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Abstract:
Alfalfa (Medicago sativa L.) is the most important forage crop in the world. Most disease and insect
problems have been solved through breeding and selection. Verticillium wilt, caused by Verticillium
albo-atrum Reinke & Berth. is the most recent disease problem encountered by alfalfa producers.
Under cool, moist growing conditions, alfalfa stands may be rendered uneconomical in two to three
years. Breeding efforts need to be investigated to prevent yield losses due to Verticillium wilt for
irrigated alfalfa produced in the northern United States.

The objectives of this study were to: 1) develop inoculation and scoring age parameters for the
root-cut-soak greenhouse selection technique for screening Verticillium wilt resistant plants; 2)
investigate the inheritance mode for Vaa resistance; and 3) determine if fungicides can be used to
obtain noninfected alfalfa cuttings from infected plants.

Eleven inoculation and ten scoring ages were investigated to determine optimum disease symptom
development for plants grown in containers , inoculated with the root-cut-soak greenhouse technique
for three cultivars (ML 316, Trumpetor and NC 83-1). Inoculating fourteen week old plants and
evaluating them for disease development eight weeks later produced the highest incidence of
Verticillium wilt symptoms and lowest percentage of resistant plants in the three cultivars tested.

Progress was observed through one selection cycle for Trumpeter, Ladak 65, NC 83-1, and MTV-1.
Population diallel analysis demonstrated the importance of general and specific combining abilities for
selecting parents to be used in crosses for Verticillium wilt resistance and indicated potential for
improving resistance in adapted cultivars from nonadapted cultivars with higher resistance levels.
There appeared to be little maternal or reciprocal influence from the crosses. Inheritance seemed to be
primarily conditioned by additive gene action with a slight dominance influence from the diallel
analysis, and from crosses made between resistant and susceptible NC 83-1 parents.

Bayleton, Benlate, Tilt and Nuarimol fungicides were investigated for Vaa elimination from infected
vegetative alfalfa cuttings. Treatment with Bayleton and Benlate increased cutting survival percentage
and Benlate lowered Vaa reisolation percentage, suggesting potential for "cleaning up" alfalfa cuttings
with fungicides. 
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ABSTRACT

Alfalfa (Medicago sativa L.) is the most important forage crop in 
the world. Most disease and insect problems have been solved through 
breeding and selection. Verticillium wilt, caused by Verticillium albo- 
atrum Reinke & Berth, is the most recent disease problem encountered by 
alfalfa producers. Under cool, moist growing conditions, alfalfa stands 
may be rendered uneconomical in two to three years. Breeding efforts 
need to be investigated to prevent yield losses due to Verticillium wilt 
for irrigated alfalfa produced in the northern United States.

The objectives of this study were to: I) develop inoculation and.
scoring age parameters for the root-cut-soak greenhouse selection tech
nique for screening Verticillium wilt resistant plants; 2) investigate 
the inheritance mode for Vaa resistance; and 3) determine if fungicides 
can be used to obtain noninfected alfalfa cuttings from infected plants.

Eleven inoculation and ten scoring ages were investigated to deter
mine optimum disease symptom development for plants grown in cdne- 
tainers, inoculated with the root-cut-soak greenhouse technique for 
three cultivars (ML 316, Trumpeter and NC 83-1). Inoculating fourteen 
week old plants and evaluating them for disease development eight weeks 
later produced the highest incidence of Verticillium wilt symptoms and 
lowest percentage of resistant plants in the three cultivars tested.

Progress was observed through one selection cycle for Trumpeter, 
Ladak 65, NC 83-1, and MTV-I. Population dialIel analysis demonstrated 
the importance of general and specific combining abilities for selecting 
parents to be used in crosses for Verticillium wilt resistance and 
indicated potential for improving resistance in adapted cultivars from 
nonadapted cultivars with higher resistance levels. There appeared to 
be little maternal or reciprocal influence from the crosses. Inheri
tance seemed to be primarily conditioned by additive gene action with a 
slight dominance influence from the dialIel analysis, and from crosses 
made between resistant and susceptible NC 83-1 parents.

Bayleton, Benlate, Tilt and Nuarimol fungicides were investigated 
for Vaa elimination from infected vegetative alfalfa cuttings. Treatment 
with Bayleton and Benlate increased cutting survival percentage and 
Benlate lowered Vaa reisolation percentage, suggesting potential for 
"cleaning up" alfalfa cuttings with fungicides.
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Chapter I

INTRODUCTION
• '

Alfalfa (Medicago sativa L.) is the most important forage species 

in the world. Under optimum conditions, it will produce economic yields 

from four to twenty years [9].

Alfalfa breeding efforts originated in the early 1900's and primar

ily involved evaluation and mass selection from introduced strains.

' Hardigan1, selected for winterhardiness in 1920, was the first cultivar 

released from selection [73]. In 1940, 'Ranger' was released by the 

Nebraska Agricultural Experiment Station for resistance to bacterial 

wilt ( Corynebacteriwn insidiosvm (McCulI.) H. L. Jens.) [73]. Ranger 

was the first pest resistant cultivar to be released from selection 

[41,73], and it demonstrated the potential for improving alfalfa through 

breeding, and since then, many other cultivars have been released in 

response to disease and insect problems.

Verticillium wilt, caused by Verticillium albo-atrum Reinke &

Berth. (Vaa), is a recent problem encountered by alfalfa growers, in the 

United States [34]. The disease is devastating in production areas 

where it is adapted, mostly in the northern United States [21].

Objectives of this study were to: I) develop inoculation and

scoring age parameters for the root-cut-soak greenhouse selection tech

nique for screening Verticillium wilt resistant plants; 2) investigate 

the inheritance mode for Vaa resistance; and 3) determine if fungicides 

can be used to obtain uninfected alfalfa cuttings from infected plants.
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Chapter II 

LITERATURE REVIEW 

VerticiIlium Wilt of Alfalfa

Verticillium wilt of alfalfa was first reported in Sweden in 1918. 

It was not considered a serious alfalfa disease until its spread con

tinued into northern Europe in the late 1940's and early 1950's [57].

It is now the most important alfalfa disease in Europe [32,57].

Verticillium wilt was first reported in North America in eastern 

Canada in 1962, but was not detected the following year [6]. The dis

ease was not reported again in North America until 1976, when it was 

first discovered in the United States in Washington [34]. The next year 

it was found in southern British Columbia [5]. Since then, it has 

spread to Wisconsin in 1980 [35]; Idaho, Oregon [21], Wyoming [36], 

Minnesota, New York, Pennsylvania, and Montana [7] in 1981. In Montana, 

it was found in Gallatin and Cascade counties in 1981. The following 

year it was found in Beaverhead, Flathead, Rosebud and Teton counties 

[27].

This rapid spread causes concern among alfalfa producers and sug

gests that the fungus is widely adapted. In Washington, the disease was 

found under environmental conditions ranging from irrigated, alkaline 

(pH > 7) desert lands to acidic (pH 5-6), high-rainfall coastal areas 

(over 100 cm annual precipitation). It was not detected on dryland 

alfalfa fields [21].
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Nearly all irrigated alfalfa fields more than one year old in 

Washington's Columbia Basin contain Vaa infected plants [18,21]. Under 

extreme weather conditions, complete stand destruction has occurred in 

two weeks [93]. However, under normal growing conditions, stand life is 

frequently reduced to uneconomical levels by the second year [32,57] and 

certainly by the third year [2,5,18,34,57,93].

VerticiIlium albo-atrum Morphology and Favorable Growth
Environments

The causal organisms for various Verticillium wilt diseases have 

been incorrectly identified, leading to much confusion in the litera

ture. Verticillium sp. have similar morphological characteristics and 

failure to differentiate between them has retarded distinct recognition 

of geographical and pathological differences among the wilt diseases 

caused by these fungi [94].

Verticillium albo-atrum belongs to the class Deuteromycetes and no 

sexual stage has been observed in its reproductive cycle [I]. It is in 

the order Moniliales, which is characterized by hyaline conidia b o m  on 

hyphae [I]. Verticillium albo-atrum has septate vegetative hyphae which 

are hyaline or lightly colored [94,99]. It produces verticillately, 

branched conidiophores in two to three whorls and one to five branches 

per whorl [21,34,55,75,94,99]. Whorls have enlarged and darkly pig

mented basal cells [21,34,85,94,99]. Conidia are born [34,75,94] on 

straight to slightly curved septate phialides protruding from the conid

iophores [94]. Secondary conidia are occasionally produced on phialides 

that develop from germinating conidia [94]. Conidia are elongate.
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hyaline and generally nonseptate [21,34,75,93,98], however, two-celled 

septate conidia are occasionally produced [85,94].

Verticillivm albo-atrum is a nonsclerotial species with a resting 

mycelium as its survival structure [8,21,34,56,75,94,99]. Resting my- 

celia originate from a thin-walled, hyaline hyphal mass [94], and then 

later develop into a darkly colored, thick-walled structure [21,34, 

94,99]. Resting mycelium can remain viable in infected seed or soil 

from nine months to two years [16,21,93],

Verticillivm dahliae Kleb. has been often misclassified as Vaa 

[94]. Vertieillivm dahliae has smaller conidiophores with no basal cell 

pigmentation. Conidia are smaller and the resting structure is a dark 

microsclerotium rather than a resting mycelium [94,99]. Verticillivm 

albo-atrum grows better under cooler climatic conditions than does V. 

dahliae [69,94].

Best Vaa mycelial growth temperature is between 17-25 C [14,18,19, 

25,34,70,80], Extended exposure to 30 C [56] and 33 C was lethal to the 

fungus in culture [14,19,70]. Best soil environment for survival and 

subsequent plant infection is 15-22 C, -30 to -50 megapascals water 

potential at a pH of 6.5-7.0 [8,61,67], Under controlled environments, 

host symptom development is best with 10 hour days and low light inten

sity (4500 lux) [25,80]. Saturated humidity is required for optimum- 

conidia germination, and fungal growth and development. Thus, the 

disease is not as severe on dryland fields and seed fields where the 

plant canopy is less dense [21].
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Alfalfa Verticlllimn Wilt Symptoms

Verticillium wilt diagnosis can be confusing due to similarities of 

symptoms caused by other pests and nutrient disorders. It is character

ized by individual, seriously affected plants standing among apparently 

healthy plants [2,21,34,57,85]. Initial symptoms include: temporary

flagging and upper leaf wilt on warm days [2,21,34,57,85,93]; yellow, 

pinkish, or orange-brown leaflet discoloration [2,21,99]; V-shaped nec

rosis from the leaflet tip to its center along the midrib [2,21,85,

89,99]; and leaf curling or cupping upward and inward [21,89,99].

With advanced symptoms, entire leaflets become yellow, then bleach 

out under rainfall or irrigation, become desiccated and twisted and are 

easily detached, often with the stems still green and intact [2,21,34, 

56,88,92,98]. Under the canopy, more severely affected plants are 

stunted with most shoots having severe symptoms [2,21,85,89,93,99]; and 

development of conidia and conidiophores causes a greyish cast to the 

infected stems [4,34]. The taproot may show yellow to orange vascular 

discoloration [2,21,34,93]. However, this symptom is not a reliable 

diagnostic tool, since other diseases can cause the same response and it 

is difficult to isolate the pathogen from the root [21].

Symptoms may appear late in the planting year, but generally are 

not apparent until the second year [21]. Best symptom development 

occurs in. early spring, and after each harvest [2,21]. Initial regrowth 

often appears healthy but the stems quickly die as infection progresses 

within the plant [21,34,57,59,99]. More stems develop symptoms on
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infected plants after subsequent harvests [89]; the plants become prog

ressively weaker and eventually die over the winter [21,89],

Verticillium Wilt Histology and Disease Mechanism

Verticillium albo-atmm enters the plant through emerging radicals 

if the seed is infected or through root and stem wounds in established 

plants [48]. The pathogen is disseminated passively throughout the 

xylem vessels in the sap stream. Conidia germinate in the vessel ele

ments and produce mycelia, which in turn, produce more conidia. Conidia 

and mycelia lodge at the perforation plate lips causing mechanical water 

flow blockage [48,75],

The fungus also induces biochemical changes within the plant after 

infection. A heavy molecular weight fraction was discovered through gel 

analysis [95] with a constituent of this fraction later determined to 

contain cellulase [45,46,64,98], The cellulase detected was carboxy- 

methyIcellulase [45]. Cellulase activity breaks down the cell walls, 

further restricting vascular flow. Mechanical blockage and cell wall 

breakdown leads to plant tissue flaccidity, and ultimately leaf wilting 

[47,91], It appears that the fungus produces cellobiose which facili

tates cellulase production in the plant [37,45],

Vascular restriction also occurs due to pectinaceous substances. 

This response is elicited from the low molecular weight fraction [95], 

later determined to contain pectinases and pectin lyases [46,63,64, 

65,75,98], These enzymes attack pectin in the middle lamella of the 

vessel element, which causes vascular integrity to be lost [46]. 

Hydroxyproline [63,65] and other by-products are produced during middle
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Although the. exact mechanism for, resistance is not known, it 

appears that resistant plants are tolerant to the fungal toxins produced 

[78]. Protein content is suppressed in susceptible plants [37,98]. 

Protein content remains near normal in tolerant plants, however fungal 

growth within the plant is not suppressed and thus some symptoms are 

evident [37]. Protein content in resistant plants is normal with no 

fungal presence being detected [37]. The polygalacturonase content 

(pectic enzyme) is actually higher in resistant plants and activity is 

increased with available calcium [64,65,67]. The plants may be using a 

calcareous sidechain to block the polygalacturonase activity, thus 

leaving the enzyme inactive in the plant solution.

One mechanism that alfalfa uses for resistance against fungi is the 

production of phytoalexins, which are produced in response to fungal 

contact. However, during initial infection, pathogenic Vaa strains 

induce phytoalexin production at a lesser rate than do other fungi [30, 

31,62,66]. Later when the plants produce normal phytoalexin levels, 

there is no apparent reduction in fungal growth. The major phyto

alexins, sativan and medicarpin, also do not deter Vaa fungal growth in 

vitro [30,66]. However, washed conidia were far more sensitive to the 

phytoalexins than were unwashed [30,31,62]. Thus, it appears that there 

is a buffer coating that protects Vaa from phytoalexins during its 

initial growth and the fungus is resistant to alfalfa phytoalexins after 

they become established within the host.

lamella breakdown, causing a brown, 'gummy' deposit that contributes.to

vascular plugging [46]. Pectic by-products directly lead to plant

tissue necrosis and chlorosis [46].
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Verticillium albo-atrum Dissemination

Verticillium albo-atrum is primarily disseminated as conidia and 

infection occurs through plant tissue wounds [21]. Primary spread is by 

infected seed and plant debris carried, with the seed [2,4,7,15,16,17,21,

50.52.57.58.83.85.93] . Soilbome Vaa can become a primary inoculum 

source once a field becomes infested [2,4,47,57]. Introduction into the 

soil occurs by infested plant debris [2,4,21,57,70,85]; contaminated 

machinery [2,4,21,50,57] or irrigation waterways [50]. The fungus sur

vives in the soil as resting mycelia, from nine months to two years 

[2,4,47,57]. However, plant residue from susceptible plants or symptom

less carriers can extend fungal soil life [51].

Mycelia and conidia transmitted with seed can be either internal 

[15,16,17,49,50,52,83,85,93] or external [2,4,15,17,21,49,50,57,58,

85.93] . 'Vernal' seed lots produced in Washington contained 0.03% seed 

which were internally infected with Vaa [93]. Fungal mycelia, growing 

between differentiated seed coat cells and within the embryo's vascular 

tissue, was observed with electron microscopy, [16,52]. Internal infec

tion occurred in 4.4% of the seeds after the pedicels were inoculated 

prior to pollination [16]. Verticillium albo-atrum was isolated from 

seeds harvested from fields with known infections [83].

There was a high correlation between seed size and percent Vaa 

infection, with smaller seed having a higher infection percentage 

[15,16]. Seeds smaller than 0.9 mg had the highest infection propor

tion; however, larger seed classes had sufficient contamination to make 

seed size screening an uneconomical control [16].
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External seed inoculum contributes more to seed dissemination than 

internal seed inoculum [17,93]. Twenty-five percent of commercial seed 

lots tested in Washington had Vaa [17] and all inoculum was removed with 

surface sterilization. After receiving seed lots with 2.2% external 

infection from Washington, Canada enacted a mandatory seed treatment 

law, whereby alfalfa seed can not be bought or sold in Canada until the 

seed lots have been treated with a fungicide [93].

Secondary spread occurs by contaminated machinery [2,4,21,50,57]; 

irrigation waterways [50]; root contact [2,21,47,50,57]; insects [42,50, 

53,54,55,60]; and wind-blown conidia [2,4,21,24,50,57]. Significant 

airborne conidia levels were detected two feet above infected alfalfa 

stands and within the stands [24]. Conidia have been found on pea 

aphids {Acyrthosiption pisvan Harris) and the infested aphids could trans

mit Vaa to healthy plants [42,54]. Leaf-chewing insects: grasshoppers

(Melanoplvs sanguinipes Fab. and M. bivittatus Say); alfalfa weevils 

[Hypera postica Gyllenhal); and woolly bear {Apantesis blakei Grote) 

carry conidia on their body parts and viable conidia were observed in 

their feces [53]. Fungal gnats Bradysia spp. transmitted the pathogen 

to healthy plants [60]. Verticillivm albo-atrum was detected on leaf 

pieces used to construct leaf-cutter bee (Megachile rotundata Fab.) 

cells [55]. Verticillium wilt may be. transmitted by other alfalfa 

predators and beneficial insects as well.

Pathogenicity and Virulence of Verticillium albo-atrum

There are conflicting reports about Vaa virulence differences in 

alfalfa. Virulence differences were detected among alfalfa Vaa isolates
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in New Zealand [43]. An early comparison between European and North 

American isolates found the North American isolates to be more virulent 

[29]. However, a more recent isolate comparison from the two continents 

showed no differences in virulence [23]. Other reports support evidence 

that there are no virulence differences for Verticillium wilt of alfalfa 

[6,10,12,18,19,26]. However, it appears that there are virulence dif

ferences for the alfalfa strain isolates on some alternate hosts [18].

There is a large discrepancy in the host range for the alfalfa 

strain of Vaa. This is, in part, due to fungal species' misclassifica- 

tion. Older literature incorrectly states Vaa is the causal agent for 

Verticillium wilt of cotton (Gossypium barbadense L.) and tomato,

{Lycopersicon esculentum L.) [56]. However, microsclerotia were identi

fied as the resting structure which is characteristic of V. dahliae and 

not Vaa [56]. Although Vaa can cause symptoms in tomato, it is not 

considered to be a true tomato pathogen [3].

Even when the correct organism is identified, reports vary on which 

broadleaf crop and weed species are susceptible to Vaa (Table 30). Some 

crops have been reported to be in all three classes: resistant, symp

tomless carriers, and susceptible.to Vaa. Differences in virulence and 

inoculation techniques for various plant species may be responsible for 

the inconsistencies. An example of crops reported in all three classes 

is sainfoin (Onobrychis viciifolia Scop.). It appears that isolates 

have exhibited virulence differences to sainfoin. .,Other species 

reported falling into both symptomless carrier and resistant classes are 

potato, red clover, and sweetclover.
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To date, all legumes tested have been reported to be susceptible 

and/or symptomless carriers to alfalfa Vaa, and should not be used in 

rotations with alfalfa (Table 30). Other broadleaf crop and weed 

species could maintain the pathogen's presence within alfalfa production 

areas, if not properly monitored and controlled. Alfalfa plants 

tolerant to Vaa may also be a symptomless carriers [3,90]. There have 

been no reports that monocots are affected by alfalfa Vaa and therefore, 

cereals may be a good crop to use in rotations.

Verticillium Wilt Control Strategies

Verticillium wilt spreads rapidly after establishment in the field. 

Preventing fungal introduction into the field is the best control 

measure [2,49,51,93]. Since seeds from infected lots can transmit the 

disease, care should be taken to use seed from reliable, clean sources 

[2,6,21,51,93]. Seed fields should not be irrigated after the seeds 

begin to mature, to limit the pathogen's ability to. develop within the 

seed tissue [54].

Early fungicide treatments and fumigants had limited success in 

reducing seedborne inoculum [57,58,59]. Seed treatments, such as Thiram 

75 WP and Thiram 320, control external inoculum [51,93]. Hcwever, 

standard seed treatments will not eliminate internally seedborne Vaa 

inoculum [84]. Some seed treatments are also toxic to Rhizobiwn 

meliloti Dang. [96]. There may be potential for systemic fungicides to 

prevent plant infection from internal seedborne inoculum [16].

Peaden and Christen [84] showed that dry heat (75 C for 20 hours) 

may eliminate internal, seed-borne inoculum. However, difficulties in
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verifying effectiveness, quality control, and uniformity occurred. No 

inoculum was detected within plant tissue after a wet heat treatment at 

6Q C for ten minutes was conducted [74]. However, the dry heat used in 

the alfalfa pelleting process. (90 C) was determined to be insufficient 

to completely kill the pathogen within plant tissue.

Cultural controls include: harvesting equipment sanitation [2,51,

54,90]; harvesting clean fields before infected ones [27,82]; crop 

rotations with nonsusceptible species for two to three years to reduce 

sollbome inoculum [2,4,42,51,82,90]; controlling susceptible hosts, 

volunteer alfalfa plants, and symptomless carriers [2,4,51,82]; and not 

irrigating clean fields with the same water used to irrigate infected 

fields [51].

Cultural control reduces, but does not eliminate, the inoculum 

source [88]. Once the disease has been introduced into a production 

area, resistant cultivars are the best way to minimize economic losses 

[2,4,12,42,51,88,90,97].

Genetic Potential for Developing Resistance to 
Verticillium Wilt

A genetic basis for plant resistance was discovered during early 

studies indicating potential for developing resistant cultivars [32,76, 

77,79]. Resistance was determined to be predominately under quantita

tive genetic control and conditioned by additive genetic variation 

[32,77,79]. Due to the polymeric gene action, progress was made through 

recurrent selection by cumulative dosage effects [79]. However, due to 

low heritability, homozygosity for resistance was determined to be 

difficult to reach, and therefore no advantage would be gained by
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selfIng [32]. Sixty percent of the variation within replications was 

due to the environment, and general combining ability (GCA) was more 

important than specific combining ability (SCA) in dialIel crosses [32]. 

Resistance was determined to be general, and most resistant plants 

exhibited varying degrees of tolerance rather than complete immunity 

[66].
Viands [97] compared the resistant gene mechanisms between 1Maris 

Kabul' and 'Vertus' by evaluating progeny from crosses between resistant 

and susceptible progeny within both cultivars as well as between the two 

in diallel designs. Some of the progeny from the Maris Kabul x Marls 

Kabul crosses exhibited unimodal distribution, suggesting additive gene 

action. However, some progeny exhibited bimodal distribution which 

suggests a major, dominant gene effect. All progenies from Vertus x 

Vertus, and Vertus x susceptible Maris Kabul crosses exhibited unimodal 

distribution, indicating that resistance in Vertus is conditioned by
C

additive gene action. Progeny from Vertus x resistant Maris Kabul 

crosses exhibited bimodal distribution. Since both cultivars were 

developed in Europe and both have high resistance levels, it was sug

gested that the additive genes could be similar in nature and probably 

came from the same source. However, there was enough evidence to sug

gest that Verticillium wilt resistance is conditioned by at least two 

genetic mechanisms.

Genetic potential for resistance to Vaa has been utilized well in 

Europe. European cultivars have been North America's best resistance 

source [39,81]. However, most resistant cultivars have Flemish back

grounds and are somewhat susceptible to bacterial wilt [40]. Since Vaa
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is mostly a northern growing area problem, winterhardiness needs to be 

improved in resistant Flemish germplasm sources. Also, bacterial and 

Verticillium wilt resistant plants should be selected for simultaneously

to prevent a new epidemic from an old problem [27].
I '■

An alternative to using European cultivars as a resistance source, 

is to increase resistance levels present in American cultivars. There 

appears to be low resistance levels in some American cultivars [27,39, 

31]. Increasing the gene frequency within these cultivars may allow 

Verticillium wilt resistance development without losing other desired 

characteristics associated with northern growing requirements [28].

Breeding arri Selection Procedures for Alfalfa Resistance 
to Verticillixm albo-atrum

Original selection procedures involved saving plants that survived 

in infected fields [76]. Most early progeny evaluations were done with 

field tests in Vaa 'hotbeds'. However, field procedures have been slow, 

inconsistent and have resulted in a high proportion of escapes [3,22, 

76,86].

Presently, most alfalfa Verticillium wilt resistant evaluation 

tests use some form of root-soak/root-cut-soak greenhouse inoculation. 

This involves growing plants in the greenhouse under controlled environ

mental conditions; uprooting the plants and either severing the roots or 

soaking without wounding in an inoculum source; transplanting the plants 

back into the greenhouse under controlled conditions; and then 

evaluating the symptoms after sufficient infection has occurred (Table 

31).
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Peaden and Gilbert [87] proposed a uniform, test in which plants are 

grown in flats in the greenhouse under 12 hour days, high light inten

sity (20,000 lux) and 20-22 C temperature for ten to twelve weeks.

Plants are removed from the flats and gathered into 50 plant bundles.

The roots are trimmed to 6—7 cm below the crown, and the roots soaked in 

inoculum (8 x 10 conidia ml ^) for 10-15 minutes. They are then trans

planted back into flats and grown under low light (4500 lux), 10 hour 

days at a constant temperature (20-22 C). Disease ratings are made four 

to six weeks after inoculation with a 1-5 scale where: I) = no symptom; 

2) = 1-2 leaflets on one trifoliate with chlorosis; 3) = distinct symp

toms on several stems and leaflets; 4) .= severe stunting and plant 

symptoms; and 5) = dead plant. Plants rating I and 2 are considered 

resistant. This greenhouse method gives the best results from late fall 

through early spring [87].

Some parameters used in the uniform test have been determined by 

previous experimentation. Best symptom development occurred with low 

light intensity (4,500 lux) [25, 80]; 10, hour daylength; and tempera

tures between 20 and 22 C [80]. An inoculum density of approximately 5
6 —Ix 10 conidia ml allows the best symptom development [18,27,71].

Inoculation age, scoring age, inoculation method, inoculum concen

tration, soaking duration, and disease rating scale vary with investiga

tors (Table 31). Daylength and light intensities were not reported for 

most studies. Tonperatures used for all experiments were between 19 and 

25 C. However, one study reported better results were obtained when the 

day temperature was 30 C and the night temperature was 17 C [23].
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Most final disease ratings (Table 31) have been taken 2-3 weeks 

after first symptoms appear (3 to 10 weeks). Two week old plants had 

higher resistance ratings and there were more escapes [20,23].

McCaslin1s [72] 3-4 day inoculation treatment (removing the radical 

tip), was time consuming and results were inconsistent.

Disease rating schemes are intended to describe alfalfa populations 

for their overall disease reaction and to determine the resistant plant 

percentage within each population. The rating system used by Peaden and 

Gilbert [87] is the most descriptive, and the classes have less.inter

pretative overlap during scoring.

Studies to determine inoculation age and incubation time have not 

been reported. These parameters should be determined for each green

house method used.
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Chapter III

INOCULATION AND SCORING AGE DETEiMCNATION FOR EVALUATING 
VERTICILLIUM WILT RESISTANCE IN ALFALFA

Technique efficiency for developing alfalfa disease resistant germ- 

plasms is measured by total time necessary for one selection cycle and 

genetic progress achieved. Objectives of this study were to determine 

optimum: I) plant inoculation age; and 2) scoring age (weeks after

inoculation), for selecting alfalfa plants resistant to Verticillium 

albo-atrum.

Methods and Materials 

General Methods and Materials.

Unless otherwise specified, the following procedures, when used, 

were standard for all studies:

Planting and Plant Maintenance. Alfalfa seed was surface steril

ized in a 0.5% sodium hypochlorite (NaOCl) solution for one minute, 

rinsed in distilled water, for five minutes, and air-dried for thirty 

minutes. Two seeds were planted 10 mm deep into 25 mm X 160 mm 

"conetainers"1 (Ray Leach Co., Camby OR) filled with Sunshine Mix1

1 Ntention of a trademark, proprietary product, or vendor is 
included for the benefit of the reader, and does not imply endorsement 
by Montana State University or the Montana Agricultural Experiment 
Station to the exclusion of other suitable products.
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(growth mix). Conetainer racks (200 conetainers rack ) were embedded 

into greenhouse benches containing coarse sandblasting sand, so that the 

conetainer bottoms were slightly buried into the sand. This allowed for 

root penetration through the conetainer bottoms, into sand, which facil

itated root severing during inoculation [27]. After emergence, plants 

were thinned to one cone and watered daily with nutrient solution 

(Table 32) .

Inoculum Maintenance and Density Increase. Fungal culture main

tenance and handling was done under, sterile laboratory, conditions, using 

a surface sterilized (0.5% NaOCl), clean air chamber. All laboratory 

instruments were sterilized with a gas flame and cooled by flaming off 

95% ethyl alcohol (EtOH) [71].

Long-term Vaa cultures were maintained on potato dextrose agar

(PDA) slants (Table 32) up to six months, in a standard refrigerator,
2before being transferred (100 mm agar blocks) to new PDA slants

2[71]. Ten days prior to plant inoculation, Vaa was transferred (100 mm

agar blocks) from slant tubes to 250 ml Erlenmeyer flasks containing 100 

ml sterile Czapeks Dox Broth (Table 32). Flasks were then placed on a

rotary shaker for ten days to allow for aeration as the inoculum
Q

increased [71]. Inoculum density after ten days was between 1.0 x 10 

and 5.0 X IO2 * * * * * * 9 conidia ml-1", as determined with a hemocytometer.

Seven Vaa isolates were available, but pathogenicity tests showed 

no virulence differences between isolates [71]. Isolate 421 was arbi

trarily selected for use in all studies.

—2

\
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Plant Inoculation and Disease Evaluation. Conidial suspensions 

were diluted to 5.0 X 10® conidia ml * with water. Conetainer racks, 

with 200 plants each, were removed from the sand benches, and the roots 

were severed at the conetainer bottoms (150 mm below the crown). The 

racks were emersed half-jWay into a conidial suspension (20 I), in 

fiberglass tubs (400 x 700 x 500 mm) and the plants soaked for 15 

minutes to allow for inoculation. The racks were then embedded back 

into sand benches, and plant tops were trimmed to a height of 70 mm. 

Check plants were treated similarly, but tap water was substituted for 

Vaa inoculum [27]. Plants were irrigated daily with nutrient solution 

(Table 32).

Plants were assigned disease scores according to the standardized 

Verticillium wilt test [87]; using a 1-5 scale where: I) = no symptoms; 

2) = 1-2 leaflets on one trifoliate with chlorosis; 3) = distinct symp

toms on several stems or leaflets; 4) = severe stunting and plant symp

toms; and 5) = dead plants. Only plants in the disease class I were 

considered to be resistant for this study. This is contrary to the 

standardized test which also includes "2's" as resistant plants.

Fungal Reisolation. ' Stem pieces (10 mm) were removed with a 

sterile razor blade from between the crown and first node, after final 

disease ratings were made. They were surface sterilized in 0.5% NaOCl 

for 30 seconds, rinsed in sterile water for one minute, blotted dry, and 

placed on Czapeks agar (Table 32) in sterilized, plastic culture plates 

(10 x 90 mm). Positive fungal identification was first made visually by 

observing white, fluffy hyphae, which eventually became dark gray to
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black. Identification confirmation was done microscopically by 

observing slides prepared from positive cultures for the presence of 

verticillately whorled, hyphal branching and conidia [71].

Trial One.

This study was designed as a randomized complete block with four 

factors and four replications. Factors included: two inoculation

treatments (Vaa and tap water check); three cultivars (1Trumpeter1, 1WL 

316', and 'NO 83-1'); eight inoculation ages (3, 4, 5, 6, 8; 10, 12, and 

14 weeks) and ten scoring ages (5, 6, 7, 8, 9, 10, 11, 12, 14, and 17 

weeks after inoculation). The experimental unit was comprised of fifty 

plants.

Replication one was grown in a controlled environment chamber with 

low light intensity (approximately 5000 LUX), 10 hour days, and constant 

20 C temperature. The other three replications were grown in the,green

house, set at 20 C without supplemental lighting. Weekly maximum and 

minimum temperatures were recorded with a "max/min" thermometer.

Plants were grown in mid-summer to mid-autumn and inoculated in 

late autumn (with the previously described root-cut-soak technique) to 

minimize high temperature and long daylength effects on disease progres

sion and symptom development [80]. The 14 week old inoculation age was 

planted first and decreasing ages were planted subsequently so that all 

treatments were inoculated at the same time, to reduce environmental 

variation. Disease scores were assigned after symptoms began to develop 

using the previously described 1-5 scale.
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Reisolation was done after final disease ratings were made. Where 

possible, approximately 40% of the Vaa inoculated plants within each 

disease class and 20% of the check plants, including all checks not 

rated as "1's" (resistant), were randomly selected for fungal 

reisolation.

Data were analyzed by analyses of variance and mean separations 

made with Tukey1 s Studentized Range at the 5% significance level.

Trial Two.

A randomized complete block with four replications and the same 

four factors (inoculation treatment, cultivar, inoculation age and 

scoring age) was used. However, all factor levels varied slightly, 

based on observations made from trial one.

Four inoculation treatments were used: I) Vaa root-cut-soak; 2)

Vaa root-cut-soak plus foliar-stem Vaa inoculum application; 3) tap 

water root-cut-soak plus foliar-stem Vaa inoculum application; and 4) 

tap water root-cut-soak (check) only. Foliar-stem inoculation (5.0 x
Pt — i — -

10 conidia ml ), was done by evenly pouring 2000 ml of inoculum rack 

(approximately 10 ml plant-1) over freshly trimmed plant tops.

Cultivars WL 316 and NC 83-1 were used, and inoculation ages 6, 7, 

8, 9, 10, 11, 12, 13, 14, and 15 weeks were planted in reverse order, 

and inoculated on the same date. Plants were scored weekly for disease 

symptoms from 6 to 13 weeks after inoculation with the 1-5 rating sys

tem. Damping off diseases and shading effects caused low emergence and 

seedling survival for inoculation ages 6-9 weeks. Data from these
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treatments were not included in the study. The experimental unit was 

twenty plants.

Plants were grown from summer to fall so that inoculation occurred 

in late autumn. All four replications were grown in the greenhouse, and 

temperature was set at 20 C with no supplemental lighting. Weekly 

maximum and minimum temperatures were recorded with a max/min 

thermometer.

Approximately 80% of plants in the disease classes 1-4 were random

ly selected for reisolation of the pathogen, after the last scoring age 

treatment for both Vaa inoculated and check plants. Reisolation from 

dead plants ("5's") was done the week that they died.

Data were analyzed by analyses of variance and mean separations 

made using Tukey1s Studentized Range at the 5% significance level.

Results and Discussion

Growing plants in conetainers was a restriction imposed on this 

study by the Montana Agricultural Experiment Station's (MAES) forage 

legume breeding project. Conetainers allow for: efficient greenhouse

bench space use (100 plants ft-2); rapid inoculation time (800 plants 

hour-1 person-1); and improved transplant survival into field crossing 

blocks [27].

Trial One.

After inoculation, weekly maximum and minimum temperatures were 

monitored and recorded (Table 33). Tonperature (between 19 and 21 C) and 

day length (10 hr day) remained constant throughout the study, in the
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growth chamber (replication one). Temperatures, daylengths, and light 

intensities varied greatly in the greenhouse (replications two, three, 

and four), depending on external weather conditions, although the ■ 

temperature was set at 20 C.■ Night temperatures ranged from 8 to 15 C 

and day temperatures ranged from 22 to 30 G throughout the experiment. 

However, extensive durations at the excessive temperatures did not 

occur. Highest temperatures occurred only for part of one or two days 

during each week.

Plant symptoms began developing four weeks after inoculation and 

the first disease readings were made at five weeks. Individual plants 

were scored weekly up to 12 weeks, and then at 14 and 17 weeks, when it 

appeared that the disease severity ceased to increase.

During weekly scoring, some plants reverted (two types) from hi^b-r 

to lower disease scores. Plants rated as "2's" often reverted to "I's" 

in subsequent weeks. Two factors could have contributed to this rever

sion type. External influences such as nutrient disorders could have 

caused the plants to initially exhibit "2-like" symptoms which disap

peared as the disorder remedied itself. The other possibility is that, 

plants were infected with Vaa but the single leaflet exhibiting the 

symptom became detached and was no longer available for rating. This 

reversion type occurred within both inoculation treatments.

The second reversion type occurred exclusively in the inoculated 

treatment. Plants rated as "3's" one week, reverted to "l's"or "2's" in 

subsequent weeks. This was attributed to the scoring method. Since 

each plant was handled each week, it m s  possible for leaflet and stem 

detachment to occur during scoring. The rating method is effective when
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only used once, but it can cause problems over ten rating periods. Most 

plants exhibiting this reversion type, again became 3's at later scoring 

age treatments.

Because of reversions from "3's to "2's" and "I's" in the Vaa 

inoculated treatment, and from "2's" to "I's" in both the check and Vaa 

inoculated treatments, coupled with other external influences, only 

plants rated as "I's" were considered resistant.

Though plants were scored on a individual basis, analysis was done 

for means or average disease severity index (ASI) [28]. The ASI gives a 

good indication of disease test stringency for each cultivar screened. 

Also, ASI is used to determine population improvement from one selection 

cycle to another.

Plant Inoculation Age. Differences (P<0.01) occurred among ASl's 

for replications, inoculation treatments, cultivars, inoculation ages, 

and scoring ages (Table 34). Interactions for ASI1s were also observed 

(P<0.01) among inoculation treatment x cultivar; inoculation treatment x 

plant inoculation age; inoculation treatment x scoring age; cultivar x 

plant inoculation age; and inoculation treatment x cultivar x plant 

inoculation age (Table 34).

Averaged across all treatment combinations, plants inoculated with 

Vaa had a higher ASI than plants inoculated with tap water (Table I).

With all check inoculation treatments reacting as resistant plants 

(ASI near 1.0), and most Vaa inoculation treatments having varied, but 

higher (P<0.05) ASI than 1.0, interactions (P<0.01) between inoculation 

treatment and the other three factors occurred (Table 33).
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Table I. Average Disease Severity Index (ASI) for Alfalfa Plants
Inoculated with Verticillivm albo-atrum and Tap Water;
Averaged Across Three Cultivars, Eight Inoculation Ages,
and Ten Scoring Ages (Trial One).

Inoculation Treatment ASI 1

Tap Water 1.1a2
Verticillivm albo-atrvm 2.2 b

Mean 1.6

Average Disease Severity Index is based oh a 1-5 rating system where 
I = no symptoms; and 5 = dead plant.

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1s (Studentized Range).

Cultivars were selected (fixed effects) to represent the two repor

ted genetic resistance mechanisms (Trumpeter and WL 316), and a suscep

tible reaction (NC 83-1). WL 316's genetic background is from Vertus 

[73]. Vertus1 reported resistance to Verticillium wilt is conditioned 

by additive gene action [97]. Trumpeter's Verticillium wilt resistance 

comes from Maris Kabul [27]. Maris Kabul's resistance is conditioned 

primarily by a dominant gene with secondary additive gene action [97].

Trumpeter was reported to have 24% resistant plants (moderate 

resistance) and WL 316 was reported to have 40% resistant plants (resis

tant) [40]. In a preliminary Verticillium wilt screening test, NC 83-1 

had only 6% resistant plants [27].

The AST's for WL 316 and Trumpeter, in this study, were similar 

(P<0.05) within both the check and Vaa inoculated treatments, when 

averaged across inoculation and scoring ages (Table 2). This was 

surprising because Hanna (40) reported WL 316 to have a higher
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resistance rating, and the two germplasms represented different genetic 

resistance mechanisms [97].

Table 2. Average Disease Severity Index (ASI) for Three Alfalfa Cul- 
tivars Inoculated with Verticillixm albo-atrum and Tap 
Water; Averaged Across Eight Inoculation, and Ten Scoring 
Ages (Trial One).

iInoculation Treatment ASI

Cultivar Check Vaa

WL 316 1.1a2 2.1 a
Trumpetor 1.1 a 2.1 a
NC 83-1 1.1a 2.5 b

Mean 1.1 2.2

Average Disease Severity Index is based on a 1-5 rating system where 
I = no symptoms; and 5 = dead plant.

O- Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1 s (Studentized Range).

When averaged across inoculation and scoring ages, susceptible 

cultivar, NC 83-1, had a higher (P<0.05) ASI than WL 316 and Trumpetor 

within the Vaa inoculated class, but was not different (P<0.05) from the 

resistant cultivars within the check class (Table 2). The interaction 

between cultivars and inoculation treatments was highly significant due 

to the difference in reaction of NC 83-1 within the Vaa inoculated 

treatment and the check treatment in comparison to the resistant culti

vars (Table 34).

Since all tap water (check) treatments reacted the same, treatment 

differences were determined within the Vaa inoculated class alone. 

Differences (P<0.01) occurred in ASI among replications, cultivars,
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inoculation ages, scoring ages, and cultivar x inoculation age, and 

inoculation age x scoring age interactions (Table 35).

Plants grown in the growth chamber (replication one) were expected 

to have the most severe disease development, because temperature and 

daylength were carefully regulated. However, replication one had a 

significantly lower ASI than the other three replications (Table 3). 

Higher greenhouse temperatures were expected to adversely effect disease 

development [14,70,80]. However, cool, nighttime, greenhouse tempera

tures may have had a more positive effect on disease development than 

the negative effect imposed by the occasionally high daytime tempera

tures .

Table 3. Average Disease Severity Index (ASI) for Replications of
Alfalfa Plants Inoculated with Verticillivm albo-atrum and 
Tap Water; Averaged Across Three Cultivars, Eight Inoculation 
Ages, and Ten Scoring Ages (Trial One).

Replication

1
3
2
4

Mean

Inoculation Treatment ASIj

Vaa

1.9 a 
2.2 b
2.4 b
2.4 b

Check

1.0 a
1.1 a
1.1 a
1.1 a

Mean

1.5
1.7
1.7
1.7

2.2 1.1 1.6

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant.

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey's (Studentized Range).

Constant temperature (20-22 C) is used in the standardized alfalfa 

Verticillium wilt test [87] (Table 2). However, these data concur with
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an earlier finding [23], that diurnal temperatures may have a positive 

influence on disease development. Temperature control in relationship 

to Vaa symptom development should be investigated further.

Inoculation ages were selected (fixed effects) to determine the 

earliest stage at which plants can be effectively inoculated, when using 

conetainers. Plants inoculated at 3 and 4 weeks of age did not have 

roots penetrating through the conetainer bottoms. Plants inoculated at 

5 weeks only had a few roots and plants inoculated at 6 weeks had most, 

but not all of the roots penetrating from the conetainer bottoms. 

Infection within these four treatments was partially attributed to 

wounded roots, and partially from natural infection. Inoculum was in 

the growth medium and benches, since it was on the conetainer racks 

after inoculation, and it may have been air-borne [24]. Plants inocu

lated at 8, 10, 12, and 14 weeks had good root penetration through 

conetainer bottoms. Plants older than 14 weeks were not inoculated 

since a larger proportion of escapes occurs, due to plant maturation 

giving inconsistent infection frequency within a population [80].

The ASI increased (P<0.05) with increasing inoculation age for the 

Vaa inoculated treatment, with plants inoculated at 14 weeks having the 

highest ASI (Table 4). No ASI differences (P<0.05) were detected 

among the checks (tap water). Other studies have reported good infec

tion in plants inoculated at earlier ages (Table 31), and 14 weeks is 

approaching the age where plant maturation will give inconsistent infec

tion results [80]. However, it appears that with using conetainers, it 

is necessary to give plants more time to develop, for maximum disease 

expression.
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Table 4. Average Disease Severity Index (ASI) for Alfalfa Plants
Inoculated at Different Ages with Verticillium albo-atrum
and Tap Water; Averaged Across Three Cultivars, and Ten
ScorirKf Ages (Trial One).

Inoculation Treatment ASI1
Inoculation Age

(weeks) Vaa Check Mean

3 1.2 a2 1.0 a 1.1 a
4 1.6 b 1.0 a 1.3 b
5 1.9 c 1.0 a 1.4 c
6 2.0 d 1.1 a 1.6 d
8 2.3 e 1.1 a 1.7 e
10 2.8 f 1.1 a 1.9 f
12 2.8 f . 1.1 a 1.9 f
14 3.1 g 1.1 a 2.1 g

Mean 2.2 1.1 1.6

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant, 

o Means not followed by the same letter differ at the 0.05 probability 
level by Tukey's (Studentized Range).

The highly significant interaction between inoculation age and 

inoculation treatment (Table 34) was due to plants inoculated with water 

(checks) having a similar ASI, while Vaa inoculated plants had 

increasing ASI's with increasing inoculation ages (Table 4).

Trumpetor and NC 83-1 had the most severe infection when inocula

tion age was 14 weeks (Table 5). The ASI for WL 316 plateaued at the 

10 week and older inoculation ages. This resulted in a highly signifi

cant interaction between cultivar x inoculation age across both inocula

tion treatments (Table 34), and the Vaa inoculated treatment alone

(Table 35).
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Table 5. Average Disease Severity Index (ASI) for Three Alfalfa Cul-
tivars Inoculated at Eight Ages with Verticillixm albo-
atrum; Averaged Across Ten Scoring Ages (Trial One)..

Cultivar ASI* * I 2

Inoculation Age
(weeks) Trumpeter WL 316 NC 83-1

3 1.3 a2 1.1 a 1.2 a
4 1.6 b 1.4 b 1.8 b
5 1.8 c 1.7 c 2.1 be
6 1.9 c 2.2 d 2.1 c
8 2.3 d 2.2 d 2.5 d
10 2.3 d 2.6 e 3.1 e
12 . 2.6 e 2.8 e 3.2 e
14 3.0 f 2.8 e 3.6 f

Mean 2.1 2.1 2.5

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant.

2 Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1s (Studentized Range).

Average disease severity index (ASI) is a good indicator of genetic 

gain made through phenotypic recurrent selection.. If disease scores go 

down through successive selection cycles, then progress is being made in 

increasing resistant gene frequency. Additionally, the frequency of 

resistant plants should increase with subsequent selection cycles. When 

describing disease resistance in alfalfa cultivars, the National Certi

fied Alfalfa Variety Review Board requires resistant plant percentage be 

included with ASI1s [28].

When averaged across ten scoring ages, 14 week old Trumpeter, WL 

316 and NC 83-1 plants inoculated with Vaa had the lowest (PC0.05) 

percentage of resistant plants compared to other inoculation age
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treatments (Table 6). This agrees with the ASI determination for 

Trumpetor and NC 83-1. However, WL 316 ASI1s plateaued at the 10 week 

inoculation age rather than 14 weeks, as it did for resistant plant 

percentage.

Table 6. Resistant Plant Percentage ("I's") for Three Alfalfa Culti- 
vars Inoculated at Eight Ages with Verticillium albo-atrum; 
Averaged Across Ten Scoring Ages (Trial One).

Cultivar1
Inoculation Age ------------------------- '------------:

(weeks) Trumpeter WL 316 NC 83-1

14 18.6 a2 17.5 a 3.6 a
12 28.2 b 26.6 b 21.0 b
10 40.0 C 25.7 b 19.7 b
8 39.0 C 46.4 C 33.0 c
6 64.2 d 53.8 C 57.1 d
5 68.3 d 71.7 d 62.9 d
4 81.3 e 85.4 e 73.3 e
3 90.6 f 98.2 f 94.4 f

Percentage of Plants in Resistant ("1's") Class.

 ̂ Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1s (Studentized Range).

Fungal Reisolation. Sane Vaa infection occurred in the tap water 

inoculated plants (Table 7). However, only a low percentage occurred 

within the symptom classes I and 2. Only a total of six check plants 

were rated as "3 's", but five were infected with Vaa. For Vaa inocu

lated plants, the fungus was reisolated from 37.1% of plants rated as 

"I's" and from 48.9% rated as "2's". Lower infection percentages within 

these disease classes may indicate that some plants are truly resistant 

while others may exhibit tolerance to the disease. Verticillium
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albo-atnm could be isolated from nearly all plants rated as "3's" or 

"4's"; however, only two-thirds of the "5's" (dead plants) were infec

ted. Plants that died during the study were not reisolated from until 

the end of the study. Thus, fungal death or dormancy in the absence of 

living plant tissue, may account for the lower Vaa percentage reisolated 

from dead plants.

Table 7. Verticillixm albo-atnm Reisolation Percentages from Three
Alfalfa Cultivars within the Five Vaa Disease Rating Classes 
for Plants Inoculated with Vaa and Tap Water (Trial One).

Disease ClassesI

Vaa Tap Water

Cultivar I 2 3 4 5 I 2 3 4 5

Trumpeter 42.2 44.6
/b
93.1 93.9 72.6 1.2 4.1 _2

WL 316 34.5 49.9 94.2 95.4 63.6 0.3 3.2 50.0 0.0
NC 83-1 34.7 52.3 86.6 100.0 66.7 0.9 3.3 100.0 —

Disease classes are based on a 1-5 rating system where I = no 
symptoms; and 5 = dead plant.

- indicates that no plants were rated within this disease class.

Scoring Age. Since plants inoculated at 14 weeks had the most 

severe symptom expression, this inoculation age treatment was used to 

ascertain the optimum scoring age. Plants scored 5 weeks after inocula

tion had the lowest ASI, and the ASI increased with each subsequent 

scoring (Table 8). Much of this increase in ASI was due to natural 

disease progression, e.g., plants rating 3 becoming 4's and then 5's. 

However, there was not a significant increase (P<0.05) in the ASI after 

9 weeks for Trumpeter, 10 weeks for NC 83-1, and 11 weeks for WL 316.
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Table 8. Average Disease Severity Index (ASI) for Ten Scoring Ages, 
and Three Alfalfa Cultivars Inoculated at 14 Weeks of Age 
with Verticillivm albo-atrum (Trial One).

Cultivar ASI1
Scoring Age

(weeks after inoculation) Trumpetor WL 316 NC 83-1

5 1.7 a2 1.7 a 2.2 a
6 2.4 b 2.2 b 3.0 b
7 2.8 c 2.6 c 3.4 c
8 3.0 Cd 2.9 d 3.7 Cd
9 3.1 de 3.0 de 3.8 Cd
10 3.2 de 3.0 de 3.9 de
11 • 3.3 e 3.1 ef 3.9 de
12 3.3 e 3.2 ef 4.0 de
14 3.3 e 3.2 ef 4.0 de
17 . 3.4 e 3.2 f 4.2 e

Mean 3.0 2.8. 3.6

Average Disease Severity Index is based on a 1-5 rating system where 
I = no symptoms; and 5 = dead plant.

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1s (Studentized Range).

Check plant ASI's remained near 1.0, which accounted for the significant 

scoring age x inoculation treatment interaction (Table 34) . However, 

the percentages of resistant plants did not change (P<0;05) after 7 

weeks for Trumpetor and WL 316, or after 6 weeks for NC 83-1 (Table 9).

Trial Ttvo.

Damping off diseases affected inoculation ages 6 through 9 weeks, 

so they were not used in the analyses. Tonperature ranges for the 

second trial were higher for the entire experiment than for the first 

trial (Table 33). High temperatures ranged from 24 C to 34 C, which 

reached the detrimental range for Vaa (30 C and above) [14,70]..
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Table 9. Resistant Plant Percentage ("I's") for Three Alfalfa Culti-
vars, Rated at Ten Scoring Ages, Inoculated with Verticillium 
albo-atrum at 14 Weeks of Age (Trial One).

Scoring Age
(weeks after inoculation)

17
14
12
11
10
9
8
7
6
5

Trumpetor

10.6 a* 2
11.3 a
11.3 a 

. 11.4 a
12.0 a 
12.8 a
13.1 a
15.3 ab 
,18.7 b 
27.5 c

Cultivar1 
WL 316

------%---
8.9 a
10.3 a 
10.5 a
10.4 a
10.8 a
10.5 a 
10.7 a 
12.3 ab
15.9 b 
23.2 c

NC 83-1

5.0 a
5.2 a
5.3 a
5.2 a
5.1 a 
5.8 a
6.3 a
7.1 a
9.3 a 
18.0 b

Percentage of Plants in Resistant (I's) Class.

2 Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1s (Studentized Range).

Plant symptoms began to develop five weeks after inoculation (one 

week later than trial I) and the first reading was taken at six weeks. 

Individual plants were scored weekly up to 13 weeks. Only plants rated 

as "I's" were considered resistant.

Differences (P<0.01) occurred in disease severity for inoculation 

treatment, cultivars, plant inoculation age and scoring age (Table 34). 

Highly significant interactions were inoculation treatment x cultivar, 

inoculation treatment x inoculation age, cultivar x inoculation age, 

cultivar x scoring age and inoculation treatment x cultivar x scoring 

age. Inoculation treatment x scoring age was significant at the 0.05

level.
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Two additional inoculation treatments, pouring Vaa over the cut 

stems only (foliar-stem), and in addition to Vaa root-cut-soak inocula

tion, were used, to investigate if root wounding was necessary and if 

ASI would increase if plants were inoculated both in the roots and 

stems. The check and foliar-stem only inoculation treatments had lower 

(P<0.05) ASI's than the root-cut-soak and root-cut-soak plus foliar-stem 

treatments (Table 10), and there was no difference (P<0.05) between 

the root-cut-soak plus foliar-stem pour, and root-cut-soak only treat

ments. Pouring Vaa on wounded stems appears to be an ineffective method 

of inoculating plants, and should not be used in future experiments.

Table 10. Average Disease Severity Index (ASI) for Alfalfa Plants
Inoculated with Three Verticillivm albo-atrum Inoculation 
Treatments and Tap Water; Averaged Across Two Cultivars, 
Six Inoculation Ages and Eight Scoring Ages (Trial Two).

Inoculation Treatment ASII

Check (Tap Water) 1.0 a2 
Pour only (Vaa) 1.3 b 
Root-cut-soak + Pour (Vaa) 2.2 c 
Root-cut-soak only (Vaa) 2.4 c

Mean 1.7

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant.

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey* 1s (Studentized Range).

2
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Differences (P<0.01) occurred for the Vaa root-cut-soak inoculation 

treatment among cultivars, inoculation ages scoring ages, and.cultivar x 

inoculation age (Table 35).

NO 83-1 had a higher .(P<0.05) ASI and lower (P<0.05) resistant 

plant percentage than WL 316, when averaged across 6 inoculation ages 

and 8 scoring ages for Vaa root-cut-soak inoculation (Table 11). The 

ASI's were similar to the first trial's results. However, resistant 

plant percentage was considerably higher for both cultivars in the 

second trial. This was probably due to the higher temperatures in the 

second trial, which is not conducive to Vaa infection within alfalfa.

Table 11. Average Disease Severity Index (ASI) and Resistant Plant 
Percentage ("I's") for IWo Alfalfa Cultivars Inoculated 
with Verticilliwa albo-atrum (Root-Cut-Soak); Averaged 
Across Six Inoculation and Eight Scoring Ages (Trial Two).

Cultivar ASI1 Resistant Plant %2

WL 316 2.1 a3 38.4 b
NC 83-1 2.6 b 25.0 a

Mean 2.4 31.7

Average Disease Severity Index is based on a 1-5 rating system where 
I = no symptoms; and 5 = dead plant.

2 Percentage of Plants in Resistant (1's) Class.
3

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1s (Studentized Range).

Plant Inoculation Age. The ASI's increased (P<0.05) weekly with 

inoculation age until week 12, then became erratic and variable (Table 

12). This may have teen due to the higher temperatures throughout the 

study. The fourteen week old inoculation age was in the highest
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significance group (PC0.05) for ASI (Table 12), and in the lowest 

significance group (P<0.05) for resistant plant percentage (Table 13), 

This agrees with the previous trial and suggests that plants should be 

inoculated with Vaa when 14 weeks old.

Table 12. Average Disease Severity Index (ASI) for Two Alfalfa Cul- 
tivars Inoculated at Six Ages with Verticilliwn albo-atrwn 
(root-cut-soak); Averaged Across Eight Scoring Ages (Trial 
Two).

Inoculation Age 
(weeks)

Cultivar ASI1

WL 316 NC 83-1

10
11
12
13
14
15

1.8 a* I 2 * * * * * 8
2.0 ab
2.1 be 
2.3 c
2.2 be
2.2 be

2.3 a 
2.6 be 
3.2 d
2.4 ab 
2.9 Cd
2.4 ab

Mean 2.1 2.6

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant.

Means not followed by the same letter differ at the 0.05 probability
level by Tukey's (Studentized Range).

Scoring Age. For 14 week old plants inoculated with Vaa, ASI1 s did

not change (P<0.05) after scoring age week 10 for WL 316 or after week 9

for NC 83-1 (Table 14).

Resistant plant percentage did not differ (P<0.05) after scoring at

8 weeks for WL 316 or after 7 weeks for NC 83-1 (Table 15). These 

data are in close agreement with trial one, which suggested that the 

best time to score plants for resistance was week 7.
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Table 13. Resistant Plant Percentage ("I's") for Two Alfalfa Cultivars 
Inoculated at Six Ages with Verticillium albo-atrum (root- 
cut-soak) ; Averaged Across Eight Scoring Ages (Trial Two).

Inoculation Age 
(weeks)

15
14
13
12
11
10

Cultivar1

WL 316 NC 83-1

35.3 be2 32.5 be
32.8 ab 16.5 ab
27.0 a 26.8 b
40.3 C 12.8 a
40.5 C 24.5 b
54.5 d 42.0 c

Percentage of Plants in Resistant ("I's") Class.

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey* 1s (Studentized Range).

Table 14. Average Disease Severity Index (ASI) for Eight Disease 
Scoring Ages, and Two Alfalfa Cultivars Inoculated with 
Verticillium albo-atrum (root-cut-soak) at 14 Weeks of 
Age (Trial Two).

Scoring Age
(weeks after inoculation)

Cultivar ASII

WL 316 NC 83-1

6
7
8 
9
10
11
12
13

J. • ** Cl

1.7 b
2.0 be
2.1 cd
2.3 de
2.4 de
2.5 e
2.5 e

1.7 a 
2.1 b 
2.5 c
2.7 ce
2.8 de
3.0 e
3.1 e
3.1 e

Mean 2.1 2.6

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant.

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1 s (Studentized Range).

2
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Table 15. Resistant Plant Percentage ("I's") for Eight Scoring Ages,
and Two Alfalfa Cultivars Inoculated with Verticilliwn albo- 
atrwn at 14 Weeks of Age (Trial Two).

Cultivars
Scoring Age

r inoculation) WL 316 NC 83-1

13 34.0 a* 2 14.0 a
12 35.3 a 16.5 a
11 35.3 a 16.5 a
10 35.3 a 16.5 a
9 37.8 a 18.0 a
8 41.5 a 18.0 a
7 56.8 b 28.0 a
6 78.5 c 54.8 b

Percentage of Plants in Resistant ("I's") Class.
2 Means not followed by the same letter differ at the 0.05 probability 

level by Tukey1 s (Studentized Range).

The resistant plant percentage was numerically higher for the 

second trial, and the scoring age (8 weeks) was one week later than the 

first trial. Again, this was probably due to higher temperatures 

reducing fungal virulence.

Fungal Reisolation. When Vaa was isolated from diseased plants to 

determine infection, similar results as in the previous trial were 

obtained (Table 16). The only difference was a higher, positive 

reisolation percentage within the disease class "5" for the Vaa inocu

lated treatments. This was because reisolation occurred immediately 

after plants died, before fungal dormancy or death occurred in the 

absence of living plant tissue. Reisolation percentage in both studies 

indicates that over half of the resistant plants were not infected by 

Vaa. However, a substantial portion exhibited a tolerance to the
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Table 16. Verticillivm albo-atnm Reisolation Percentage from Two 
Alfalfa Cultivars within the Five Vaa Disease Rating 
Classes, Inoculated with Three Vaa Treatments and Tap 
Water (Trial Two).

Disease Classes
Inoculation Treatment Cultivar I 2 3 4 5

Vaa Root-Cut-Soak WL 316 32.1 53.7

---%

91.1 94.3 91.7'
NC 83-1 35.4 56.6 97.8 98.6 95.4

Mean 33.8 55.2 94.5 96.5 93.6

Vaa Root-Cut-Soak + WL 316 34.0 61.5
---%—
90.3 93.6 94.4

Vaa Foliar-Stem NC 83-1 30.1 43.8 89.3 93.5 86.9

Mean 32.1 52.7 89.8 93.6 90.7

Vaa Foliar-Stem Only WL 316 37.1 54.4
---%--
78.5 96.1 89.7

NC 83-1 38.3 43.6 95.3 95.3 93.9

Mean 37.7 49.0 86.9 95.7 91.8

Tap Water (Check) WL 316 0.5 2.0
-- %—

0.0
NC 83-1 0.6 1.9 100.0 — 0.0

Mean 0.6 2.0 100.0 - 0.0

Disease classes are based on a 1-5 rating system where I = no 
symptoms; and 5 = dead plant.

2 - indicates that no plants fell into this disease classification.

pathogen's presence within the plant, with no symptom development occur

ring. These data suggest that plants visually selected as resistant 

should be reisolated from to insure that they are truly resistant and

not symptomless carriers.
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Conclusions

To attain highest ASI and the least number of escape plants in the 

resistant class, fourteen week, old plants appear to be at the optimum 

inoculation age. Fourteen weeks allows the plants to mature and develop 

good root penetration through conetainer bottoms for effective infec

tion. Results from the second trial were not as conclusive as the first 

trial, but this was probably due to the higher greenhouse temperatures 

experienced.

For the older inoculation age treatments required with conetainer 

use, the best time to rate plants for disease resistance was 8 weeks 

after inoculation. Scoring at this time resulted in the highest ASI and 

the resistant plant percentage did not differ significantly during later 

scorings.

Reisolating Vaa from resistant plants indicates that approximately 

one-half of the plants were not infected, and the other half were infec

ted, but did not display symptoms. This suggests that plant breeders 

should reisolate from symptomless plants to insure that they are resis

tant. However, plants tolerant to Vaa may still contribute to improv

ing resistance in alfalfa populations if they do not develop symptoms 

later on. Tolerant plants with positive Vaa isolation should be 

monitored for longer durations to determine if symptoms develop at a 

later date.

Other studies present constant„ cooler temperature as a selection 

parameter for determining Vaa resistance in alfalfa. However, this 

study may show the need for an accurate temperature-host-pathogen study
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to determine if more positive symptom development would occur under a 

diurnal temperature regime, but with the upper temperature at a point 

that gives optimum alfalfa growth, without hindering the pathogen's 

effect on the host. -

L



43

Chapter IV

EVALUATING GENETIC PROGRESS DURING SELECTION CF RESISTANT ALFALFA 
PLANTS TO VESWICILLIUM ALBCh-ATRVM

When developing alfalfa germplasms resistant to various pests, it 

is valuable to determine the type of gene action controlling resistance, 

and to select parents that when crossed in combination, will produce the 

most desirable offspring. The objectives of this study were to: I)

determine general and specific combining abilities for four alfalfa 

germplasms; 2) determine the mode of inheritance for NC 83-1; and 3) 

observe progress made through selection with the root-cut-soak inocula

tion method, for resistance to Verticillivm albo-atrvm in alfalfa.

Methods and Materials

Resistant Germplasms.

Parents used for crosses had previously been phenotypicalIy selec

ted for resistance to Vaa, using a root-soak and then root-cut-soak 

inoculation technique (to prevent escapes), [27]. Four selected plants 

from four germplasm sources (Trumpeter, 'Ladak 65', NC 83-1, and 1MTV- 

1'), which exhibited no Verticillium wilt symptoms, were used.

Hand crosses were made without emasculation, in all possible combi

nations including reciprocals and seifs, in a dialIel design. Several 

crosses per combination were attempted, but lew seed numbers occurred 

due to floral infection with flower thrips {Frankliniella tritici L.).
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To attain enough progeny seed for analysis, seed from the four female 

plants within each germplasm that was crossed with four male plants, was 

bulked in equal quantity (Table 17). Results were analyzed as a 

population dialIel.

Table 17. Progeny Used for Population Diallel Analysis. Parents Used 
Were Plants Selected for Resistance to Verticillium albo- 
atrum from Trumpetor, MTV-I, Ladak 65 and NC 83-1.

Progeny Bulks1

Trumpetor Cl2 
Trumpeter, x NC 83-1 
Trumpeter x MTV-I 
Trumpeter x Ladak 65

NC 83-1 Cl 
NC 83-1 x Trumpeter 
NC 83-1 x MTV-I 
NC 83-1 x Ladak 65

MTV-I Cl
MTV-I x Trumpeter 
MTV-I x NC 83-1 
MTV-I x Ladak 65

Ladak 65 Cl 
Ladak 65 x Trumpeter 
Ladak 65 x NC 83-1 
Ladak 65 x MTV-I

Seed was bulked in equal quantity, from four female plants that had 
been crossed with four male plants.

C-I denotes cycle one progeny of seed bulked from within populations.

Bulked seed from each cross, was scarified for five seconds, sur

face sterilized and planted into conetainers as described in Chapter
III.



The experiment was planted as a randomized complete block with four 

replications. Factors used were two inoculation treatments (Vaa and tap 

water) and 16 progeny bulks (Table 17). In addition, unselected seed 

from the original germplasms was included, to be compared with cycle I 

progeny. Twenty plants replication-1 were tested.

Fourteen week old plants were inoculated by the root-cut-soak 

method described in Chapter III. Eight weeks after inoculation, ind

ividual plants were assigned a disease severity score based on a 1-5 

rating scale (Chapter III).

Resistant plant percentages and ASI 's were analyzed by analyses of 

variance. Dialled cross components were partitioned into individual 

source treatments: among parents; average heterosis; general combining

ability (GCA); specific combining ability (SCA); maternal effects; and 

reciprocal effects; using methods outlined by Gardner and Eberhart [33]. 

Effects for GCA and SCA were calculated from entry mean for ASI's and 

resistant plant percentages (Table 38). All mean separations were made 

with Tukey's (Studentized Range).

NC 83-1 Parents.

Resistant NC 83-1 parents had previously been phenotypically selec

ted for resistance to Vaa [27]. Susceptible parents were determined by 

inoculating twenty vegetative cuttings from NC 83-1 plants with Vaa, by 

the root-cut-soak technique (Chapter III). Plants were deemed suscep

tible if all 20 cuttings died from Vaa infection.

Four susceptible and four resistant plants were selected as 

parents, and hand crosses were made in all possible combinations, with

45
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emasculation. Insufficient seed was obtained for a diallel analysis. 

Seed was bulked in equal quantity, for individual female plants, crossed 

with four male plants (Table 18).

Table 18. NC 83-1 Progeny Bulks Used to Determine the Mode of 
Inheritance for Verticillium albo-atmm Resistance.

Progeny BulksI

R-I x R 
R-2 x R 
R-3 X R 
R-4 X R 
R-I x S 
R-2 x S 
R-3 x S 
R-4 x S 
S-I x R 
S-2 x R 
S-3 x R 
S—4 X R 
S-I X S 
S-2 X S 
S-3 X S 
S-4 x S

Seed was bulked in equal quantity, for individual plants crossed with 
four resistant and four susceptible male parents.

R denotes resistant plants, S denotes susceptible plants, and the 
numbers refer to individual parents.

A randomized complete block with two factors and four replications 

was used. Factors included two inoculation treatments (Vaa and tap 

water checks) and the 16 progeny bulks (Table 18). Twenty plants were 

used in each experimental unit.

Fourteen week old plants were inoculated by the root-cut-soak 

method (Chapter III). Eight weeks after inoculation, the plants were 

assigned a disease severity score based on a 1-5 rating scale (Chapter

III).
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Progeny bulk ASI's were analyzed with analysis of variance. Indi

vidual source components from ASI analysis of variance were partitioned 

into: heterosis; maternal effects; and resistant versus susceptible

crosses by orthogonal contrasts. Among resistant x resistant, resistant 

x susceptible, susceptible x resistant and susceptible x susceptible 

crosses were analyzed by individual analyses of variance for within ASI 

means. Mean separations were made with Tukey1 s (Studentized Range).

Results and Discussion

Resistant Germplasms.

Differences (PO.01) in ASI's and resistant plant percentages were 

detected between plants inoculated with Vaa and with tap water, and 

among progeny bulks averaged across both inoculation treatments (Table 

36). A highly significant inoculation treatment x cross interaction 

occurred due to symptoms developing in the Vaa inoculation treatment 

ment and not in the tap water treatment. Highly significant ASI and 

resistant plant percentage differences were detected among crosses, when 

only the plants inoculated with Vaa were analyzed (Table 37).

Diallel analysis (Table 19) detected differences (PO.01) among 

parents, among GCA effects (average performance of a germplasm in hybrid 

combination) and among SCA effects (deviation from average hybrid per

formance for individual crosses) for both resistant plant percentages 

and ASI's. Differences (PO.05) were not detected for maternal or 

reciprocal effects for ASI, but reciprocal differences occurred for 

resistant plant percentages. This may have been a reflection of the 

rating system (not including "2's" as resistant plants). However, there
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was no indication in the literature or in other data from this study to 

indicate that resistance to Verticillium wilt is conditioned maternally. 

Maternal effects measure differences in average performance among 

parents used as males or as females. .Reciprocal effects measure speci

fic maternal effects for individual crosses. Parent versus cross ef

fects (heterosis) were not significant at the P<0.05 level for ASI's or 

resistant plant percentages.

Table 19. Diallel Analysis for Average Disease Severity Index (ASI)
and Resistant Plant Percentage for Progenies Inoculated with 
Verticillium albo-atrum from Four Alfalfa Germplasms.

Source df
ASI1

mean square
Resistant 
Plant %

Replications 3 0.0069 18.4
Parents 3 0.3760* ** 1126.1**
Cross: (12)

GCA 3 0.2438** 1082.9**
SCA 2 0.0650** 167.4**
Reciprocal 3 0.0181 160.8**
Maternal 3 0.0071 36.9

P vs. C I 0.0128 65.0
Error 45 0.0081 28.9

Average disease severity index is based on a 1-5 rating system where 
I = no symptoms; and 5 = dead plant.

**
Denotes significance at the 0.01 significance level.

The dialled analysis suggests that there are germplasms that com

bine better on the average than others, and that specific hybrid combi-- 

nations between germplasms perform better than others, when selecting 

for Vaa resistance. These data suggest that parental determinations 

need to be made for developing offspring that exhibit greater hybrid 

vigor.
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With nonsignificant maternal and reciprocal effects, crosses can be 

made without concern for which parent is the female, Nonsignificance at 

the P<0.05 level for heterosis, suggests that resistance to Vaa may be 

conditioned by additive gene, action. However, the reported resistance 

mechanism for Trumpeter is, at least partially, conditioned by dominant 

gene action [97]. Heterosis was significant at the PCO.10 level, sug

gesting at least some nonadditive gene action.

MTV-I is resistant to Vaa, but has low winterhardiness [27]. 

Trumpeter is moderately resistant to Vaa, and is moderately winterhardy 

[73]. Ladak 65 and NO 83-1 are winterhardy, but susceptible to Vaa 

[27,73]. They also possess other desirable agronomic characteristics 

[27].

Frcan ASI and resistant plant percentage determinations GCA and SCA 

effects were estimated as described by Hallauer and Miranda [38] (Table 

38). MTV-I and Trumpeter had the best GCA's for resistant plant percen

tages and ASI 's (Table 20). This reflects that Trumpeter and MTV-I 

contribute most to developing Vaa resistant plants. Trumpeter x MTV-I 

and NC 83-1 x Ladak 65 had the highest SCA's for resistant plant percen

tages and lowest SCA's for AST's. However, Trumpetor x Ladak 65 and 

MTV-I x NC 83-1 had higher resistant plant percentage SCA's than 

Trumpetor x NC 83-1 and MTV-I x Ladak 65. Therefore there appears to be 

potential to improve Vaa resistance in adapted cultivars by crossing 

them to resistant cultivars in certain combinations.

Differences (P<0.05) were detected among resistant plant percen

tages and among AST's for the individual progenies (Table 39). Resis

tant plant percentages ranged from 20.5% (moderately resistant) to
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56.9% (highly resistant). These data suggest that there was sufficient 

genetic diversity within any of these progeny populations for one selec

tion to be effective. Further research should be conducted'to determine 

if there is enough genetic variability for continued selection to be 

effective.

Table 20. General and Specific Combining Abilities (GCA and SCA) for 
Progenies Inoculated with Verticilliwn albo-atrum from Four, 
Alfalfa Germplasms for Average Disease Severity Index (ASI) 
and Resistant Plant Percentage.

General Combining Ability:

Resistant
Parental Type ASI Plant %

MTV-I -0.132 9.8
Trumpeter -0.077 3.5
NC 83-1 0.090 -4.8
Ladak 65 0.119 -8.5

standard error 0.0321 1.9

Specific Combining Ability:

Resistant
Parental Type ASI Plant %

Trumpeter x MTV-I -0.077 3.18
Iadak 65 x NC 83-1 -0.077 3.18
Iadak 65 x Trumpeter 0.023 0.13
NC 83-1 x MTV-I 0.023 0.13
NC 83-1 x Trumpetor 0.053 -3.32
Ladak 65 x MTV-I 0.053 -3.32

standard error 0.052 3.10

For standard error calculations refer to Table 38.

All cycle I progeny had higher (P<0.05) resistant plant percentages 

and lower (P<0.05) ASI's than the cycle 0 plants (Table 21). Resistant
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plant percentages increased approximately 100% for Ladak 65 and NO 83-1, 

and 50% for Trumpeter and MTV-I. These data indicate that the root-cut- 

soak technique allows effective phenotypic selection, and that large 

gains can be made by selecting within cultivars.

Table 21. Average Disease Severity Index (ASI) and Resistant Plant
Percentage Comparisons Between Cycle 0 and Cycle I Alfalfa 
Plants for Resistance to Verticillivm albo-atrum for Four 
Germplasms.

Germplasm .Cycle ASI* 1 Resistant Plant %

MTV-I 0 2.94 a2 36.4 a
MTV-I I 2.49 b 56.9 b

Overall 2.72 46.7

Germplasm Cycle ASI1 Resistant Plant %

Trumpeter 0 2.98 a 27.8 a
Trumpeter I 2.85 b 39.5 b

Overall 2.92 33.7

Germplasm Cycle ASI1 Resistant Plant %

Ladak 65 0 3.44 a 11.4 a
Ladak 65 I 3.06 b .23.4 b

Overall 3.25 17.4

Germplasm Cycle ASI1 Resistant Plant %

NC 83-1 0 3.71 a 8.2 a
NO 83-1 I 3.20 b 20.5 b

Overall 3.46 14.4

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant.

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey's (Studentized Range).
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NC 83-1 Parents.

ASI differences (PCO.Ol) were detected between plants inoculated 

with Vaa and with tap water, and among crosses averaged across both 

inoculation treatments (Table 40). A highly significant interaction 

occurred between crosses and inoculation treatments due to lack of 

symptom development in the tap water inoculated plants (Checks). Highly 

significant ASI difference were also detected among progenies when 

plants inoculated with Vaa were analyzed separately (Table 41).

Contrast comparisons detected ASI differences (P<0.01) between 

resistant x resistant progeny and susceptible x susceptible progeny 

(Table 22). This realized progress made through selection with the 

root-cut-soak technique indicates that sufficient genetic diversity 

exists within NC 83-1 to increase Vaa resistance levels by selection. 

Maternal, reciprocal, or among individual female progeny (RxR, RxS, SxR, 

arid SxS) effects were not detected (P<0.01). These data indicate that 

crosses can be made within NC 83-1 with plants as either male or female 

parent. However, heterosis was significant at the P<0.10 level and this 

suggests that inheritance for Vaa resistance in NC 83-1 is not solely 

conditioned by additive gene action.

No ASI differences were detected (P<0.01) among individual female 

progeny bulks, by mean separations (Table 23). Therefore, it appears 

that there were no differences in general and specific combining among 

the four resistant parents or among the four susceptible NC 83-1 parents 

used in this study. However, GCA and SCA determinations among the eight 

parents could not be made. .
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Table 22. Contrast Comparisons for Average Disease Severity Index
(ASI) of Progenies Inoculated with Verticillivm albo-atrum 
from Resistant x Resistant, Resistant x Susceptible, Suscep
tible x Resistant, and Susceptible x Susceptible NC 83-1 
Crosses.

2Source

Replications
Resist, vs. Suscep.
Maternal
Heterosis
Among RxR
Among RxS
Among SxR
AmorKj SxS
Error * I 2

ASI I
df mean square

3 0.02094
I 2.11400**
I 0.00007
I 0.07728
3 0.01116
3 0.03309
3 0.01329
3 0.00033
45 0.02229

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant.

2 R denotes resistant parents, S denotes susceptible parents. Resist, 
vs. Suscep. = RxR vs. SxS, Maternal = RxS vs. SxR, Heterosis = (RxS 
+ SxR) - (RxR + SxS).

**
Denotes significance at 0.01 significance level.

Differences (P<0.05) in mean ASI1s were detected among the parental 

types (Table 24), with the resistant x resistant progeny having the 

lowest (P<0.05) ASI and the susceptible x susceptible progeny having the 

highest ASI. This demonstrates that progress from selection Vaa was 

made through one cycle. Resistant x susceptible and susceptible x 

resistant progeny AST's were not different (P<0.05) from each other, and 

were approximately half-way between the susceptible x susceptible and 

resistant x resistant progeny AST's, suggesting that resistance for NC 

83-1 is conditioned by additive gene action. The ASI rankings for 

individual progeny bulks showed the same thing as the ASI means.
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however, some overlap within the significance groups occurred among the 

progenies (Table 42).

Table 23. Average Disease Severity Index (ASI) for Progenies Inoculated 
with Verticillivm albo-atrum from Resistant x Resistant, 
Resistant x Susceptible, Susceptible x Resistant, and Suscep
tible x Susceptible NC 83-1 Crosses.

Male Parent ASI Means
2Female Parent Resistant Susceptible Overall

Rl 3.18 a3 3.52 a 3.35 a
R2 3.28 a 3.61 a 3.39 a
R3 3.21 a 3.70 a 3.46 a
R4 3.29 a 3.54 a 3.41 a

Overall 3.24 3.60 3.42

Male Parent ASI Means

Female Parent Resistant Susceptible Overall

SI 3.59 a 3.76 a 3.68 a
S2 3.48 a 3.76 a 3.68 a
S3 3.50 a 3.74 a 3.61 a
S4 3.57 a 3.74 a 3.66 a

Overall 3.54 3.75 3.65

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant.

R denotes resistant plants, S denotes susceptible plants and the 
numbers refer to individual parents.

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey* 1s (Studentized Range).

3
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Table 24. Mean Average Disease Severity Index (ASI) for Progenies In
oculated with Verticillivan albo-atnun from Resistant x Resis
tant, Resistant x Susceptible, Susceptible x Resistant, and 
Susceptible x Susceptible NC 83-1 Crosses.

Parent Mean ASII

Resistant x Resistant 
Susceptible x Resistant 
Resistant x Susceptible 
Susceptible x Susceptible

3.24 a2 
3.54 b 
3.60 b 
3.75 c

Overall 3.53

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 - dead plant.

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1s (Studentized Range).

Conclusions

The root-cut-soak method is an effective technique for selecting 

Vaa resistant plants. Excellent progress was made in lowering AST's and 

increasing resistant plant percentages for one cycle of selection for 

all germplasms studied.

Resistant germplasms. Trumpeter and MTV-I, had the best population 

general combining ability. Crosses made among resistant and among 

susceptible germplasms had higher specific combining abilities than did 

crosses made among resistant x susceptible germplasms. However, some 

potential was demonstrated for "moving" resistance into adapted culti- 

vars from nonadapted resistant cultivars with specific combinations: 

Iadak 65 x Trumpetor and MTV-I x NC 83-1. These data suggest that it is 

important to determine GCA's and SCA's when selecting parents.
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Reciprocal and maternal effects were not significant for AST's, bat 

reciprocal differences were detected for resistant plant percentages. 

Progeny bulk ASI1s from resistant x susceptible.NO 83-1 crosses were 

approximately half-way between susceptible and resistant progeny bulks. 

This suggests that Vaa resistance in NC 83-1 is primarily conditioned by 

additive gene action. However, heterosis was approaching significance 

at the P<0.05 level so some nonadditive gene action may also be contri

buting to Vaa resistance in NC 83-1.
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Chapter V

FUNGICIDE EFFECTIVENESS FOR REfflVING VfflTICILLICM AfflO-ATRIM FROM
INFECTED VEGETATIVE CUTTINGS

Vegetative cuttings are often used in isolated crossing blocks, and 

in repetitive genetic studies. Cuttings made from plants infected with 

Verticilliim albo-atrum have a lower survival rate than healthy cuttings 

[27] and infected cuttings may act as a disease disseminator if located 

near uninfected alfalfa. The objective of this study was. to determine 

the effect of four fungicides on I) cutting survival, and 2) cutting 

infection percentage.

Methods and Materials

A randomized complete block design with five treatments and four

replications was used. Treatments were four fungicides, Nuarimol,

Bayleton (triadimefon), Benlate (benomyl), and Tilt (propiconizole) and

an untreated check. Fungicides were applied directly to the soil.

Fungal reisolation (described in Chapter III) was performed on 100

NC 83-1 plants displaying visual Verticillium wilt symptoms (disease

class 3) to determine if Vaa was active within the plant tissue. Fifty

plants with positive reisolation readings were used as cutting "stocks".
—1 —1Twenty cuttings (one treatment replication ) were made from each 

plant for 1000 total observations.

The soil medium used was a mixture of 33.3% greenhouse sterilized 

soil, 33.3% sand and 33.3% Sunshine mix. Bayleton and Benlate were in
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powder form and each was applied directly to 2100 grams of soil medium 

and mixed thoroughly (Table 25). The treated "soil" was apportioned 

into individual conetainers at 10.5 g conetainer-1.. Nuarimol and Tilt 

were in liquid form and each was diluted with distilled water and admin

istered to individual conetainers, with 10.5 g of soil, as a soil drench

(Table 25) [71].

Table 25. Fungicide Application Rates for Bayleton, Benlate, Tilt, and 
Nuarimol for Vegetative Cutting Study.

Fungicide (% Al) . Dilution Rate* 9Application Rate

Bayleton (50% Al) ' 1.0 mg
Banlate (10% Al) — 0.5 mg
Tilt (41 .8% Al) 10 ml 1.0 ml
Nuarimol (10% Al) 40 ml 1.0 ml

—  1Dilution Rate for liquid fungicides: liter distilled water. 

Application rate in units gram soil medium.

Cuttings were made by removing the stem 5 ram above the crown, and 

then severing the stem into pieces containing two nodes. Leaves were 

stripped from the lower node, and the stems were dipped into tap water 

and then into hormonal powder (Table 32). The cuttings were placed into 

conetainers with the lower node 10 mm below the soil surface. The soil 

was compacted around each stem base to insure good soil to "root" 

contact [27]. Cuttings were irrigated daily with a nutrient solution 

(Table 32).

Plants were assigned a disease rating score 8 weeks after treatment 

on a 1-5 scale (Chapter III). Plants that did not survive were consid

ered to be affected by the disease and assigned a disease score of 5.
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Fungal reisolation (Chapter III) was performed on surviving plants

after the plants were rated, to determine infection percentage. Data
i

were analyzed with analysis of variance and all mean separations were 

made with Tukey* 1s (Studentized Test),

Results and Discussion

Differences (P<0.01) were detected among fungicide treatments for 

ASI, cutting survival percentage, and resistant plant percentage (Table 

43).

Bayleton and Benlate treatments had lower (PO.05) ASI's than the 

untreated check (Table 26). The ASI for Tilt did not differ from the 

check, and Nuarimol had a higher ASI than the check.

Table 26. Average Disease Severity Index (ASI) for Verticillium albo
at rum infected WL 316 Alfalfa Cuttings Treated with Four 
Fungicides (Bayletonjf Benlate, Tilt and Nuarimol), and an 
Untreated Check.

Treatments ASII

Bayleton
Benlate
Tilt
Check
Nuarimol

23.0 a
3.2 a
3.9 b
4.3 b
4.9 c

Mean 3.9

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant. .

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1s (Studentized Range).

Cutting survival percentage ranged from 6.5% to 72.0% (Table 27). 

Bayleton had a higher (PO.05) survival percentage than the untreated
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check. The other treatments did not differ from the check, although 

Nuarimol had a significantly lower survival percentage than Benlate.

Table 27. Cutting Survival Percentage for Verticillium albo-atrum
infected WL 316 Alfalfa Cuttings Treated with Four Fungicides 
(Nuarimol, Benlate, Bayleton and Tilt) and an Untreated 
Check.

Treatment Survival Number Survival Percentage

Nuarimol ’ 13 6.5 a1
Check 60 30.0 ab
Tilt 74 37.0 abc
Benlate 118 59.0 be
Bayleton 144 72.0 c

Mean 409 40.9

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1s (Studentized Range).

Lew survival percentages and high ASI's for Nuarimol and Tilt may 

be a reflection of the treatment rather than the fungicides1 ineffec

tiveness. The drench treatments may have been washed from the soil 

during daily irrigation, resulting in less chance for the fungicides to 

enter the cuttings. Nuarimol nay have been phytotoxic to the plants, 

since its ASI was higher than the check (Table 26).

Reisolation from surviving plants revealed that none of the fungi

cide treatments were 100% effective in eliminating Vaa from the cuttings 

(Table 28). The fungus was reisolated from all of the plants treated 

with Tilt. Plants treated with Benlate and Nuarimol had a lower 

(P<0.05) reisolation percentage than the checks. However, few plants 

contributed to the Nuarimol treatment, and confidence in its reisolation 

percentage is low.
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Table 28. Verticillimi albo-atrum Relsolation Percentage from Sur
viving WL 316 Alfalfa Cuttings Treated with Four Fungicides 
(Bayleton, Benlate, Tilt and Nuarimol) and an Untreated . 
Check.

Treatment Plant Number Reisolation Percentage

Nuarimol ■ 13 ■ 23.08 a1
Benlate 118 62.71 b
Bayleton 144 87.50 c
Check 60 93.33 Cd
Tilt 74 100.00 d

Mean 409 81.14

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey1s (Studentized Range).

Bayleton and Benlate had a higher (P<0.05) resistant plant (I's) 

percentage than the other three treatments (Table 29). Nuarimol had a 

significantly lower percentage of I's than Tilt, but was not different 

from the Check. Again, this suggests that Bayleton and Behlate improved 

the percentage of cutting survival. However, Vaa was reisolated from 

65.22% of the plants treated with Bayleton within the resistant class. 

Benlate had a relatively low reisolation percentage, (Nuarimol only had 

one resistant plant and the fungus was not reisolated from it). It 

appears that Benlate reduced Vaa within the plant tissues, however, the 

fungal presence in the remaining plants poses potential for contamina

tion of healthy plants.
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Table 29. Percentage of Verticillivm albo-atrum Infected WL 316 Alf
alfa Cuttings within the Resistant Class (I) and Vaa Reiso
lation Percentage for Four Fungicide Treatments (Bayleton,
Benlate, Nuarimol and Tilt) and an Untreated Check;

Resistant Percent Reisolation
Treatment Plant Number Resistant Percentage

Nuarimol I 0.5 a 0.0
Check 8 4.0 ab 75.0
Tilt 32 16.0 be 100.0
Bayleton 46 23.0 c 65.2
Benlate 59 29.5 c 28.8

Mean (146) 14.6 58.2

1 Means not followed by the same letter differ at the 0. 
level by Tukey1 s (Studentized Range).

05 probability

Conclusions

There appears to be some potential for using fungicides to "clean 

up" Vaa infected vegetative cuttings. Bayleton had higher cutting 

survival percentage than the untreated checks. Benlate and Bayleton had 

a higher resistant plant percentage than the checks. This will increase 

the usefulness of using infected cuttings as a research tool in the 

greenhouse. Bayleton had a relatively high fungal reisolation percen

tage within the resistant class which may limit its usefulness in deve

loping field crossing blocks from cuttings. Benlate had a lower reiso

lation percentage within the resistant class, but the resistant plants 

that are contaminated may still infect susceptible, healthy plants.

The ultimate goal for using cuttings as a tool for resistant plant 

development, is to eliminate the pathogen completely from them.

Bayleton has potential for increasing cutting survival percentage and
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Benlate has potential in eliminating Vaa from the cuttings. Further 

research needs to be conducted with these and other fungicides. Appli

cation rates and combinations of fungicides may help achieve completely 

clean cuttings.



64

Chapter VI

SUMMARY AND CONCLUSIONS

Verticillium albo-atrum has the potential to become a severe prob

lem in alfalfa production. Developing a successful breeding program to 

increase resistance is becoming more important as the disease spreads to 

new production areas. The objectives of this study were to evaluate the 

Vaa root-cut-soak inoculation method for: I) determining inoculation

and scoring ages to give maximum infection; and 2) investigate the 

inheritance mode for Vaa resistance; and to 3) evaluate fungicide use 

for producing disease free vegetative cuttings.

The root-cut-soak method is an effective way to infect alfalfa 

plants with Vaa. The most severe symptoms occurred when the plants were 

inoculated at 14 weeks of age, with symptom evaluation 8 weeks later.

Two major problems in utilizing the root-cut-soak method are proper 

temperature control and extraneous environmental factors on disease 

expression. Also, there appears to be a need to investigate a diurnal , 

temperature effect on disease development, information on which is 

lacking in the literature.

Excellent progress was made in lowering ASI's and increasing resis

tant plants through one selection cycle. Best specific combining abili

ties occurred between susceptible x resistant germplasm crosses. This 

suggests there is potential for increasing resistance in adapted culti- 

vars by crossing with nonadapted types.
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Reciprocal and maternal ASI's were not significant. This indicates 

that crosses can be made in either direction between parents. Heterosis 

was not significant at the P<0.05 level, but was significant at the 

P<0.10 level. This suggests that inheritance is conditioned mostly by 

additive gene action,,but dominance plays a small role.

Fungicides may have potential in eliminating the pathogen from 

vegetative cuttings. Benlate and Bayleton showed some value in reducing 

the pathogen and increasing survival percentage. However, 100% pathogen 

elimination did not occur. Fungicide concentration studies with these 

and other fungicides should be investigated. Also, application method 

is another factor needing investigation. It might be possible to apply 

the fungicides within the hormonal solution rather than in the soil 

where leaching occurs. With higher temperatures apparently reducing 

symptom development, heat. treatment is another way cuttings may be

disinfected.
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Table 30. Host Range Pathogenicity Results as Reported from the Litera
ture for Broadleaf Crop and Wbed Species.

Spscleg Lltersturo Citations1
- - - - - - - - - - - - - - - - - _ _ _ _ _ _ _ _ _ _ _ _ — -

Comron Nane Susceptible2
3Synptanless Resistant*

(Scientific) Carrier

LEGUSES:

Alsike Clover 6,10,11,13 _ 5 —
( Trifolium IybridumL.) 

Birdsfoot Trefoil
■

6 26,99 —

(Lotus comiculatus L.) 
Broad Bean 44,47 2 —

(Vida faba L.) 
Crimson Clover 1 0 13 ’ —

( Trifolium incamatm L.) 
Crown Vetch _ 13 —

(Coronilla varial.) 
Hairy Vetch — 26,99 —

( Vida villosa Roth.) 
Italiai Clover __ 47 —

(HedysariiM corcnarim L.) 
Kichey Beai — 13,26,99 —

(Phaseolus vulgaris L.) 
Ladino Clover 6 , 1 0 13 —

(Trifolium repens I. var. gigsnteum) 
Lupine 6 98 —

(Lupinusspp.)
Pea _ 2,13,26,47,99 —
(P/sub sativum L.) 

Peanut 11,13 — —
(Arachis hypogea L.) 

Red Clover _ 2,6,13,26,99 59
(Trifolium pratensel.) 

Runner Bean 44,47 2 —
(Phaseolus cocdneus L.) 

Sainfoin 6,34,92 98 59
(Chobryohis viciifolia Scop.) 

Snap Bean — 26 • —
(Phaseolus vulgaris I.) 

Soybean ■ 10,11,13 26,99 —
(Glycine max tferr.) 

Sweetclover _ 26,99 6,13
(felilotus officinalis (L.) Lam.) 

White Clover ■ 1 0 13,99 —
(Trifolium repens I.)
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Table 30 (continued).

Species Literature CitationsI

Common Name 
(Scientific)

2Susceptible 3Symptomless
Carrier

4Resistait

OTHER CROPS:

Cabbage
{Brassica oleracea L. var. capitata L.)

_ 5 — 26

Cantaloupe 18 2,99 —
(CucuBis melo L. var. cantalupensis feud.)

Eggplant
{SolanmiselaigenaL var. esculenlwHBes.)

11,13,18 2,99

Hop
[fimilus smricanus Nutt.) ~

2,59,99

Musknelon
[Qxm is melo L. var. reticulatusSer.)

2

Potato 44 2,18,59 26
[Solanm tuberosuml.)

Radish — 26,99 —
[Raphsnus sa tiw s I.)

Rape
[Brassica conpestris L.)

13

Snapdragon 11,13 —
[Antirrhiim mjus L.)

Strawberry 
[Fragaria vssca L.)

44,47 2,99

Sugarbeet 
(feta vulgaris L.) ~

47

Sunflower
[Helianthus annus L.)

26

Tomato
[LycopaiSicai esculentm L.)

. 6 2,13,18,59,99

Watermelon 18 2,99 —
[Citrullus vulgarisScbrad.) -



Table 30 (continued).

1Species Literature Citations

Comnon Name 
(Scientific)

Susceptible^ 3Symptomless
Carrier

Resistant*

HEEDS:

Black Nightshade . 47 2
_ 5

{Solam  nigrum I.)
Broadleaf Dock 47 2 —

(Rwex cbtusifoliusl.)
Broadleaf Plantain — — 47

{Plantago major L.)
Bu ckhom Plantain 47 2,99 —

[Plsntego lanceolata I.)
Canada Thistle — 99 —

(Cersium arvense (L.) S c op .). • 
Comnon Chickweed 47

{Stellaria media (L.) Scop.) 
C o m r m  Gromdsel 47 13,99

(Senecio vulgaris L.)
Curly Dock — 2,99 —

{Pumx crispusl.)
Dandelion — 11,13 —

( Taraxaom officinale G.H. Weber)
Dogfennel 2 — —

{Eupatorim capillifolim  (Lam.) Small.)
Dwarf Mallow — 13 —  .

(ttalva rotvndifolia L) 
Field Poppy 47 _  ■

(/fc/Bier /Vb e b s L.)
Field Pennycress — 13 —

(Thlaspi arvense I.)
Hedge Mustard — — 13

(Sisydriim officinale (L.) Scop.) 
Ladysthumb 47 2 —

(Polygam persicariaL)
Lambsquarters 11,13 2 —

(Chempodiim albuml.) 
Mayveed , 47 — _

(Anthemis cotula L.) 
Nightflowering Catchfly __ _ 13

(SilenenoctifloraL) 
Redroot Pigweed 13 __ '

(Jlmarantfw retroflexus L.) 
Shepherdspurse 47 2,13,99 —

(Capsella bursa-pastoris (L.) Medik.)
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Table 30 (continued).

Species Literature Citations

(Scientific)
Cornnon Name

WEEDS (cent.):
Smartweed —  2

{ Polygonm h/drapiper L.)
Wild Mustard 46 2,13,99

(Brassicd Ieber (DC.) Wheeler)
Wormseed Mustard —  13

{Erysinm cheirantboides L.)
Yellow Roclet —  99

{Bsrbarea vulgaris R. BR.) * 2 3 4

Numbers for reporting authors are from the Literature Cited section.
2 Susceptible plants had damaging symptoms.
3 Symptcanless carriers had little or no symptom development, but Vaa was 

reisolated from the plants.

4 Resistant plants had no symptom development, and Vaa was not
reisolated from the plants.

5 —  indicates species not reported in that classification.
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Table 31. Inoculation and Screening Parameters Used by Various Verti- 
cillium Wilt Resistance Evaluation Programs.as Reported from 
the Literature for Plant Inoculation with Verticillixm albo- 
atrum. 1 2 3 4

Reporting^ Inoculation Scoring Age 2Inoculation 3Inoculun Soaking Disease
Author Age (weeks after Method Concmtration Duration Rating

(weds) inoculation) (millions) (minutes) Scale

■ 3 8 - 1 0
__ 5 RS

6 — — RS — 30 1-9
11 6 4-6 RS 1 0 60 1-5
1 2 6 4-6 RS 1 0 60 1-5
18 1 2 . 4-6 RS 8 2 0 1-5
2 0 — 4-6 RS - - — 1-5
2 1 5 4-6 RCS — 2 0

ZO
29

0

6 1 0

Kd
RS ' ———— 1 0 0-5

34 16 3 ■ RCS I 20-25 1-5
35 8 — RS 8 2 0 —

36 9 4 RS — — —

39 8 - 1 2 — — RS — - --- - —
43 6 6 RCS — T - - 0-4
47 8 3-7 RS — — 0-4
6 6 4 5 RS • 4 15 0 - 6

6 8 4-5 4 RCS 0.5 60 0-4
69 0.5 5-6 RCS 1 0 30 0-4
8 6 — 3-5 RS 8 — 1-5 ■
8 8 1 0 - 1 2 4-6 RCS . 8 10-15 ’ 1-5
90 4 2 RS 0.7 "" — —
92 9 4 RS — — --- —
93 4 3 RS 3.5 45 —
97 6 6 RS 8 45 1-5

1 Authors are referred to by number from Literature Cited section.
2 Abbreviations for inoculation methods: RS = root-soak; RCS = root-

cut-soak .

3 Inoculum concentration units are conidia ml 1.

4 Lowest numbers in rating systems mean no disease symptoms; highest 
numbers mean dead plant.

---  indicates information not presented in cited article.5
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Table 32. The Ccanpositidn of the Media Used for Fungal Increase and 
Reisolations, and the Composition of the Nutrient Solution. 
Used in This Study.

I. Fungal Media:
A. Potato Dextrose Agar (PDA) Slant Tubes:

Agar 20.0 g
Difco peptone 5.0 g
Distilled Water 1000.0 ml

Preparation: Water is added to PDA and solution is 
autoclaved for twenty minutes at 140 C and 25 psi. The 
agar is cooled to 42-45 C in a water bath and 40 ml are 
apportioned into wide mouth culture tubes that are set at 
a 10 ° angel and allowed to cool to room temperature.

B. Czapeks Shake Culture:
Czapeks Dox Broth 35.0 g
Distilled Water 1000.0 ml

Preparation: 35 g of Czapeks Dox Broth powder is added to
1000 ml of distilled water and solution is autoclaved for 
twenty minutes and 140 C and 25 psi. Solutions are 
cooled to room temperature before fungus is added.

C. Czapeks Agar:
Agar 20.0 g
Czapeks Dox Broth 35.0 g
Difco peptone 5.0 g
Distilled Water 1000.0 ml

Preparation: Water is added to agar components and the 
solution is autoclaved for twenty minutes at 140 C and 25 
psi. The agar is cooled to 42-45 C in a water bath and 
poured into culture plates. Culture plates are cooled to 
room temperature to congeal before reisolation.

II. Nutrient Solution:
A. Normal Nutrient Solution:

N 2.3 g
P205 2.3 g
K20 2.3 g
Tap water 18900.0 ml III.

III. Hormonal Powder Used to Root Cuttings:
A. Rootone

1- Naphthaleneacetamide 0.067%
2- Methyl-l-Naphthaieneacetic acid 0.033%
2-Methyl-I-Napghaleneacetamide 0.013%
Indole-3-butyric acid . 0.057%
Inert ingredients (power) 99.300%
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Table 33. Weekly Maximum and Minimum Tanperatures for Inoculation and 
Scoring Age Study.

Trial I:
Temperature (C)I

Week Greenhouse Growth Chamber
(date) max. min. max. min.

12/ 7 24 12 19 20
12/14' 25 10 19 20
12/21 23 11 19 19
12/28 27 15 20 21
I/ 4 22 9 19 21
1/11 22 8 19 20
1/18 28 9 19 20
1/25 25 9 21 21
2/ I 30 11 19 20
2/ 8 30 15 19 21
2/15 25 9 20 21
2/22 22 9 20 21
3/ 8 30 10 19 20
3/29 29 14 20 21

Trial 2:

Week
(date)

Temperature (C) 
Greenhouse

max. min.

I/ 7 28 15
1/14 31 17
1/21 24 15
1/28 26 19
2/ 4 33 18
2/11 31 17
2/18 32 14
2/25 28 11
3/ 4 27 17
3/11 33 18
3/18 34 20
3/25 31 19
4/ I 33 17

Tanperatures were recorded after inoculation with Verticillivm albo- 
atrum.
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Table 34. Analysis of Variance for Average Disease Severity Index for 
Alfalfa Plants Inoculated with Verticillivm albo-atnm and 
Tap Water; for Time of Inoculation and Scoring Age Study.

Trial I Trial 2

Source df Mean Square df Mean Square

Replications (R) 3 6.102** 3 0.1497
Inoculation Treatment (T) I 635.129** 3 170.1000**
Cultivar (C) 2 6.589** I 43.8600**
Plant Inoculation Age (A) 7 27.571** 5 3.7360**
Scoring Age (S) 9 9.643** 7 14.4000**
T x C 2 6.851** 3 8.3710**
T x A 7 24.207** 15 1.2840*.*
T x S 9 5.710** 5 0.4624*
C x A 14 0.760** 21 2.5960**
C x S 18 0.053 7 0.5653**
A x S 63 0.143** 35 0.0513
T x C x A 14 0.736** 21 0.1106
T .x C X S 18 0.044 15 1.2290**
T x A x S 63 0.016 105 0.0227
C x A x S 126 0.005 35 0.0136
T x C x A x S 126 0.005 105 0.0013
Error 1437 0.068 1149 0.1794

Denotes significance at the 0.05 significance level. 
Denotes significance at the 0.01 significance level.



84

Table 35. Analysis of Variance for Average Disease Severity Index for 
Alfalfa Plants Inoculated by Verticillivan albo-atrum Root- 
Cut-Soak Inoculation for Inoculation and Scoring Age Study.

Trial I Trial 2

Source df Mean Square df Mean Square

Replications (R) 3 10.210** . 3 0.198
Cultivars (C) 2 13.410** I 24.780**
Inoculation Age (A) . 7 51.720** 5 3.013**
Scoring Age (S) 9 14.720** 5 1.860**
C X A 14 1.49.1** 7 10.460**
C X S 18 0.094 7 0.129
A X S 63 0.253** 35 0.053

C X A X S 126 0.009 35 0.025
Error 717 0.116 285 0.133 .

Denotes significance at the 0.01 significance level.

Table 36. Analysis of Variance for Average'Disease Severity Index (ASI) 
for Progenies Inoculated with Verticillium albo-atrum and Tap 
Water from Population Diallel Crosses Made Between Four Alf
alfa Germplasms.

Source df Mean Square

Replications 3 0.0026
Inoculation Treatments . I 155.7000**
Crosses 15 0.1362**
T x C 15 0.1388**
Error 97 0.0041

Denotes significance at the 0.01 probability level.
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Table 37. Analysis of Variance for Average Disease Severity Index (ASI) 
and Resistant Plant Percentages for Progenies Inoculated with 
Verticillivm albo-atirum from Population Diallel Crosses Made 
Between Four Alfalfa Germplasms.

Source df ASI Resistant Plant %

Replications 3 0.0069 18.4
Crosses 15 0.1386** 1716.8**
Error 45 0.0081 28.9

**
Denotes significance at the 0.01 significance level.
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Table 38. Average Disease Severity Index (ASI) and Resistant Plant Per
centage Means Used to Calculate General and Specific Com
bining abilities (GCA and SCA) for Progenies Inoculated with 
Verticillixm albo-atrum for Four Alfalfa Germplasms.

ASI1

Parent Trumpeter MTV-I Ladak 65 NC 83-1 Total (Yi.)

Trumpetor I 2.65 3.00 3.00 8.65
MTV-I 2.65 — 2.98 2.92 8.55
Ladak 65 3.00 2.98 — 3.07 9.05
NC 83-1 3.00 2.92 3.07 . — 8.99

Total (Y.j) 8.65 8.55 9.05 8.99 Y..= 17.62

' Resistant Plant %

Parent Trumpeter MTV-I Ladak 65 NC 83-1 Total (Yi.)

Trumpeter 7 49.2 27.9 28.2 105.3
MTV-I 49.21 30.7 37.9 117.8
Ladak 65 27.9 30.7 — 22.7 81.3
NC 83-1 28.2 37.9 22.7 — —— 88.8

Total (Y.j) 105.3 117.8 81.3 88.8 Y..= 196.6

GCA= [l/n(n-2)](nYi. - 2Y.ft)
S.E. = ([l/n(n-2)] MSE)u,uo

SCA = Yij - [I/(n-2)](Yi. + Y.jl_+ [2/(n-l)(n-2)]Y..
S.E. = ([(n-3)/(n-l)]MSE)u-uo

Where:
n = number of germplasms = 4 
Yij = individual cross
Yi. = totals for individual germplasm of parental type I 
Y.j = totals for individual germplasm of parental type 2 
Y.. = Total = 17.62, 196.6
MSE = mean square error from analysis of variance = 0.0081, 28.9

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plants.

Numbers in italics were used to show ASI totals used for GCA and SCA 
calculations. The do not indicate that there were reciprocal 
effects.

2
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Table 39. Average Disease Severity Index (ASI) and Resistant Plant 
Percentages for Progenies Inoculated with Verticillium 
albo-atrum from Population Diallel Crosses Made Between 
Four Alfalfa. Germplasms.

I
Germplasm Source . . ASI Resistant Plant % I

MTV-I Cl 2.49 a2 56.9 a
MTV-I x Trumpeter 2.64 ab 52.2 a
Trumpeter X MTV-I 2.66 abc 46.2 ab
Trumpeter C]L 2.85 abc 39.5 be
MTV-I X NC 83-1 2.89 cd 39.5 be
Ladak 65 X MTV-I 2.89 cd 37.8 bed
NC 83-1 X MTV-I 2.94 d 36.3 cde
Trumpeter X NC 83-1 2.95 d 31.4 cdef
Ladak 65 X Trumpetor 2.99 de 28.2 def
Trumpeter X Iadak 65 3.00 de 27.5 ef
NC 83-1 X Trumpeter 3.04 de 25.0 fg
NC 83-1 X Ladak 65 3.05 de 24.0 g
MTV-I X Ladak 65 3.06 de 23.6 gh
Ladak 65 (11 3.06 de 23.4 gh
Ladak 65 X NC 83-1 3.09 de 21.3 h
NC 83-1 c:L 3.20 e 20.5 h

Overall 2.92 33.3

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant.

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey's (Studentized Range).

2
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Table 40. Analysis of Variance for Average Disease Severity Index of 
Progenies Inoculated with Verticilliiun albo-atrum and Tap 
Water from Resistant x Resistant, Resistant x Susceptible, 
Susceptible x Resistant and Susceptible x Susceptible NC 83-1 
Crosses.

Source

Replications
Inoculation Treatments
Crosses
T x C
Error

df Mean Square

3 0.0093
I 201.5000**
15 0.0781** ,
15 0.0792**
93 0.0113

**
Denotes significance at the 0.01 probability level.

Table 41. Analysis of Variance for Average Disease Severity Index for
Progenies Inoculated with Verticillinm albo-atrum from Resis
tant x Resistant, Resistant x Susceptible, Susceptible x 
Resistant, and Susceptible x Susceptible NC 83-1 Crosses.

Source df mean square

Replications 3 0.021
Progeny 15 0.157**
Error 45 0.022

Denotes significant at 0.01 probability level.
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Table 42. Average Disease Severity Index (ASI) for Progenies Inoculated 
with Verticillivan albo-atrum, .from Resistant x Resistant, 
Resistant x Susceptible, Susceptible x Resistant and Suscep
tible x Susceptible NC 83-1 Crosses.

Progeny Bulk ASI1

Rl X R 3.18 a
R3 X R 3.21 ab
R2 X R 3.28 abc
R4 X R 3.29 abc
S3 X R 3.48 abed
R2 X S 3.51 abed
Rl X S 3.52 abed
R4 X S 3.54 abed
S4 X R 3.57 bed
SI X R 3.59 bed
S2 X R 3.61 Cd
R3 X S 3.70 d
S3 X S 3.74 d
S4 X S 3.74 d .
S2 X S 3.76 d
SI X S 3.76 d

Overall 3.53

Average Disease Severity Index is based on a 1-5 rating system where
I = no symptoms; and 5 = dead plant.

R denotes resistant plants, S denotes susceptible plants and the 
numbers refer to individual parents.

Means not followed by the same letter differ at the 0.05 probability 
level by Tukey's (Studentized Range).
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Table 43. Analysis of Variance For Average Disease Severity Index 
(ASI), Plant Survival Percentage, and Resistant Plant 
Percentage for Fungicide Study.

Source df
ASI
ms

Survival % 
ms

% Resistant Plants 
ms

Replications 3 31.65 126.6 18.73
Treatment 4 653.00** 2612.0** 151.40**
Error 12 61.48 245.9 11.19

Denotes significance at 0.01 significance level.
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