity between isolates are attempted. 

As pointed out by Talboys (110) different strains have different 

capacities for successful invasion of vessels in the roots after 

penetration to cortical tissue is accomplished. In this case, a 

higher level of inoculuzn of one strain may be required to cause an 
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equal number of successful vessel invasions as coxrpared to another 

strain. Pathogenicity could then be related to the ability of a 

strain to gain entrance to vessels or it could be related to the 

damage done after penetration to vessels is acconplished. 

A resistant and a susceptible variety of the san:e host might 

be rated as equal in susceptibility 1f a higher level of inoculum 

was used in testing the resistant host. AU comparative tests of 

varieties for resistance should be carried out in well-designed 

field plots or in artificially infested soil in the greenhouse 

where the level of inoculmi cari be carefully controlled. 

Attempts at comparing virulence of different isolates 

should take into consideration survival of the pathogen in soil. 

AnT factor that will alter survival of Vertjci1litm in the soil 

will also influence the apparent. pathogenicity of that isolate or 

strain. Nelson arxl Wilheli (ei) recently showed that environ- 

mental factors influenced survival of microaclerotia more with 

some isolates than with others. Wnere there is a delay in host 

invasion, such as occurs with potatoes, enviiroitiental factors 

favoring the survival of one isolate over that of another would 

show up as differences in pathogenicit.y between the two isolates 

whereas there may not be a true difference in pathogenicity. 

Thus, what appears to be a difference in pathogenicity between 

microscierotial and non-microscierotial white variants of 

Verticillium (8, 49, S3, 85, 88, 94) may not be a difference in 

pathogenicity but instead, the differences in apparent 



116 

pathogenicity niigbt represent a greater survival of the micro- 

scierotial strains. Since the microscierotial isolates are Inc re 

resistant to adverse environmental conditions, differences in 

apparent pathogenicity could be explained b differences of inocu- 

lum potential. It is necessary to consider inoculuni potential and 

survival of VerUcillium in any pat.hogenicity study. 

Tin.e of Infection 

Isolations fr plants in the inoculum potential experiments 

showed conclusively that potatoes of the Netted variety aro 

resistant to infection from microaclerotia in the soil when plants 

are young. Time of infection was closely associated with the time 

of initial tuber formation. In several subsequent greenhouse and 

field trials the tirße of infection was found to be associated with 

the time of tuber fozmation. Environmental factors that delayed 

tuber formation also delayed the tire of infection. 

Different varieties of potatoes are known to dovelop tubers 

during different periods of the growing season. A canparison of 

resistance to Verticilhiuni wilt among such varieties at any given 

tire should take into consideration possible differences in time 

of susceptibility to infection. Differences in time of infection 

could easily be mistaken as differences in susceptibility between 

varieties. As pointed out in the literature review, there is 

reason to believe that hosts other than potatoos have certain 

stades of susceptibility to infection. 
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Since ther3 is a definite stade in the early developnent of 

potato plants when they are resistant to infection, it would be of 

interest to doter2Line the duration of susceptibility. In ari experi- 

ment it reported in thia thesis, an atterpt was made to detezirtine 

the length of susceptibility to infection by isolating fm many 

thousands of inches of potato roots taken from plants grown in 

naturally infested soil in the field. Roots were susceptible to 

infection for only a relatively short period of tinie under the con- 

ditions of this experiment. 

The occurrence of definite periods of susceptibility of 

plants to infection is not a new pherxnenon. Granger (25) reported 

two stages of high susceptibility in potatoes to infection by the 

late blight fungus, Pbytophthora inestpns. Plants were highly 

susceptible during early stages of growth, followed by a period 

of high resistance which was again followed by a period of high 

susceptibility. Changea in susceptibility were shown to be cor- 

related with changes in carbohydrate levels in the planta. These 

stages of susceptibility were not related to the presence or absence 

of inocuìum and proper environmental conditions as shown by planting 

potatoes adjacent to each other at various time intervals. 

It is inter3sting that the stage of developrient when plants 

were highly resistant to infection by lato blight would correspond 

to the approximate stage when we found them to be highly auscept- 

ible to infection by VerticiUimi. Conversely, the phases of growth 

when Granger (25) found plants to be highly susceptible to infection 
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by late blight ou1d correspond closely to the stages when they were 

highly resistant to infection by VorticiUimi. 

MetkKds or Inoculation 

The results fr the inoculum potential and tuber tranris- 

sion experiments suggest that present icethods of inoculation of 

plants be reconsidered. 

The first eoiunonly used method of inoculation was to insert 

a sirail quantity of VerticiUium inocu1tn into the stein of a plant. 

This gave erratic results and isolates of Vertic.Uium obtained 

from severely wilted plants frequently failed to produce symptoms. 

When symptoms appeared they were generally mild and not typical of 

those found under natural conditions (3, 27, 32, 60). 

The root-dip inoculation method in which roots of a plant 

were ixnìnersed in a fungus suspension was a great improvement over 

stem inoculations because more severe s'iiptoms of wilt were pro- 

duced and severity of symptoms was more uriifoz. between plants. 

This method of inoculation appeared so promising that workers over- 

looked its limitations. Tnose roots that are present at the time 

of inoculation become infected but generally a icajority of roots 

develop after inoculation. There are no data to show that 

Verticillium spreads from root to root or that it grows to any 

extent towards the apex of an inoculated root . Therefore, it would 

be expected that a limited part of the root system would become 

invaded using root-dip inoculation. With hosts requiring a 
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relatively large part of the root syeteni irwaded for severe wilt to 

occur, this method of inoculation would not be satisfactory. 

In an experiment r3ported in this thesis, root-dip inocula- 

tion using a heavy spore, inycelium and microsclerotial slurry of 

Vertiil1ium was compared with soil infestation. Root-dip inocula- 

tion produced synptoms as early as soil infestation, but srxnptonis 

were much milder and niore localized with root-dip inoculation. 

The mild symptoms resulting froni root-dip inoculations resezr.blod 

tse produced by plants grown in a low level of inoculuin where it 

was shown by isolations that a &nafl part of the root sytern was 

Invaded. A heavy ïnfestation of soil with microeclerotia resulted 

in far more severe symptoms of disease than occurred with root- 

dip inoculation. 

The method of growing inicrosclerotial inoculum on cellophane 

proved valuable in mor than one way. It was possible to adjust 

the microscierotial population to any desired level without the 

addition of organic matter and without significant effect ori the 

soil inicrollora. Soil dilutions could be made to îollow changes 

in microaclerotial populations without interference from an 

increase of saprophytic, heavily sporulating fungi that coxnnonly 

develop during deconìposition of organic matter. The use of saì- 

cornmeal inoculum was satisfactory for increasing VerticiUium in 

the soil to a certain level, but beyond this level the influence of 

inoculum potential was reversed. This was probably due to adverse 

effects on plant deve1oent and, possibly, a reduction of inoculum 



occurred because of the increased microbial activity stimulated by 

the high rate of organic matter. 

The addition of some organic materials in relatively small 

amounts is known to result in a reduction of the inoculuin potential 

(ils, 134, 136), and the stimulated activity of soil organisms also 

reduces Verticillin (143, 14E3). Therefore, it is Important not to 

add large quantities of organic matter to the soil when attempting 

to build up the population of Verticillium. 

Tuber Tranisn 

According to the literature, there are two types of' tuber 

transmission of Verticillium wilt. In one case Verticilliwn is 

present in soil adhering to the surface of tubers (9ì) arid planUng 

of euch tubers results in infection of plants, presumably through 

roots caning in contact with the surface inoculum. However, this 

type of transmission is relatively unimportant because of the cur- 

rent widespread use of seed-treatment fungicides. 

The second type of transmission reported in the literature 

is that in which Verticilliuin is present within the tuber, and dis- 

ease is believed to develop after the pathogen grows through the 

seed-tuber into the new shoots. This typo of transmission was 

advocated by earlier workers (70, 71, d6, 91, 95), although it was 

not dnonstrated experimentally. 

No one has demonstrated conclusively that Verticilhium- 

infected tubers give rise to infected shoots. The entire foundation 
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of the tuber transmission theory is based on field experiments in 

which it was always assumed that Vertici.Uium was Qntirely absent 

from the soil. Furthermore, methods of analyzing tuber trannia- 
sion in the field experiments have always been indirect. Methods 

of recordin' transrni8sion data inca udd3 differnc8 in tuber 

yields; vascular discoloration; presence or absence of wilt; and 

percentage of tubers invaded in the cxp pduced by infected seed. 

The data of many irkers show that none of these methods alone are 

reliable for deteining the presence or absence of Varticillium- 

infection in plants. At present, the only sure way of dotonrininß 

infection of plants is by isolations. 

The conditions under which tuber transtiiesion experiments were 

conducted and the methods used in recording trartission data are 

reason enough to question the entire tuber tranission theory 

advocated by earlier workers. 

In three separate greenhouse experiments using autoclaved 

soil and soils that were known to be free of Vertjcilliuni. trane- 

mission froIL naturally infected tubers that had been stored for 

front two to four months prior to p1antin; did not occur. Plants 

grown frczzi naturally infected tubers did not beconie infected 

although the pathogen was shown to be present in the seed tubers 

during the entire growing season unless the seed pieces had rotted. 

One tuber produced two separate crops of sterí:a, neither of which 
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becaie infected ari Vcrtjcillium was recovered fran the tuber before 

the original planting and after each crop of stee had matured. 
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Severity of Verticiflium wilt in Netted Gem potatoes was 

directly proportional to the cuantity of iricroac1erotia of 

Verticill.uin albo-atruin added to soil in which the plants were 

grown. Symptoms resulting froiì infection with various levels of 

irtoculum ranged from symptoniless invasion with low levela to rapid 

wilting and yellowing with high levels of inoculurn. 

Tirio of appearance of wilt sy:ptonis and tirite of plant death 

were related to the level of inoculuri, but time of plant death pro- 

vided a better measure of disease severity. When plants grown in 

low and high levels of inoculum first showed wilt at the saine tirio, 

plants in the higher rate of inoculum invariably were wilted more 

severely and died moro quickly. 

Plants did not become infected until approximately the time 

of initial tuber formation even though plants and root systems 

were well developed long before tubers were set. 

In three greenhou3e experiments designed to determine the 

importance of tuber transmission of VrticiUiuin, tuber transnis- 

sion did not occur. Naturally infected tubers produced healthy, 

non-infected plants when planted in soil free of Verticilliimì. 

The pat}gen survived within non-decayed tubers through the entire 

growing season without causing infection of plants. 

In experiments that were not repeated, stunting of potato 

plants occurred in proportion to the quantity of inoculum added to 
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soil when air temperatures were maintained between 65 and 750 F. 

When the iinIirnmi daily air ten.peratures were maintained above 750 
F. 

stunting did not occur even with high levels of inoculum that 

induced severe wilting and yellowing. With rinimum daily air teri- 

peratures above 750 F., a significant increase in growth resulted 

during early stages of disease developnont with high levels of 

inoculum. 

Ari extensive review of the literature on Verticilliuzu wilt 

was presented to show that earlier concepts of the disease which 

are still ccmnoniy accepted frequently conflicted, due to nilsinter- 

pretation of data. The results presented in this thesis conflict 

with the conclusions of many workers, but not with the data upon 

which these conclusions were based. The data presented in this 

thesis are complementary to earlier reports when the latter are 

reinterpreted. 
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