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To study the association between Fusarium root-rot resistance

(Fusarium solani f. sp. phaseoli) and economically inportant charac-

teristics of beans, 2259 lines each consisting of 30 plants were used.

The lines were randomly selected for root-rot reaction, but were

selected for differences in vigor and differences in plant and seed

pigments, growth habit, and toughness. The lines were established

from crosses of resistant and susceptible parents after which self-

fertilization for 4-6 generations was practiced. Measurements and

classifications with respect to pigmentation, vigor and growth

habits were made on plants grown in the field and the greenhouse.

Toughness of pods was evaluated by means of _a shear press or by

subjective estimates.

Replicated tests of these lines with artificially produced inocula

of the Fusarium organism were made in the greenhouse and in the



field, thus under different environmental conditions. Uninoculated

plants of each of the lines were also grown in order to evaluate the

lines simultaneously for the horticultural characters.

The relationships between resistance and plant characteristics

were determined by correlation analysis among the traits. Though

correlation coefficients were small or non-significant in many

cases, some associations were indicated:

1, Indeterminate growth was associated with low

root-rot infection.

2. Late flowering was related to high susceptibility

of beans grown in the field.

3. Late maturity was associated with high score for

root-rot of field grown beans

4. High shear press readings were associated with

low root-rot infection of field-grown beans,

5. Plants with dark colored seeds were less suscept-

ible to root-rot infection when the beans were grown

in the field.



Correlations between Horticultural
Characteristics and Fusarium Root-Rot

Resistance in Phaseolus vulgaris L.

by

Theodora Wang

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Doctor of Philosophy

June 1970



APPROVED:

Redacted for Privacy
Associate Professor of Horticulfuie

in charge of major

Redacted for Privacy

Director:of Genetics fnsttute

Redacted for Privacy

Dear/or Oraduate School

Date thesis is presented

Typed by Cheryl E. Curb for Theodora Wang



ACKNOWLEDGEMENTS

Any accomplishment fulfilled by an individual reflects not only

his effort, but the contributions of many other people. The attainment

of the doctor of philosophy degree is such a joint project. I wish to

share this triumph with the individuals and institution who have given

so much of themselves in my behalf. This expression of acknow-

ledgement is appreciatively offered:

To Dr. James R. Baggett, under whose guidance this work

was completed, for his innumerable suggestions and efforts in my

behalf and for his tireless enthusiasm and interest.

To Doctors Norman I. Bishop, Ralph Bogart, Harry J. Mack

and Edward K. Vaughan for serving as members of my graduate

committee.

To Dr. William A. Frazier for being an inspiring teacher.

To Dr. Kenneth E. Rowe for invaluable statistical advice.

To the National Aeronautics and Space Administration for

granting a NASA traineeship for three years.

To Misters Darrell V. Beavers and George W. Varseveld for

their help in the use of the shear press equipment.

To Mr. William Wahlert for his many hours of physical labor

in my behalf.



To my parents and sisters for their encouragement and

understanding.

Last, to a number of other people for their friendship, much

needed at times during this study.



TABLE OF CONTENTS

INTRODUCTION

Page

1

REVIEW OF LITERATURE 3

The Causal Agent - Fusarium solani f. sp. phaseoli 3

Biological Control 10

Cultural Practices 20

Disease-Resistant Plants 23

MATERIALS AND METHODS 28

Plant Materials 28

Fusarium Cultures Used in Resistance Test 29

Culture Maintenance and Inoculum Production 31
for Root-Rot Test
Age of Plants at the Time of Disease Classification 33

Disease Classification 34

Testing Procedures for Root-Rot Susceptibility 36

Chronological History of the Genetic Populations 37

Classification of Lines for Horticultural
Characteristics

EXPERIMENTAL RESULTS

Preliminary Calculations

39

43

43

Simple Correlation Evaluations 43
Population T 46
Population Th 48
Population Te 48
Population To 51
Population 139 51
Population 152 54
Population 152R 54
Population 159 57
Population 159R 57



TABLE OF CONTENTS (Cont. )

Page

EXPERIMENTAL RESULTS (Cont. )

Group I Combined Analysis 60

Group II Combined Analysis 60
Trends in the Association of Horticultural 64

Characteristics and Root-Rot Infection

Stepwise Multiple Linear Regression 69

DISCUSSION 7 6

SUMMARY AND CONCLUSIONS 83

BIBLIOGRAPHY 84



Table

1

LIST OF TABLES

Results of analysis of variance for interline
variation of horticultural characteristics and
root-rot indices for the populations of group I.

2 Results of analysis of variance for interline
variation of horticultural characteristics and
root-rot indices for the populations of group II.

3

4

5

6

7

8

9

10

11

12

13

Simple correlation coefficients for population
T.

Simple correlation coefficients for population
Th.

Simple correlation coefficients for population
Te.

Simple correlation coefficients for population
To.

Simple correlation coefficients for population
139.

Simple correlation coefficients for population
152.

Simple correlation coefficients for population
152R.

Simple correlation coefficients for population
159.

Simple correlation coefficients for population
159R.

Simple correlation coefficients for group I

combined.

Simple correlation coefficients for group II

combined.

Page

44

45

47

49

50

52

53

55

56

58

59

61

62



LIST OF TABLES (Cont. )

Table Page

14 Summary of overall significant correlations 63

among horticultural characteristics in both
groups.

15 Trends in the association of horticultural 65

characteristics and root-rot index.

16 Trends among the associations of horti- 66

cultural characteristics..

17 Summary of significant correlations among 67

horticultural characteristics common to all
populations individually.

18 Possible estimators for predicting Fusarium 74
root-rot index.

19 Summary of possible root-rot index predictors 75
common to all populations.



:figure

LIST OF FIGURES

Page

From left to right, disease scores of 0, 1, 2, 35

3, 4 and 5, respectively.

Shear press readings for 949 and 3160-25, 41
left to right.



CORRELATIONS BETWEEN HORTICULTURAL
CHARACTERISTICS AND FUSARIUM ROOT-ROT RESISTANCE

IN PHASEOLUS VULGARIS L.

INTRODUCTION

Fusarium root rot of bean (Phaseolus vulgaris L. )caused by

Fusarium solani (Mart. ) Appel & Wr. f. sp. phaseoli (Burk. ) Snyd.

& Hans. is one of the most widespread disease problems. affecting

beans and is a serious deterrent to production throughout the United

States. It was first recognized and reported in 1916 by Burkholder

(24). The disease destroys portions of the primary root system and

the lower hypocotyl. The resulting general decrease in vigor materi-

ally reduces yield. The subsequent development of shallow adventi-

tious roots requires more frequent irrigation to produce profitable

yields, and this increases the cost of production.

Currently, there are still no adequate chemical control mea-

sures, nor commercially available bean varieties with high resis-

tance. One of the most serious problems involved in the development

of resistant beans is the lack of an initial source of strong resistance

or immunity. Limited numbers of bean varieties or lines have been

used as resistance sources by the many plant breeders in this country,

usually with unpromising and uncertain results. Principal sources of

resistance have been the black-seeded N203 (PI 203958) line of

P. vulgaris and lines derived from P. coccineus L.
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The exact nature of resistance to Fusarium root rot in beans

is still unknown. Therefore, specific information on the mode of

inheritance and nature of resistance to Fusarium root rot would add

materially to the fundamental biological knowledge, and ultimately

speed the development of commercially acceptable beans resistant

to infection by this pathogen.

This study was an attempt to determine the relationships be-

tween resistance or susceptibility to Fusarium root rot and certain

distinct genetic characteristics of the bean. Populations of lines,

selected for differences in such characters as vigor, plant and seed

pigments, growth habit, emergence and flowering dates, and fiber,

but randomly selected for disease reaction, were produced by hybri-

dization of resistant and susceptible parents.

The approach used was to describe these populations for

horticultural characteristics, to test them for resistance, and to

establish correlations by statistical analysis.
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REVIEW OF LITERATURE

A great deal of research has been conducted on the biology and

the control of F. solani f. sp. phaseoli, but only a relatively few re-

searchers have explored the nature and inheritance of Fusarium root-

rot resistance in P. vulgaris. Because of the lack of specific work

on resistance a general survey of the host-pathogen relationship will

be made here.

The Causal Agent Fusarium solani f. sp. phaseoli

This soil-borne fungus belongs to the class of Fungi Imperfecti,

since it lacks any form of sexual reproduction. Field evidence indi-

cates that F. solani f. sp. phaseoli is limited in its saprophytic

growth in soil and exists in the form of thick-walled chlamydospores

imbedded in plant debris or particles of organic matter (53). It pro-

duces cortical root- and stem-rot in beans, and its principal growth

in soil is associated with its pathogenic activities. The fungus nor-

mally attacks the bean plant by multiple infections of roots and hypo-

cotyl. The hypocotyl and tap root of the bean have long been consi-

dered to be the primary and principal infection sites of F. solani f.

sp. phaseoli, even though the entire root system was affected. Then

in 1966, Burke and Barker (20) tried repeatedly to control rot of tap

roots and hypocotyls with microbiological and chemical treatments
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placed in or near the seed furrow and by shallow planting of seeds or

planting in elevated seed beds, but none of these treatments to

give significant increases in seed yields. Their investigation led to

the conclusion that the root-rot complex is more important in its

influence upon the lateral root system than upon the hypocotyls and

tap roots. The results indicate that the larger the area of treatments

or of soil freed of pathogenic activity, the more beneficial the effects

on seed yield. This is further verified by the fact that bean plants

can outgrow detrimental effects of early local infections if the lateral

root system is healthy.

Apparently pathogenesis and survival of F. solani f. sp.

phaseoli in the soil are largely dependent on association with under-

ground plant parts; for example, germinating bean seeds, root tips

of primary lateral, and adventitious bean roots, as found by Schroth

and Snyder (64). Mature roots had little effect on chlamydospore

germination and growth when tested in soil. The growing bean plant

helps to induce infection by its growth into the micro-environment of

dormant chlamydospores. The behavior of the chlamydospores

approaches Garrett's description of an ideal resting spore: one that

will not germinate under environmental fluctuations in the soil in the

absence of the host root, but that is sufficiently sensitive to host root

excretions to insure rapid germination when stimulated (35). The

lack of such a stimulus or nutriment seems to favor dormancy, which
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may be a factor enhancing survival of the Fusarium, until a suitable

substrate, such as a bean plant, is present. Pathogenesis is conse-

quently dependent on the mass and distribution of inoculum in the

soil. Infection will take place only if the inoculum is close to the

underground parts of the bean plant.

Toussoun and Snyder (75) have noted that chlamydospores of

F. solani f. sp. phaseoli germinated in distilled water, sterile soils,

and water agar, but not in field soil: this suggests that germination

may involve an overcoming or masking of fungitoxic agents in the

soil. Nutriment materials have been observed to reduce the apparent

toxicity in the soil. It appears that the growing bean plant provides

the nutrient materials and environmental influence necessary to over-

come fungistasis. The amino acids and sugars that stimulated germi-

nation and growth of chlamydospores in vitro were constituents of

this material and were present in substantial amounts. Analysis of

the exudates from bean seeds and roots by Schroth et al., (66) has

revealed the identity of 22 amino acids and four sugars.

Although bean root tips appear to be a principal infection site,

the fungus lesions do appear on mature roots, as observed by Schroth

and Snyder (64). Presumably, as the root tip grows past a chlamy-

dospore, the chlamydospore germinates, forms a thallus, and infects

the maturing root. It appears that continued saprophytic growth of

the fungus is contingent upon the quantity of nutrient present, and the
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capability of the fungus to resist fungistasis.. The growing mycelium

may be less sensitive to fungistasis since some fungitoxic materials

have been reported to be generally more active against spore ger-

mination than against growth or metabolism of mycelium.

Since amino acids and sugars have been identified in the exu-

dates of many other plants, the question arises as to the effect of

nonhost exudates on the survival and saprophytic growth of F. solani

f. sp. phaseoli. The pathogen appears to survive readily for long

periods in the absence of host plants, and the possibility arises that

survival may be influenced by the ability of the fungus to multiply in

the rhizosphere of nonhost plants. Germinating seeds and roots of

several nonhost plants, for example pea, wheat, and lettuce, have

been observed by Schroth and Snyder (64) to stimulate germination

and growth of chlamydospores. Evidence by Toussoun et al., (74)

can also be presented to show that substances produced during the

decomposition of crop residues under natural field conditions can

influence the germination of chlamydospores in the absence of exu-

dates from living plants. This may imply that substances produced

during the decomposition of plant residues can be active in the sup-

port of a biosphere in the soil which under certain conditions may

rival in importance that around the roots of living plants in maintain-

ing, increasing or decreasing the population of active propagules of

a pathogen such as F. solani f. sp. phaseoli and perhaps other

soil-borne plant pathogens.
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Though it has been repeatedly shown by Nash (51) and Nash

et al., (53) that F. solani f. sp. phaseoli in naturally infested field

soil exists almost exclusively in the forms of chlamydospores.

Conidia, principally macroconidia, may be formed under certain

conditions on parts of the plant exposed to light. They may be

washed into the soil or reach the soil during harvesting or cultivation.

The role of the conidia appears to be principally that of distributing

the fungus (with water, soil, or plant parts), and of replenishing the

inoculum in the soil by converting directly or indirectly through

germination into chlamydospores. The chlamydospore then emerges

as the major soil-borne propagule of the pathogen, principally re-

sponsible for both survival in soil and primary infection of the sub-

terranean parts of the bean, in the field. Chlamydospores produced

abundantly in the necrotic tissues of the host are of different morpho-

logical and physiological age. They are released into the soil with

the disintegration of the diseased host tissues; thus the chlamydo-

spores of the fungus found in the soil of a fallowed field are generally

imbedded in particles of organic matter.

The mode of penetration and the host-parasite relationships

of F. solani f. sp. phaseoli have been studied by Christou and

Snyder (26) on inoculated bean plants growth in the greenhouse or

in the laboratory on water agar in petri dishes and on field-grown

infected plants. These observations indicate that F. solani f. sp.
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phaseoli is primarily a. hypocotyl rather than a root pathogen. This

supports the common opinion that the bean root is less susceptible

to the fungus than is the hypocotyl. It is noteworthy that below-

ground stomata are a primary site of entrance for the fungus and

this would favor hypocotyl infections. Still, the fungus penetrates

both roots and hypocotyls, not forming appressoria but producing a

small thallus. It enters the plant directly or through mechanical

or natural wounds, but most commonly through stomata of the hypo-

cotyl.

In stomatal penetration, invading hyphae grow profusely in the

substomatal chamber and then rapidly invade the longitudinal inter-

cellular spaces of the cortex. Other hyphae grow inwardly inter-

cellularly, branch dichotomously, and envelop the cortical cells in

a digitate manner. The fungus invades the whole cortex and is

stopped by the endodermis. At later stages of infection cell walls

and contents become brown; this discoloration may be due to the

presence of phenolic compounds. In direct cuticular penetration

of the hypocotyl, hyphae grow subcuticularly before invading the

rest of the tissues intercellularly. After direct and wound pene-

tration of roots, the fungus grows intercellularly, longitudinally,

and inwardly, enveloping cortical cells. Numerous chlamydospores

of various shapes and sizes are formed on the surface and within

the outer cortex of the necrotic lesions. Abundant conidia are
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produced on sporodochia emerging from substomatal stromatic

hyphae at the soil level, under conditions of high moisture and in

light.

Externally, the presence of the pathogen is expressed initially

by the appearance of a reddish discoloration of the tap root, as de-

scribed by Burkholder (24). The discoloration may cover the tap

root and have no definite margin, or may occur as red streaks which

frequently extend above the surface of the ground. Later the dis-

eased areas become brown and longitudinal fissures appear in the

cortex. Eventually, the lower lateral roots and the end of the tap

root shrivel and become dry. The main root and the hypocotyl are

found frequently to be pithy. Other roots may develop rapidly and

become abnormally large, to take the place of the diseased lower

rootlets. More frequently, however, these surface roots are small

and very numerous, and form a dense mat in the first inch or so of

soil. As the season advances, diseased plants may appear sub-

normal and if dry weather occurs the foliage may turn yellow and

drop.

The general appearance of fields of beans affected with the

Fusarium root rot may vary. Whenever the disease occurs in a

field, all the plants show symptoms.

In the field, the bean root rot Fusarium does not spread from

infected to noninfected plants, even when growing 1.3-5. 0 cm apart
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in untreated or nitrogen-amended sandy loam soil, as shown by

Burke (15). Furthermore, dissemination of the pathogen in water

is limited mainly to washing over the soil surface, with no appreci-

able spread by capillary movement of water through the soil. If

normal root growth and the accompanying root microflora are inter-

rupted as in transplanted seedlings, the Fusarium is able to spread

over the roots to the hypocotyls and to other roots.

To summarize, the following five conditions have a bearing

on the pathogenicity of F. solani f. sp. phaseoli in soil: (1) the

distance of the infection unit from the host, (2) the physiological

state or wall condition of the chlamydospores which determines in

part the rapidity of germination, (3) the type of infection unit

(chlamydospores or conidia), (4) favorable physical environment,

and (5) favorable nutrient environment, the manipulation of which

enables a possible means of controlling this Fusarium pathogen.

Biological Control

Biological control of plant disease may be defined as any con-

dition under which survival or activity of a pathogen is reduced

through the agency of any other living organism, except man himself,

resulting in a decrease of disease incidence (35). This control can
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be brought about either by introduction of controlling organisms,

or by a change in environmental conditions designed to favor the

multiplication and activity of such organisms, or by a combination

of both procedures.

Four methods have been proposed by Garrett (35) for biological

control:

1, Inoculation of soil or plant tissues with antagonistic

microorganisms.

2. Modification of the soil environment.

3. Mediation of biological activity by selective chemical or

heat treatments of soil or plant tissues.

4. Selective and nonselective effects of the root systems of

higher plants.

Since biological control is one of the most promising methods

for suppressing plant pathogens in soil, in explaining the effects of

certain crop residues affecting these pathogens, it would be desirable

to determine what components of the soil microbiological population

are important (48). Attempts to do this by analysis of the soil popu-

lation after incorporation of amendments have not been fruitful due

to the complex nature of the soil biotic phase and to inadequate means

of sampling.

Nutrition studies have been performed on a number of patho-

genic fungi in the 1 a b o r ato r y u n d e r pure culture conditions.
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Such studies by Toussoun et al., (73) have shown that a change in

substrate may result in a change in both the physiology and morpholo-

gy of the organism. An aspect of fungus physiology of primary

interest to plant pathologists is pathogenicity; however, remarkably

little work has aimed at conclusive demonstration of the effects of

nutrition on the organism. Papers dealing with the effect of nutrition

on disease development generally focus attention on symptom expres-

sion in the host plant while neglecting the pathogen. Yet if nutrition

significantly influences the physiology of pathogens under laboratory

conditions, it must govern fungus behavior in nature equally, whether

the fungus be in a state of saprophytism or of parasitism.

The soil-borne pathogen F. solani f. sp. phaseoli attacks its

host in a sequence of steps when conidia are placed in nutrient drops

on excised bean stems in petri-dish moist chambers; these steps

include the germination of spores, mycelial growth, penetration of

host tissues, and pathogenesis (73). Each step is influenced by the

nutrient environment and materials diffusing from host cells. Glu-

cose nutrition favors germination of conidia and saprophytic develop-

ment of mycelium on the host. Glucose delays penetration and patho-

genesis. Yet, formation of a thallus by saprophytic growth on the

host appears to be a necessary prelude to parasitism, irrespective

of the nutrients used. Nitrogen, especially from organic sources,

favors early penetration of the host, subsequent paras it ic



13

development of internal mycelium and pathogenesis. The eventual

difference between nitrogen nutrition and glucose nutrition lies in

the rapidity with which the pathogenic relationship is established:

hastened by increase in nitrogen and retarded by decrease in glucose.

The study of the carbon and nitrogen requirements for germina-

tion of chlamydospores in their natural habitat, however, is compli-

cated by their interaction with the biotic and abiotic environments in

soil, as demonstrated by Cook and Schroth (29). In its natural habi-

tat, the chlamydospore is part of a competitive system, and its nutri-

tion and germination processes presumably are affected by the ex-

change of substances between the living and nonliving environments.

The requirements for germination in an aseptic environment may be

different.

Chlamydospores of F. solani f. sp. phaseoli require exogenous

carbon and nitrogen in soil for germination. A reduced amount of

available carbon is the principal factor usually limiting germination.

Germination also is limited by a low amount of nitrogen in the soil.

When asparagine and other amino acids are added to soil with a low

level of nitrogen, germination is three times greater than when

simple sugars only are added. When sugars in soil are supplemented

with inorganic nitrogen in an amount equivalent to the nitrogen in

asparagine, spore germination is about the same as in the soil

amended with amino acids. Ammonium nitrate stimulated more
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germination than the nitrate form (29, 49, 56, 73, 82).

The amount of exogenous carbon and nitrogen in soil required

for germination apparently is influenced by the activity of the biotic

environment. Competition helps to immobilize much of the available

carbon and nitrogen, whereas toxic metabolites elaborated by mi-

crobes may affect spore respiration and metabolism and thus, possibly

raise the amount of carbon and nitrogen required for germination,

also found by Cook and Schroth (29). It is not uncommon for nutrient

substances to reduce apparent toxicity of fungitoxic agents. Anta-

gonism may have been one of the reasons why germination seldom

reached 50 percent regardless of the amount of nutrients added to

soil. However, when the soil was treated with antibiotics and sus-

pended in solution to reduce both the basal quantity of nutrients and

fungistatic agents, germination accelerated 68 percent.

The requirement of exogenous nitrogen for germination of

chlamydospores fits the observation that nitrogen fertilization in

bean fields enhances Fusarium stem and root rot. The quantity of

inorganic nitrogen in soil is particularly important when considering

infection of hypocotyls, since these parts generally exude sugars

but only trace amounts of ninhydrin-positive substances.

In greenhouse and field tests, bean root rot, caused by natural

infestations of F. solani f. sp. phaseoli, has been repeatedly reduced

when bands of ground alfalfa, hay, bean, or barley straw, and other
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materials were applied directly in the seed furrow or one inch

below the seeds, as noted by Burke (17) and Maier (46). Suppression

of root rot by barley straw was greater with vigorous bean plants

than with unthrifty plants. The effect of barley straw was exerted

in the prepenetration stage of pathogen development. The effect of

this result in retarding infection was due to: (1) retardation of

vegetative growth and mycelial mat formation on host surface,

(2) stimulation of conidial production, and (3) retardation of the

conversion of hyphae and conidia to chlamydospores. A portion of

this effect was due to the stimulation of microbial antagonism in the

bean rhizosphere. Abundant nitrogen during the host-pathogen-resi-

due interactions, especially at the time of penetration, produced a

counteraction of disease suppression.

When naturally infested soil was amended with cellulose or

glucose alone or in combination with either nitrate or ammonium

nitrogen to give C:N ratios from 25:1 to 75: 1, a marked reduction

in the severity of symptoms on bean hypocotyls was noted by Maurer

and Baker (49). The severity in repeated experiments varied in-

versely with increasing C: N ratio. Increased severity was observed

as succeeding crops of beans were planted in amended soils. The

C:N ratio is an important characteristic of organic matter largely

because it determines the rate of decomposition of the organic

matter as well as the rate and degree of nitrogen mineralization(56).
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Groups of fungi capable of utilizing either glucose or other simple

carbon sources or cellulose may competitively remove available

nitrogen necessary for germination and penetration of the pathogen.

Symptom expression was slightly but consistently greater when am-

monium nitrogen rather than nitrate nitrogen was added with cellu-

lose. The effect of ammonium nitrogen in increasing disease

severity could be an influence on the susceptibility of the host or

the lower energy requirements for assimilation of ammonium nitro-

gen by the pathogen. Immobilization and mineralization, adsorption

and availability of the nitrogen forms, and rate of nitrification differ

from one soil to another. This may explain the differential abilities

of ammonium nitrogen and nitrate nitrogen to induce or increase in

one soil compared to another.

Maier (46) has also studied the influence of nitrogen nutrition

of both host and pathogen. The greatest injury was found to occur

to malnourished bean plants infected by pathogen clones grown in a

substrate containing high levels of nitrogen, with adequate ammonium

nitrogen available to both host and pathogen during infection. The

incidence of infection, however, may be influenced by availability

of soluble carbon in the growth medium, and by the presence of

other factors affecting chlamydospore germination and germling

growth. The Fusarium is favored by ammonium or amino nitrogen

in the penetration stage, but by nitrate nitrogen for conidia formation
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and growth. Ammonium and amino nitrogen are rapidly converted

to nitrate in the soil. There appears to be no conditions of nitrogen

nutrition that will consistently affect the bean plant favorably in

infested soil in the field.

When soil infested with F. solani f. sp. phaseoli was amended

with either lignin or chitin alone, no significant reduction in severity

of symptoms was noted by Maurer and Baker (47, 48). Indeed, the

chitin amendment at 1000 ppm consistently increased disease

severity over the control. Lignin and chitin together significantly

reduced disease severity. Highly significant reduction in symptoms

resulted when 1225 ppm KNO3 was added to these amendments.

It is interesting to compare these results with those obtained

using glucose or cellulose as amendments. The addition of nitrogen

to either of these amendments reduced the severity of root rot, where-

as just the opposite was true with lignin-chitin.

The addition of lignin to soil should stimulate the activity of

microorganisms capable of using this complex substrate. There

is some evidence, however, that lignin decomposition takes place

only when actinomycetes are present. Chitin provides a favorable

substrate for these organisms. Simple substrates, such as amino

acids and sugars in the rhizosphere, would be readily utilized also

by the activity of this increased population, since microorganisms

capable of breaking down complex substrates may also utilize

simpler compounds.
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Although cellulose and other organic materials can suppress or

reduce Fusarium root rot of beans, the mechanism of this suppression

is not understood. Cellulose does not decrease inoculum density of

F. solani f. sp. phaseoli in bean rhizosphere or in soil in the absence

of the host, as observed by Adams et al., (3). Cellulose and barley,

however, can reduce or prevent chlamydospore germination adjacent

to germinating bean seeds despite the fact that seed and seedling exu-

dates influence chlamydospore germination. Cellulose may be re-

sponsible for raising the degree of fungistasis and consequently the

levels of exogenous energy requirements for chlamydospore germi-

nation.

Fungistasis, used here only in reference to lack of spore

germination, may be explained in three principal ways: (1) microbial

competition, which may result in nutrient deficiencies and therefore

lack of spore germination, (2) fungitoxic metabolites existing in

natural soils, and (3) a combination of the two mechanisms (1). If

toxic metabolites are the cause of fungistasis, they must be isolated,

identified, and shown to occur in most natural soils before further

progress can be made in this direction. If fungistasis is due to

competition for nutrients in soil, then fungi sensitive to fungistasis

must be shown to require nutrients for germination and these nutrients

must be shown to be lacking in a fungistatic soil. Ko and Lockwood

(43) reported that several fungi sensitive to fungistasis required
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nutrients for germination, whereas fungi which were not sensitive

to fungistasis had no nutritional requirements. Cook and Schroth

(29) reported that chlamydospores of F. solani f. sp. phaseoli re-

quired both carbon and nitrogen for germination. In general, re-

search has supported Ko and Lockwood's nutritional hypothesis and

Cook and Schroth's findings, that chlamydospores require carbon

and nitrogen for germination in soil.

In conclusion, cellulose added to soil increased the level of

soil fungistasis by increasing competition for nutrients in soil.

Fungistasis acts, at least in part, on the early stages of the germina-

tion process.

The inhibition of fungal growth by other microorganisms, a

common occurrence in vitro, has been also accredited with the con-

trol of soil-borne plant pathogens. The antagonistic and lytic effects

of bacteria, actinomycetes, natural soils, and antibiotics on fungi

have been reported. Although the exact mechanism of the antagon-

istic agents is not known, it has generally been assumed to be a

diffusible toxic substance.

In a recent study by Huber and Anderson (39) on the effect of

cropping sequence on microbial associations and the development of

bean root rot caused by F. solani f. sp. phaseoli, several forms of

parasitism were observed, including bacteria-induced necrosis of

the fungus. The high frequency of association between Xanthomonas
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and Fusarium in soil was correlated with a high incidence of bean

'oot rot. This association was enhanced when corn, rather than

)arley, preceded beans in crop rotation.

Microscopic examination of cultures from these tests revealed

a mass of bacteria surrounding each hypha. This bacterium induced

the necrosis of hyphae, which was evident by the contraction of

cellular constituents from cell walls and by the agglutination and

pigmentation of hyphal constituents. Necrosis occurred only when

the bacterium was in intimate contact with the mycelium.

Cultural Practices

In conducting root rot control experiments in any badly infested

field Burke et al., (21) were impressed nearly always by the great

variation in vigor of plant growth and yields from one part of the field

to another. Usually it was also evident at the end of the experiment

that some of the natural, uncontrolled factors operative in at least

certain parts of that field were more effective than treatment in re-

ducing the effects of the Fusarium. To study this field variation and

to attempt to discover the factors favoring the "good spots" as oppo-

ced to the "bad spots", plants and soil samples were collected from

both kinds in several fields. Seed yields were found to vary greatly.

However, when the soil samples were assayed by inoculum of bean

seedlings in the greenhouse, the Fusarium was found to be nearly
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uniform in distribution and activity throughout the fields. It was

evident that variability in yield was due mainly to factors other than

variation in inoculum potential of the pathogen. The most obvious

difference between spots in the field was the difference in appearance

of the irrigation furrows. The good spots had deep ditches, with the

bean plants sitting high and dry, while the bad spots had wider ditches

and showed evidence of subjection to more wet-puddled soil conditions.

This observation suggested control by planting beans in high

beds with deep ditches. Root rot was decidedly reduced by the high

bed planting and by the organic matter treatment in all plots. How-

ever, the small yield increase was not statistically significant.

Still, there is certainly a principle here worthy of further study.

Another fact, discussed by Burke (16), is that widely spaced

bean plants usually show less root rot than those growing closely.

The fact that this beneficial effect of wide spacing is largely nullified

by low soil temperatures and enhanced by high temperatures, sug-

gests that the benefit from wide spacing is due to increased rapidity

of plant growth which is the result of lowered plant competition.

When plant growth rate is reduced by low temperatures the beneficial

effects of wide spacing are nullified.

The relatively greater increase in yield per plant, obtained by

increasing plant spacing in Fusarium-infested soil as compared with

non-infested soil, also indicates disease reduction by increased
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spacing between plants. However, it appears that this benefit to

individual plants is not sufficient to permit dependable use of plant

spacings to increase yields, for total seed yields were seldom in-

creased by wide spacing. Bean varieties and hybrid selections

varied in their ability to compensate for thinning or low rates of

planting. Long-vined types showed a. greater ability to compensate

for wide spacing than did short-vined types.

Bean plants are predisposed to Fusarium root rot, when root

growth is impeded by plant crowding, cold soil, transplanting or

senescence. Study has been done by Burke (19) to consider mechani-

cal impedance of root growth as a factor in the root-rot problem.

Plants escaped significant root damage when the roots grew freely

out of infested islands of soil into noninfested soil. However, most

roots confined in the infested islands by clay pots or plastic screen

were rotted. Rot was more severe on roots confined in Fusarium-

infested soil than on those confined in noninfested soil. Occasional

plants whose roots escaped through the hole in the bottom of a clay

pot also escaped root rot.

Data indicate that mechanical impedance of root growth,

whether imposed by clay pots or occurring under normal tillage

conditions in the field, predisposes bean roots to Fusarium root rot,

but they may escape the disease. The possibility of controlling root

rot by sub soiling or other means of deep tillage is shown. Subsoiling
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promoted root development and escape from root rot similar to that

observed when roots escaped confinement of clay pots. Furthermore,

striking seed increases were obtained with all subsoiling treatments:

deep treatments and subsoiling before planting were more effective

than shallow treatments and subsoiling after planting. The fact that

greater yields were obtained by subsoiling where all spaces between

rows were irrigated than by subsoiling where only alternate spaces

were irrigated suggests that improved soil moisture distribution may

be an important benefit from subsoiling.

Disease-Resistant Plants

Of all possible disease control measures, control by resistant

varieties is the best and least costly. Unfortunately, one of the most

serious problems involved in the development of beans resistant to

root rot caused by F. solani f. sp. phaseoli is the lack of an initial

source of high resistance or immunity. The most widely used line

of P. vulgaris is the black-seeded N203 which has high tolerance,

but can be heavily infected or even killed in situations strongly favor-

ing root-rot infections and development. Black-seeded PI 165435 had

also been used for breeding and genetic studies (6). Other principal

sources of resistance have been from P. coccineus. The possibility

of obtaining root-rot resistance through other interspecific crosses

within the genus Phaseolus has been suggested by recent successes

in hybridization (8).
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Lines of bean species other than P. vulgaris and P. coccineus

were tested by Baggett et al., (8) in the greenhouse for resistance

to Fusarium root rot. Included were P. lunatus, P. aureus, P.

aconitifolius, P. calcaratus, P. angularis, P. lathyroides, P. acu-

tifolius, P. atropurpureus, P. bracteatus, P. mungo, P. dumosus,

P. polyanthus, P. polystachys, and P. lunatus x P. polystachys F5.

Resistance tests failed to demonstrate the existence of Fusarium

root-rot immunity in any line tested. There were, however, sub-

stantial variations in the degree of susceptibility, particularly in

P. lunatus. Many lines of P. calcaratus, several of P. angularis

and the single line of P. polyanthus showed an interesting ability to

survive and grow, even though the hypocotyl was destroyed, by the

production of strong and numerous adventitious roots.

Resistance to Fusarium root rot was characterized by a non-

specific wound response in the cortex, as noted by Huber and Ander-

son (39). The response first observed was high enzyme activity

around the infection site, then a rapid deposition of inhibitory sub-

stances, and finally a wound periderm which limited further pene-

tration of the pathogen was formed. Only erratic cell division

occurred in the susceptible plants, and the deposition of substances

was slow. The histochemical localization of tyrosinase, peroxidase,

and beta-glucosidase in the endoderms, phloem, cambium, and xy-

lem and their activation around wound were associated with resis-

tance to Fusarium.
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Statler and McAnelly (70) demonstrated that Great Northern

A. 123 bean plants injected with commercially prepared peroxidase

were not as severely damaged by a virulent strain of F. solani f. sp.

phaseoli as untreated plants. The peroxidase and polyphenoloxidase

contents of healthy and Fusarium infected hypocotyls were compared.

Heavily infected UI 123 plants contained much greater amounts of both

chemical compounds than the less severely infected.

Fusarium solani f. sp. phaseoli was utilized by Pierre (58) in

a comparative histopathological study of four bean lines, P. coccineus

(Scarlet Runner), N203 x (P. vulgaris2 x P. coccineus) F2 (2051-02),

P. vulgaris (N203), and P. vulgaris (Red Kidney). Red Kidney is

susceptible to Fusarium but the other lines show various degrees of

resistance. The mode of penetration and pattern of early development

of the pathogens were different but the early phase of infection by

each pathogen was similar in all lines. Histochemical studies indica-

ted a possible role of pectolytic but not cellulolytic enzymes in patho-

genesis by Fusarium. A protective periderm developed in Scarlet

Runner, 2051-02 and N203, but cell division generally began in the

-3n(lodermal layer. Since hyphal development was restricted in

resistant lines, regardless of presence or absence of such a barrier,

periderm formation seemingly was of secondary significance as a

factor in resistance of beans to this pathogen.
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The mechanism of resistance in beans apparently was compati-

ble with the phytoalexin concept (32, 50). Bean lines responded to

inoculation with pathogens or non-pathogens by producing substances,

two of which were found to inhibit germination and growth of fungi.

One of these substances, phaseollin, previously has been isolated

from pods of French bean, P. vulgaris, and identified by Cruick-

shank and Perrin (34); it is an example of phytoalexins, which are

a class of fungal-induced host metabolites with antifungal properties,

but nonspecific in relation to fungi. The second substance apparently

is phenolic. Greater quantities of both inhibitory substances were

induced in resistant than in susceptible lines. The substances were

induced by fungi differentially and seemingly independently, and fungi

showed differential sensitivity to each inhibitory substance. It was

suggested that resistance to Fusarium is operative through the forma-

tion of two phytoalexins, which inhibit the growth of the infecting

organisms in vivo, thus restricting the size of the lesion produced.

At Wyoming lignin content of oven-dried hypocotyls of four

bean varieties was determined by Kleinschmidt and McAnelly (58).

The variety least damaged by root rot contained least amount of

which was confined to a more limited area of the resistant

variety.

Many hypotheses have been proposed for the inheritance of

resistance to root rot. Reports by McCrostie, Azzam, Smith, and
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Houston (79) have all indicated at least one recessive gene is in-

volved in resistance to Fusarium roct rot. Smith ( 6 7 ) ,

however, reported that a homozygous recessive gene combined with

the dominant allele of a second locus is required for the expression

of resistance. Others have concluded that two or three recessive

genes conditioned resistance (78). These different patterns of in-

heritance may be related to the different sources of resistance or to

differences in test methods.

Thus far, since no studies have agreed upon the exact genetic

nature of resistance, this may be also an indication that the inheri-

tance of Fusarium root-rot resistance is a complex quantitatively

inherited character. The correctness of this assumption is demon-

strated by the numerous distinct degrees of resistance in the breeding

lines and varieties studied as well as by the large environmental

variation.
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The crosses used as sources of bean lines tested in this study

were as follows:

Identification
Symbol Parentage* Year

T 3160- 7(R) x 949-1864-2 (S) 1962
Th 3160- 14(R) x 248BL (S) 1962
Te 3160- 25(R) x BC7(FM-1)MF4 (S) 1962
To 3158-4(R) x 949-1864-2 (S) 1962
139 949(S) x N203(R) 1963
152 N203(R) x Golden Gem (S) 1965
152R Golden Gem (S) x N203 (R) 1965
159 108-5(R) x Golden Gem (S) 1965
159R Golden Gem (S) x 108-5 (R) 1965

*(R) = resistant parent; (S) = susceptible parent

The 949-1864-2 line and the BC7(FM-1)MF4 line are selections

from the Oregon State University breeding program for a bush Blue

Lake bean, and are primarily Blue Lake in character, except for

the bush growth habit. The latter line was selected after seven back-

crosses and four generations of mass selection. Both lines are

susceptible to Fusarium root rot.

The 284BL line is a selection from a pole Blue Lake bean, and

is also susceptible.



29

Golden Gem is a wax bean variety, developed at the University

Idaho, Twin Falls by L. L. Dean. It is resistant to curly top virus,

_:Att very susceptible to Fusarium root rot.

Resistant lines 3158-4, 3160-7, 3160-14, and 3160-25 are

Oregon State University selections from breeding lines obtained from

Cornell University, originally derived from crosses of P. coccineus

P. vulgaris. Cornell lines 58-1345 and 58-1345-1 were the re-

spective parents of the 3158 and 3160 lines.

Line N203, currently considered the best source of resistance

in P. vulgaris, was a resistant selection from PI 201338 and was

later designated at PI 203958. It was collected in Mexico by Oliver

Norvell, who was then attached to the Carnegie Institution of Wash-

ington at Stanford, California (79). N203 is late maturing, indeter-

minate, and black-seeded. This resistant line is not immune, but is

highly resistant or tolerant.

0 S U 108-5 is a selection from the cross 3160-25 x OSU

949, and is resistant to root rot.

it'ubarium Cultures Used in Resistance Test

Diseased bean materials were obtained from naturally-infested

Fusarium root rot field at the Oregon State University Vegetable Crops

Farm, Corvallis, Oregon. Prior to isolation the bean roots were

surface-sterilized by quick immersion in commercial sodium
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hypochlorite diluted one to ten with distilled water. Sections of tissue

approximately 2 mm by 2 mm were taken from zone between healthy

and diseased tissue and placed on the surface of the agar plates.

The plates were held for several days at room temperature.

As colonies of fungi appeared, they were transferrred to potato-dex-

trose-agar slants. Forty-six noncontaminated cultures were obtained

and tested for pathogenicity on a group of resistant and susceptible bean

varieties. Then four were selected and transferred to sterilized

soil in test tubes for maintenance and test purposes; these are de-

scribed below. An additional culture, previously isolated by J. R.

Baggett, was also included.

The five cultures used were:

culture
identification

pathogenic
characteristic

12 reddish pinpoint dis-
colorations present on
developing tap root and
hypocotyl; plant growth
stunted; distinct symp-
toms observed between
dilutions 1 : 7 and 1 : 1 5
(sand:inoculum)

13 same as above

description
(PDA slants)

bright yellow; tremendous
amount of hyphae; very
few microspores; mostly
medium-size macro-
spores; spores more
visibly evident than hyphae

cream, tremendous
amount of hyphae; very
few microspores; mostly
small-size macrospores
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identification characteristic (PDA slants)

14

44

Br2

same as above

same as above

same as above
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bright yellow; tremendous
amount of hyphae; very
few microspores; mostly
medium-size macrospores

pinkish-purple; only hy-
phae visible; minute
amount of macrospores;
high level of fermentation.

rusty-red; only white
hyphae visible; few macro-
spores present

Culture Maintenance and Inoculum Production for Root Rot Test

Potato dextrose agar, (PDA), was used for isolation and culture

of the fungi associated with bean root rot and was prepared according

to the formula:

potato powder 22 grams
anhydrous dextrose 20 grams
agar 17 grams
water 1 liter

For prolonged maintenance, the fungi were also grown and

stored in tubes of sterile soil.

Potato dextrose broth, which was prepared by the same formula,

but without agar, was used as the intermediate medium for prepara-

tion of the field and greenhouse inoculum.
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The inocula used in field and greenhouse tests were grown on

oats, dried, ground, and used in the dry condition as described in

detail below:

1. Material was transferred from sterile soil tubes to PDA

slants in test tube.

2. The PDA test tube cultures were used to inoculate 3-liter

Erlenmeyer flasks of potato dextrose broth, which were

incubated at room temperature and shaken continuously

on a mechanical shaker. The length of time the cultures

were allowed to grow was about 10-14 days.

3. Whole feed oats were precooked in water for 15 minutes

in the autoclave. The excess water was then drained

through a large sieve and half-gallon mason jars were

half-filled with the oats. For aeration, the jar lids had a

1-1 1/2 inch hole stuffed with cotton. The jars of oats

were then autoclaved for 1 1/2 hours at 23 pounds

pressure.

4. When cooled, the oats were inoculated by pouring in a few

milliliters of the liquid culture from the potato dextrose

broth. Lids were removed briefly for the operation which

was done in a steamed transfer room. Cultures were

incubated at room temperature, with the jars on their
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sides for better air distribution, and were shaken every

other day to delay matting and to obtain even distribution

of the fungus.

5. When spores were abundant, but before the cultures

became matted and overgrown with nonsporulating

mycelial growth, the inoculum was spread out on a cheese-

cloth in metal mesh trays and thoroughly dried in a heated,

forced-air dryer at 90°F. Two to four days were required,

depending on the thickness of the material in the trays or

the presence of lumps. The dry oats were ground in a

hammer mill.

6, For use, the dried, ground cultures were mixed thoroughly

with steamed mason sand at a known concentration.

Age of Plants at the Time of Disease Classification

In the greenhouse, a good stage to distinguish between sus-

ceptible and resistant bean plants was arbitrarily set at about 4-5

weeks from planting when runners were beginning to form. For

field study the senescent stage of plants, when a majority of leaves

were yellowing and most pods were at the "buckskin" stage, was the

stage chosen for scoring root rot. Since different bean lines varied

greatly in time of senescent stage, the period of root rot reading

encompassed about six weeks.
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Disease Classification

A system for rating disease severity was established to evaluate

the extent of root rot in field and greenhouse studies. The ratings,

based on the extent of surface discoloration and tissue damage of the

underground portion of the hypocotyl and the tap root, are as shown

below. Due to uniform level of infection within each test plot, green-

house disease scores were assigned to each test plot on the basis of

the entire lot, rather than on individual plants, and converted to the

corresponding frequency range shown.

disease
score

frequency
range

0

1 0.0-0.5

2 0.5-1.5

3 1.5-2.5

4 2.5-3.5

5 3.5-5.0

degree of
infection

No infection.

Infection on less than 20% of the
surface area.

Infection on 20-40% of the
surface area.

Infection on 40-60% of the
surface area and little damage
to the roots.

Infection on 60-80% of the
surface area and rather severe
damage to the roots.

Infection on 80-100% of the
surface area and severe damage
to the roots. The tap root is
usually completely destroyed.
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Figure 1. From left to right, disease scores of 0, 1, 2, 3, 4 and 5,
respectively. (Courtesy of J. R. Baggett)

For analysis, an index, based on 100, was calculated from the

individual field disease scores. The following formulas were used:

1. multiplied score = r (no. of plants x disease score)

multiplied score
2. disease index = x 20no. of plants

The greenhouse disease scores were modified simply by

multiplying by 20 so that they would also be based on a 0-100 point

system.
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Testing Procedures for Root-Rot Susceptibility

Susceptibility tests were made in both the greenhouse and the

field. In greenhouse tests, one in 1967 and one in 1968, plants

were grown in no. 10 cans.

Number 10 cans with holes punched at the bottom for drainage

were filled with soil and steam-sterilized for one hour at 10 lbs per

sq. in. Ground oat inoculum was mixed with sterile mason sand

(1 oat: 12 sand) and placed in a 1/2 inch layer on each can of soil.

Each can was then divided into two halves, and each half represented

a test plot.

Seeds were placed on the inoculum layer, pressed into the

surface, and covered with about 1/2 inch of sterile sand. A test

unit consisted of ten seeds per bean line. The test plants were grown

in a greenhouse at about 60°-65°F night and 70°-75°F day tempera-

tures. Roots were examined and scored 4-5 weeks after planting.

In greenhouse tests, each line was assigned an overall score rather

than individual plants.

In the field, tests were conducted on sandy loam soil. The

inoculum used was mixed at a concentration of 1: 16 by volume (1

dried, ground oat: 16 sand). This mixture was spread in open

furrows at the rate of a no. 10 can of inoculum per five feet. Thirty

bean seeds of each line were planted in a 3-foot plot.
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Rows in the field were 38 inches apart and seeds were

planted in the furrows at a depth of approximately two inches. The

seeds were sown fairly evenly in the row with a belt-planter, then

covered with soil. Throughout the season, the fields were watered

whenever necessary to maintain good growth.

Chronological History of the Genetic Populations

Populations T, Th, Te, To and 139 were described and root-

rot tested as a group. However, 139 was from crosses made a year

later and tested as massed F4 and F5, and is thus included separate-

ly in the following outlines. Populations 152, 152R, 159 and 159R

were handled as a group for description and root-rot tests; and also

differed from the first group in that they were carried only to the

F4 generation before study.

In generations where selections were made or massed seed

saved, it was necessary to stress the characteristics which were

lour n II-Umber Such a s bush ha H t, .s'b tc . and wax beans to

facilitate statistical analyses,

The history of several groups stitched arc: as follows

History of crosses and selections involvin lines T, Th, Te, To

(parentage s : 3 1 6 7 x ',16()-14 x 248BL, 3 1 6 0 - x

BC..-,;(LNI-1)Mi,"4, 3113K-4 fespectively. )
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Year Events

1962 crosses made; F1 generation grown

1963 F2 generation grown; single plant selections saved

1964 single plant selections made in F3 families; emphasis
placed on increasing the percent of white seeds and
bush habit

1965 F4 families described; shear press test started;
seeds massed

1966 F5 massed lines grown; three plantings made; 2
replicates for root-rot tests and 1 in noninoculated
field for horticultural characteristic study (including
shear press reading); also from the latter, massed
seed saved for root-rot test in 1967

1967 F6 from massed F5 used for field and greenhouse
root-rot tests; 2 replications in each case

2. History of cross and selections involved line 139 (parentage:
949 x N203),

Year Events

1963 cross made; F1 generation grown

1964 F2 generation grown; single plant selections saved

1965 single plant selections made in F3 families; emphasis
placed on increasing the percent of white seeds and
bush habit

1966 F4 families grown; three plantings made: 2 repli-
cates for root-rot tests and 1 in noninoculated field
for horticultural characteristic study (including
shear press reading); also from the latter, massed
seed saved for root-rot test in 1967

1967 F5 massed lines used for field and greenhouse root-
rot tests; 2 replications in each case
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3, History of crosses and selections involving lines 152, 152R,

159, 159R (parentages: N203 x Golden Gem, Golden Gem x N203,

108-5 x Golden Gem, Golden Gem x 108-5, respectively).

Year Events

1965 crosses made; F1 generation grown

1966 F2 generation grown; single plant selections saved

1967 single plant selections made in F3 families, emphasis
on increasing uniformity and increasing the ratio of
bush vs. pole, wax vs. green, white seeds vs. color
seeds, and brown seeds vs. black seeds

1968 F4 families grown; 2 plantings made in the field: 1

replicate for root-rot test and 1 in noninoculated
field for horticultural characteristic study; only 1
replicate for root-rot test in greenhouse

Classification of Lines for Horticultural Characteristics

Seed Color. Four colors were observed in the bean seeds and

were assigned numbers as follows: white = I, brown = 2, mottle = 3,

and black = 4. For analysis, these numbers represent intensity of

pigmentation.

Flower Color. Only three groups of colors were noted:

white (1), a mixture of white and purple (2), and purple (3).

Pod Color. More variations and combinations were seen in

pod colors. The three predominant pure colors were wax, green,

and purple. The scores used for the various colors and combinations

were: wax = 1, wax-wax purple = 2, wax-green = 3, green = 4,
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green-green purple = 5, purple = 6, and all combinations present= 7.

Growth Habit. Bush (or determinate) beans were designated

by 1, combination of bush and pole (or indeterminate) by 2, and

pole by 3.

Vigor. This was a subjective classification of the growth of

each bean line. A scoring system, from (1), where plants had the

least vigor, to (5) where plants were most vigorous, was used.

Toughness. This was also a subjective measurement. A

human factor was involved in breaking the pods by hand and in

chewing the pods. A system for rating toughness was established

from 1, indicating the most tender pods, to 5, indicating the tough-

est pods. This measurement replaced the shear press test for bean

lines 152, 152R, 159, and 159R due to shortage of time.

Shear Press Test. This was a more objective measurement of

toughness - a mechanical determination. A 100-gram sample of

beans was placed in the shear cell; then the pound of force needed

for the press to shear through the sample was recorded on the re-

corder-indicator. A 5, 000 lb. -capacity proving ring and 100%

range of attenuation were used - thus employing a span of 5, 000 lbs

for the full scale swing of the recorder. The accuracy of these

measurements depended upon the uniformity of the samples used.

As of now there are still no reliable ways to determine the maturity

stage of beans. For this particular experiment the color of the seed



coat was used to select for uniform bean samples. Pods were

picked when the seed coat color became distinctly whitish-green

as contrary to the green cotyledons. Before this critical stage,

the seed coat was still green and was hard to separate from the

cotyledons; and beyond this stage, the seed coat began to diverge

to other pigment colors.

A sample of the shear press graph is shown below:
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Figure 2. Shear press readings for 949 and 3160-25, left to right.
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The numerical values were determined in two ways: the height of

the peak and the area of the graph.

Emergence Time. The number of days from planting to the

date when the primary leaves of a majority of bean plants in a plot

were fully expanded was designated the emergence time required for

each line.

Flowering Date. The number of days from planting to the

date when the very first corollas of the majority of bean plants in a

plot were opened was the flowering date.

Maturity Date. Maturity was determined by scoring the lines

during a two-day period for stage of development. The earliest

maturity was designated as 1, the latest as 5, and the intermediates

as 2, 3, or 4.

Seed Size. The weight of a random sample of 30 seeds was

used in analysis.

In a noninoculated field, ten bean seeds from each line were

planted in 5-foot plots for the observations of the above-mentioned

horticultural characteristics.
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EXPERIMENTAL RESULTS

Preliminary Calculations

Since the nine bean populations were tested as two groups,

they were analyzed as two separate groups. Populations T, Th, Te,

To, and 139, which were tested in 1966 and 1967, are designated as

group I, while populations 152, 152R, 159, and 159R are designated

as group II. Before any correlation studies were made, analysis

was computed for each horticultural characteristic and the level of

root-rot infection. The variations within each group were statis-

tically significant at 5%, 1%, or . 1% level and are shown in Tables

1 and 2. Greenhouse and field root-rot tests are presented

separately.

Simple Correlation Evaluations

The degree of association between horticultural characteristics

and root-rot index was measured by correlation. (Correlation is used

where the variables are not dependent upon one another and measured

by correlation coefficient, which will vary from 0.0 to 1.0 for a posi-

tive correlation, and from 0.0 to -1.0 for a negative correlation.

The larger the coefficient, the stronger is the correlation. )

The correlation coefficient s for each population and overall groups

are summarized in Tables 3 to 14, inclusively.



Table 1. Results of analysis of variance for interline variation
of horticultural characteristics and root-rot indices
for the populations of group I.

Characteristic F level

emergence time 21.660 ***

field root-rot index, 1966 6.296 **

field root-rot index, 1967 2. 839 *

flower color 3.665 **

flowering date 5.179 ***

greenhouse root-rot index 65.771 ***

growth habit 21. 197 '4":":'

overall field root-rot index 6.418 ***

seed color 4. 095 **

seed size 11. 433

shear press area 15. 697

shear press peak 22.645 ***

vigor 8.715 ***

, F
05

= 2. 39

F .01 3 34**

= 4.80F. 001

d. f. = 4, 764

44
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Table 2. Results of analysis of variance for interline variation
of horticultural characteristics and root-rot indices
for the populations of group II.

Characteristic F level

emergence time

field root-rot index

flowering date

greenhouse root-rot index

growth habit

maturity

pod color

seed color

seed size

toughness

vigor

26.505

2.382

4.287 **

33.036 ***

7.740 ***

17.057 ***

3.519 *

2.986 *

6.232

10.806 ***

10.510 **

***

F .05
F .01

F. 001

=

=

2.61

3.80

5.70

d. f. = 3,1486
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Significant associations within and among populations were investigated

in more detail; these associations between the characteristics were

interpreted in terms of the numerical assignment of the horticultural

characteristics and root-rot index. Non-significant correlation

values were discussed only as they related to apparent trends.

Population T (Table 3)

As might be predicted, seed color was highly correlated with

flower color. It was negatively correlated with seed size and 1967

field root-rot indices. Bean plants with dark colored seeds and

flowers appeared to flower later; indeterminate habit was also asso-

ciated with late flowering. Emergence time seemed to relate directly

to flowering date, while inversely related to seed size and 1966 field

root-rot scores. Negative correlation was observed between flower-

ing date and seed size; early flowering plants might be less suscep-

tible to Fusarium root rot, as indicated by both greenhouse and 1966

field tests. The high correlation between shear press peak and shear

press area in this and other populations of this group permitted the

interchangeable use of the two ways of measurement. Seed size

appeared to be negatively related to the shear press readings, but

directly related to 1967 field root-rot indices.



Table 3. Simple correlation coefficients for population T,
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Seed color 1. 000 0. 683 0. 084 0. 120 -0. 058 0. 163* -0.205 -0. 128 -0. 088 0. 098 -0. 010 -0. 218 0. 144

Flower color 1. 000 0.091 0. 148 -0. 095 0. 189* -1, 025 -0. 059 -0. 006 O. 010 -0. 013 -0. 133 -0. 092

Growth habit 1. 000 0. 100 -0. 030 0.444 -0. 071 -0. 022 -0. 008 0. 121 O. 115 0.034 0.095

Vigor 1. 000 -0. 128 -0. 105 0. 039* -0. 073 -0. 064 -0.038 0.087* 0. 046 0. 084

Emergence time 1. 000 0. 330 -0. 181* 0. 047 0. 010 0. 136 -0. 198* 0. 025 -0. 109

Flowering date 1. 000 -0. 208 0. 8* 0. 047* 0. 182 0. 191 0. 022* 0. 134

Seed size 1. 000 -0. 138 -0. 182* -0.029 0.056 0. 156 0. 134

Shear press peak 1. 000 0.928 0. 087 0. 004 0. 108 0. 071

Shear press area 1. 000 0. 078 0. 003 0. 092 0. 059

Greenhouse R-R test 1. 000 0. 103 0. 004* 0. 068*

Field R-R test, 19 66 1, 000 0. 258 0, 792*

Field R-R test, 19 67 1. 000 0. 794

Fields, combined 1. 000

*Statistical significance: 5% = 0. 137 1% = 0. 182 d. f. = 198

R-R = root-rot
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Population Th (Table 4)

Dark seed color was associated with less root-rot infections

in the 1967 field test, as was dark flower color. The seed and flower

colors were directly related. Negative correlations between growth

habit and root rot were observed in both greenhouse and field tests.

Growth habit was also negatively correlated with seed size, but posi-

tively with shear press peak. The association between vigor and seed

size was direct, as was that for emergence time and flowering date.

It seemed that early flowering plants were less susceptible, as noted

in 1966 field test. Shear press peak and shear press area were nega-

tively correlated with root rot when the 1966 and 1967 field tests

were treated as one group.

Population T (Table 5)

Close association between seed color and flower color was ob-

served; seed color was negatively correlated with emergence time,

flowering date, and seed size. Flower color was inversely related

to emergence time and seed size, as was vigor to emergence time

and flowering date. Not unusually, emergence time and flowering

date were closely associated. It appeared that in the 1966 field test

early emergence and early flowering were related to higher infection

level. In the greenhouse test large seeded lines were more suscep-

tible to root rot.



Table 4. Simple correlation coefficients for population Th.
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-0. 120
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-0. 142 -0. 148 -0. 202*
-0. 126 -0. 137 -0. 182

0. 137 O. 013 O. 111*

1. 000 0. 026 0. 765
*

1. 000 0. 664
1. 000

* Statistical significance: 5% = 0. 163 1% = 0.213 d. f. = 143
R-R = root-rot



Table 5. Simple correlation coefficients for population Te.
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Seed color 1. 000 0.564 0. 006 0, 139 -O. 2 15* -0. 189 - 0.243* 0. 063 0. 047 -0. 015 0. 081 -0. 071 0. 019

Flower color 1, 000 0.080 0. 114 -0. 198 -0. 119 -0. 345 -0. 009 0. 019 0. 072 -0. 037 -0. 048 -0. 056

Growth habit 1.000 0. 090 -0. 0009 0. 124* -0. 104 0. 084 0. 048 0. 025 -0. 050 -0. 061 -0. 074

Vigor 1. 000 -0. 338 -0. 276 0. 009 0. 005 -0. 028 0. 053* -0. 014* 0. 012 -0. 004*

Emergence time 1, 000 0. 734 0. 012 0. 015 -0. 008 -0. 165 0. 190* 0. 014 0. 151*
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Shear press area 1. 000 -0. 094 -0. 132 -0.062 -0. 137

Greenhouse R-R test 1. 000 -0. 014 0. 103 0. 051*
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Fields, combined 1.000

*Statistical significance: 5% = 0. 147 1% = 0, 187 d. f. = 177
R-R = root-rot
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Population To (Table 6)

Seed color and flower color were highly correlated with each

other, and both were negatively correlated with emergence time.

Flower color was also inversely related to seed size. Late flowering

was associated with indeterminate growth and high root-rot infection

in the 1967 field test. Vigor was inversely proportionate to emer-

gence time. Positive correlation of emergence time with flowering

date and shear press readings was noted. Early emergence might

be related to higher root-rot infection as indicated by the greenhouse

test.

Population 139 (Table 7)

This population verified the close association between

seed color and flower color; each was negatively correlated with

emergence time. But, seed color was also directly related to

flowering date and negatively to growth habit. Indeterminate growth

habit was associated with late flowering and with less susceptibility

to root rot according to the 1967 field test. Emergence time was

inversely related to root rot in the 1966 field test, while flowering

date was directly related in the 1967 field test.



Table 6. Simple correlation coefficients for population To.

o

Ucn

tg0 A
Lx.,

*
Seed color 1. 000 0.601
Flower color 1. 000

Growth habit
Vigor
Emergence time
Flowering date
Seed size
Shear press peak
Shear press area
Greenhouse R-R test
Field R-R test, 1966
Field R-R test, 1967
Fields, combined

c7 x

o
ND

>

bl)
c.)

a)

P

r-:

() °)

,...,

Ts
N G)

a) 1v) v)

.
u)
a)
E i....

;-.re 4
0 cd

v) P.

.4
co
a)
ci..
;..tt cd
0 a)

,-
v) <4

0.069 0. 046 -0. 190 0. 045 -0. 109 -0. 067 -0. 059
0.060 0. 154 -0.281 0. 033* -0. 191 0. 086 0. 057
1.000 0. 018 - 0.061* 0. 198 0.080 0. 118 0. 102

1. 000 -0.236 - 0.013* 0. 0004 -0. 172* -0. 138*
1. 000 0. 179 0. 032 0. 205 0. 187

1.000 -0. 044 0. 088 0. 145
1. 000 -0. 083 -0. 094

1. 000 0.930
1. 000

-0. 026
-0. 067

0. 172
0. 101*

-0. 185
-0. 167

0. 164
-0. 038
-0.026

1.000

LO
C4 lO

CT
C74

-i
..
L=.. H

N-

C71

Pl=';

C C
H

a

C
N

a) 0-

0. 094 0. 128 -0. 114
0. 064 -0.218 -O. 097

-0,051 0.004 -0. 030
0. 209 0. 003 0. 132

-0. 122 0. 027 -0. 059
0. 191 0. 023 0. 133

-0. 060 0. 032 -0. 017
-0. 178 -0.010 -0. 117
-0. 201 -0.201 -0.136

0. 051 0. 156 0. 129*

1.000 0.282 0.799*
1. 000 0. 802

1. 000
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R-R = root-rot



Table 7. Simple ccrrelat7on coefficients for population 139.
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Seed color 1.000 0.643 -0. 192 -0. 108 -0. 197 0. 184 -0. 020 -0. 051 -0.018 0. 004 0, 152 0.054 0. 067

Flower color 1. 000 -0. 132 -0. 002 -0. 342 0.168* -0. 004 -0. 071 -0.029 0. 124 0.200* -0.081* 0.082
Growth habit 1. 000 0.089 0. 041 0.215 0. 107 -0. 072 -0. 087 0. 151 -0. 019 -0.236 -0.161
Vigor 1. 000 0. 095 -0. 089 0. 057 0. 100 0. 127 0. 125 - 0.090* -0. 060 -0.097*
Emergence time 1.000 113 -0. 277
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*Statistical significance: 5% = 0. 172 1% = 0.226 d. f. = 127
R-R = root-rot
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Population 152 (Table 8)

Seed color appeared to be directly related to pod color and

greenhouse root-rot index, while inversely related to seed size.

As expected, indeterminate growth habit was associated with late

flowering and late maturity. Contrary to what might be expected,

determinate bean plants were less infected with root rot in the field,

Flowering data was directly related to maturity, as maturity was

to field root-rot index. Vigor was directly associated with field

root-rot scores. The greenhouse and field root-rot tests were nega-

tively correlated, which was not suprising, since the two environ-

mental conditions were different.

Population 152R (Table 9)

This population, the reciprocal of 152, appeared quite similar

in behavior. Plants with dark color seeds seemed to be more sus-

ceptible to root rot in the greenhouse. Growth habit was directly

proportionate to flowering date, maturity, and field root-rot infection.

Again, late flowering was associated with late maturity,



Table 8. Simple cc--.-:.'e.lation coefficients for population 152.
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Table 9. Simple correlation coefficients for population 152R.
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Seed color 1.000 -0. 082 -0.016 -0. 017 0. 141 -0. 094 - 0.054* -0. 0005 0. 132 0.212 -0. 020
Growth habit 1. 000 -0. 030 0. 027 -0. 052 0, 429 0. 154 0. 399 -0. 126 -0. 112 0.200
Toughness 1. 000 -0. 012 -0. 079 -0. 087 0. 015 0. 071 0. 127 0. 043 -0. 080
Vigor 1. 000 -0. 015 -0. 106 0. 068 -0. 088 0. 053 -0, 0001 0. 019

Emergence time 1.000 0. 090 0. 016 0.093* -0. 034 0.023* -0. 003

Flowering date 1. 000 0.007 0.457 -0. 034 -0. 247 0. 030

Seed size 1.000 0.130 -0.056 0.077 0.120*
Maturity 1.000 -0.018 -0.098 0.228
Pod color 1. 000 0. 129 -0.020
Greenhouse R-R test 1. 000 0.090
Field R-R test 1. 000

*Statistical significance: 5% = 0. 151 1% = 0. 198 d. f. = 167
R-R = root-rot
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Population 159 (Table 10)

Seed color was positively correlated with pod color

and greenhouse root-rot scores, but it was negatively correlated

with emergence time, seed size, maturity, and field root-rot index.

Indeterminate habit was associated with less root-rot infection in

both greenhouse and field tests. Late flowering was related to

indeterminate growth; late maturity was associated with late emer-

gence and late flowering. Maturity was positively correlated with

field infection, but negatively with greenhouse infection. It appeared

that smaller seeds were associated with tougher pods. Again, green-

house and field root-rot tests were negatively correlated.

Population 159R (Table 11)

As in the case of population 159, seed color was directly rela-

ted to pod color and greenhouse test results, but inversely to field

results. Determinate growth was associated with early flowering,

small seed, and early maturity. Toughness was negatively correla-

ted with seed size; emergence time negatively with pod color.

Maturity was in direct proportion to flowering date and severity of

field root rot.



Table 10, Simple correlation coefficients for population 159.
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Seed color 1.000 -0.047 0.071 0.038 -0. 128 0.002* -0.179 -0. 137 0.166 0.209 -0. 121

Growth habit 1.000 -0.067 -0. 019 -0.023 0. 335 0.077* 0.125 0. 036 -0. 127 -0.107
Toughness 1, 000 0.082 0. 012 0. 091 -0.237 0. 089 0. 032 0. 008* -0. 056

Vigor 1. 000 -0. 009 0. 085 0. 036 0.042* 0.008 0. 103 0.002*
Emergence time 1.000 -0. 001 0.019 0.118* -0. 048 -0. 052 -0. 114

Flowering date 1. 000 0. 042 0. 108 -0. 086 -0. 071 -0. 021

Seed size 1.000 0.016 0.014 0.007* 0.016*
Maturity 1, 000 -0. 049 -0. 116 0. 144

Pod color 1. 000 -0. 027 0. 006*

Greenhouse R-R test 1. 000 -0. 143

Field R-R test 1. 000

*Statistical significance: 5% = 0. 103 1% = O. 134 d. f. = 367
R-R = root-rot



Table 11. Simple correlation coefficients for population 159R.
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Seed color 1. 000 -0. 018 0. 094 -0. 019 -0. 039 0. 087* -0. 020* -0. 029 0. 191 0. 155 -0. 186
Growth habit 1, 000 -0. 053 0. 136 -0. 095 0. 349 0. 123* 0. 156* 0. 059 -0. 065 0. 088

Toughness 1. 000 0. 009 -0. 010 0. 082 -0.134 -0. 046 0. 049 -0. 008 -0. 006

Vigor 1. 000 -0. 029 0. 040 0. 024 0, 087 0. 063* 0. 104 0. 019

Emergence time 1.000 -0. 097 0, 100 0. 053* -0. 107 0. 003 0. 030

Flowering date 1. 000 -0, 060 0. 173 0, 022 -0. 077 0, 013

Seed size 1. 000 -0. 027 0. 054 0. 031 0. 053*

Maturity 1. 000 -0. 066 -0. 077 0.208
Pod color 1,000 0. 031 -0. 015
Greenhouse R-R test 1. 000 -0. 089
Field R-R test 1,000

*Statistical significance: 5% = 0. 103 1% = 0. 134 d. f. = 367
R-R = root-rot
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Group I Combined Analysis (Tables 12 and 14)

The five populations treated as an entity also showed that seed

color and flower color were highly correlated. Seed color was in-

versely proportionate to emergence time. Flower color was directly

related to growth habit and shear press readings, and inversely to

emergence time, seed size, and root rot in both field tests. In-

determinate growth habit was associated with late flowering, high

shear press readings, and less root-rot infection in both field tests,

Vigor was positively correlated with seed size and greenhouse root-

rot scores, but negatively with emergence time and flowering date,

both of which were closely associated and inversely proportionate

to seed size and greenhouse scores. But, flowering date was also

directly related to combined field root-rot results, Seed size was

associated negatively with shear press readings, but positively with

greenhouse and field root-rot scores. Shear press readings were

negatively correlated with greenhouse and field root-rot indices.

Correlations between greenhouse and field test results were not

statistically significant.

Group II Combined Analysis (Tables 13 and 14)

Seed color was positively correlated with pod color and green-

house root-rot index, while negatively correlated with seed size and field

root-rot index. Indeterminate growth was associated with late flowering



Table 12. Overall simple correlation coefficients for Group I combined.
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-0.125*
-O. 093

*
0. 164

*
-0. 131*
-0. 133
0. 109
0.010

-0.045
0.032
0.856
0.882
1. 000

0.069
0. 014.

-0. 071
0.086
0.022*
O. 2 08

0. 081**
-0. 115*
-0. 2 18
0.805
0.795
0. 166
0. 132
0.070
0.062
0. 075
1.000

ti

-0.157
-0. 166

*
-0. 081
-0. 013
-0. 011
-O. 011
0. 104*

-0. 024
-0. 036

0. 124
0.179
0.662
0.852
0.002

-0. 002
0. 0002
0.188
1.000

-0.051
-0. 09 3.
-0. 098

0.050
0.008*
O. 134

*
0. 119*

-0. 093
*

-0. 109
0.622
0.649
0.523
0.618
0.049
0.040
0. 051
0.794
0.747
1.000

0.003
-0. 066*
-0. 113
0. 130*

*
-0. 073
O. 041

*
0. 192

*
-0. 152

*
-0. 165
0.531
0.489
0.360
0.480
0.576
0.587
0. 669
0.638
0.556
0.776
1. 000

*Statistically significant: 5.7;, = 0.070 1% = 0.092 d. f. = 768

F1 = field, 1966
F2 = field, 1967

F3 = two replicates of 1966 combined
F4 = two replicates of 19 67 combined

F = fields combined
GI-1= greenhouse
R = replicate



Table 13. Simple correlation coefficients for Group H combined.
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* * * *
Seed color 1. 000 -0. 016 0. 047 0. 018 -0. 010 0. 025* -0. 154 -0. 016

*
0. 157 0. 200* -0. 090

Growth habit 1. 000 -0. 018 0. 041 -0. 043 0. 333 0. 113
*

0, 301
*

0. 002* -0. 093 0.
*

084

Toughness 1. 000 0. 036 -0. 009 0. 019 -0. 111 -0, 051 0. 058 -0. 012 -0. 047*

Vigor 1. 000 -0. 014 0.039* 0. 028 - 0.003* 0.009* 0. 034 0. 052

Emergence time 1. 000 0. 083 0. 036 0. 079* -0. 058* -0. 042* -0. 028

Flowering date 1. 000 -0. 008 0. 290 -0. 053 -0. 064 0. 028*

Seed size 1. 000 0. 011 0. 040 0. 040 0. 057*

Maturity 1. 000 -0. 028 -0. 039 0. 192

Pod color 1. 000 0. 050 0. 011
*

Greenhouse R-R test 1. 000 -0. 063

Field R-R test 1. 000

Greenhouse and field combined

0. 050
0. 011

-0. 046*
0. 064

-0. 049
-0. 016*

0. 072*
0. 134
0. 040
0. 569*
0. 785
1. 000

*Statistical significance: 5% = 0. 051 1% = 0. 067 d. f. = 1489
R-R = root-rot



Table 14. Summary cif overall significant correlations among horticultural characteristics in both groups.

Characteristics Associating Characteristics Group I Group II Characteristics Associating Characteristics Group I Group II

emergence time

flower color

flowering date

GH R-R index

growth habit

maturity

flowering date
GH R-R index ( -)
maturity
pod color ( -)
seed size (-)

emergence time (-)
growth habit
overall field R-R index (-)
seed size (-)
shear press area
shear press peak

field R-R index, 1966
GH R-R index (-)
maturity
overall field R-R index
seed size

overall field R-R index (-)

flowering date
GH R-R index (-)
maturity
overall field R-R index
overall field R-R index (-)
seed size (-)
shear press area
shear press peak

overall field R-R index

x

x
x

x

seed color

seed size

shear press area

shear press peak

toughness

vigor

emergence time ( -)
field R-R index, 1967 (-)
flower color
GH R-R index
overall field R-R index ( -)
pod color
seed size (-)

overall field R-R index

field R-R index, 1966 (-)
GH R-R index (-)
overall field R-R index (-)

field R-R index, 1966 (-)
GH R-R index (-)
overall field R-R index (-)

maturity (-)
pod color

emergence time (-)
field R-R index, 1966
flowering date (-)
GH R-R index
seed size
overall field R-R index

x
x

GH = greenhouse R-R = root-rot (-) = negative correlation
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and late maturity, Growth habit was positively correlated with

field root-rot scores, but negatively correlated with greenhouse

root-rot scores, Vigor was directly related to the field root-rot

results, Late flowering was associated with late maturity. Early

flowering appeared related to higher root-rot infection in greenhouse

test, while large seed size and late maturity were directly propor-

tionate to field root-rot results. Greenhouse root-rot scores were

negatively correlated with the field results.

Trends in the Association of Horticultural Characteristics and

Root-Rot Infection

Tables 15 and 16 show trends in certain relationships between

horticultural characteristics and root-rot resistance scores and

among horticultural characteristics. In this case, the statistical

significant factor was disregarded. Table 17 includes only statisti-

cally significant correlations.

Trends were stated in terms of positive or negative sign of

correlation coefficients. Five out of the nine individual populations

demonstrated the inverse association between growth habit and root-

rot infection in both greenhouse and field tests. In combined analy-

sis of correlation coefficients, growth habit also showed a negative

relationship with all root-rot tests, except for one replication.

The date of flowering had different effects under greenhouse and field
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Table 15. Trends in the association of horticultural characteristics
and root-rot index.

Characteristics

Number of Populations

Greenhouse R-R Index Field R-R Index
Negative
direction

Positive
direction

Negative
direction

Positive
direction

emergence time 5 4 6 3

flower color 1 (I) 4 (I) 4 (I) 1 (I)

flowering date 7 2 1 8

growth habit 5 4 5 4

maturity 3 (II) 1 (II) 4 (II)

pod color 1 (II) 3 (II) 2 (II) 2 (II)

seed color 2 7 7 2

seed size 3 6 1 8

shear press area 4 (I) 1 (I) 4 (I) 1 (I)

shear press peak 4 (I) 1 (I) 4 (I) 1 (I)

toughness 1 (II) 3 (II) 4 (II)

vigor 2 7 3 6

(I) = characteristics recorded in Group I only

(II) = characteristics recorded in Group II only

R-R = root rot
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Table 16. Trends among the associations of horticultural
characteristics.

Characteristics

emergence time

emergence time

emergence time

greenhouse root-rot
index

growth habit

growth habit

seed color

Associating
Characteristics

Number of Populations

direct
relationship

inverse
relationship

flower color 5 (I)

flowering date 6 3

seed color 1 8

field root-rot 4 5

index (r < 0. 200)

emergence time 2 7

flowering date 9

seed size 9

(I) = characteristic recorded in group I only

r correlation coefficient



Table 17. Summary of significant correlations among horticultural characteristics common to all populations.

Characteristics Associating Characteristics
Number of Populations

Group I Group II Characteristics
Number of Populations

Associating Characteristics Group I Group II

emergence time

flower color

flowering date

GH R-R index

growth habit

field R-R index, 1966
field R-R index, 1966 (-)
field R-R index, 1967 (-)
flowering date
GH R-R index (-)
maturity
pod color (-)
seed size (-)
shear press area
shear press peak

emergence time (-)
field R-R index, 1967 (-)
flowering date
seed size (-)
vigor

field R-R index
field R-R index (-)
GH R-R index
maturity
overall field R-R index
pod color (-)
seed size (-)

overall field R-R index

field R-R index, 1966 (-)
field R-R index, 1967 (-)
flowering date
GH R-R index
GH R-R index (-)

1

1

1

4

2

1

1

1

3

2

1

2

1

4

1

1

1

2

2

1

1

4

1

2

4

1

growth habit (con'd) overall field R-R index
overall field R-R index (-)
seed size
shear press peak

maturity

seed color

seed size

shear press peak

vigor

GH R-R index (-)
overall field R-R index

emergence time (-)
field R-R index, 1967 ( -)
flower color
flowering date
flowering date ( -)
GH R-R index
growth habit (-)
overall field R-R index (-)
pod color
seed size

field R-R index, 1967
GH R-R index
shear press area
shear press peak

overall field R-R index
shear press area

emergence date (-)
field R-R index, 1966
flowering date (-)
GH R-R index
overall field R-R index
seed size

1

4
3

5

2

1

1

3

1

1

1

1

1

5

1

1

1

2

2

1

2

1

4

4

2

2

2

1

R-R = root-rot GH = greenhouse (-) = negative correlation
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conditions: flowering dates in seven populations were negatively

related to root-rot index in the greenhouse, while flowering dates

of eight were positively associated with field root-rot index.

Maturity was measured only in group II, and all four popula-

tions indicated proportionate relationship between maturity and field

root-rot results. Again, in the case of greenhouse results, an oppo-

site trend appeared. In the field dark seeded lines appeared to be

less susceptible to root-rot infection, but they were more suscep-

tible in the greenhouse. Both greenhouse and field root-rot results

were associated inversely with shear press readings, while directly

associated with vigor and seed size.

Relationships among some horticultural characteristics indica-

ted a direct association between emergence time and flowering date,

and inverse associations between emergence time and flower color,

between emergence time and seed color, and between seed color and

seed size. Indeterminate habit of seven populations was connected

with early emergence, while indeterminate habit of all tested popu-

lations was associated with late flowering.

It was interesting to note that the greenhouse root-rot results

in five of the nine populations had an inverse relationship with the

field root-rot results. Their positive correlation coefficients were

all less than 0.200.
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Stepwise Multiple Linear Regression

Another measure of association is regression, which is used

frequently by plant breeders because many characteristics of plants

may be interdependent. The relationship between a dependent and an
A

independent variable is given by the regression equation, Y = y + bx.

This was used to predict root-rot index when horticultural charac-

teristics were known; the following models were obtained, when the

F level was arbitrarily set at 4.000.

1. Population T

a) Greenhouse - F = 6. 7467
A
Y = 6. 136 + 0.554 (flowering date)

b) Field, 1966 - F = 16. 3973

(Y. = 49. 142 - 1. 197 (emergence time) +
0.754 (flowering date)

c) Field, 1967 - F = 9. 8405

Y = 63. 542 - 3. 894 (seed color)

d) Fields, 1966 and 1967 - F = 7.2163
A
Y = 105. 130 - 5.456 (seed color - 1. 274

(emergence time) + 0.959 (flowering date)
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2. Population Th

a) Greenhouse - F 7. 0351

A
Y = 42. 834 - 4. 804 (growth habit)

b) Field, 1966 - F = 6. 1249
A
Y = 32. 267 5. 685 (growth habit) + O. 950

(flowering date)

c) Field, 1967 F = 5. 1324
A
Y = 78. 592 - 4. 035 (seed color) - 4.472

(growth habit)

d) Fields, 1966 and 19 67 - F = 4. 0707

Y = 165. 204 - 8. 880 (growth habit) - 0. 241
(shear press peak)

3. Population Te

a) Greenhouse - F = 5. 3074
A
Y = 13. 600 - 0. 304 (emergence time) + O. 395

(seed size)

b) Field, 1966 - F = 15. 8396
A
Y = 50.516 + 0. 383 (flowering date)

c) Field, 1967 - no estimator

d) Fields, 1966 and 1967 F 14. 5777
A
Y = 100. 077 + 0. 490 (flowering date)
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4. Population To

a) Greenhouse - F = 4. 1845

Y = 57.564 - 1.482 (emergence time)

b) Field, 1966 F = 5.5046
AY = 46. 891 + 3. 174 (vigor) + 0. 529 (flowering date)

-0. 056 (shear press area)

c) Field, 19 67 - F = 9. 6585
A
Y = 68. 47 1 - 4.290 (seed color)

d) Fields, 1966 and 19 67 - probably nothing

5. Population 139

a) Greenhouse o F = 4. 8673

Y = 87. 035 + 3. 650 (flower color) + 3. 534
(growth habit) - 0. 827 (flowering date)

b) Field, 19 66 - F = 13. 4412
AY = 50. 55 6 - 1.498 (emergence time) + Q. 853

(flowering date)

c) Field, 1967 F = 7. 4590
A
Y = 62. 580 - 2. 646 (growth habit)

d) Fields, 19 66 and 1967 - F = 4. 17 61

AY = 130. 245 - 3. 352 (growth habit) - 2. 003
(emergence time) + 0. 7102 (flowering date)
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6. Population 152

a) Greenhouse - F = 32.4354
A
Y 29. 104 + 1. 876 (seed color) - 1. 017 (growth

habit)

b) Field - F = 11.2849
A
Y = 28. 251 + 1. 816 (vigor) + 2. 194 (maturity)

7. Population 152R

a) Greenhouse - F = 6. 6168
A
Y = 48. 114 + 1.256 (seed color) - 0. 041

(flowering date)

b) Field - F = 9. 0796
A
Y = 34. 482 + 2. 535 (maturity)

8. Population 159

a) Greenhouse F = 5. 3135
A
Y = 24.935 + 1. 376 (seed color) - 1. 086 (growth

habit)

b) Field - F = 5. 3095
A
Y = 53. 174 - 1. 309 (seed color) - 1. 257 (emergence

time) + 2. 093 (maturity)

9. Population 159R

a) Greenhouse - F = 4. 3378
A
Y = 20. 185 + 1. 282 (seed color) + 1. 110 (vigor)
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b) Field - F = 12. 8282
A
Y = 35. 519 - 1.974 (seed color) + 2.411 (maturity)

10. Overall populations 152, 152R, 159, 159R

a) Greenhouse - F = 10. 6653

Y = 22.949 + 1. 650 (seed color) - 1. 109 (growth
habit) + 0.060 (seed size)

b) Field = F = 10. 6653
A
Y = 34.430 - 0.884 (seed color) - 0. 662 (toughness)

+ 0.783 (vigor) + 2.265 (maturity)

The models showed that at least nine horticultural characteris-

tics - emergence time, flower color, flowering date, growth habit,

maturity, seed color, seed size, shear press area, and vigor - were

involved in estimating the predicted root-rot index with the given

data. Each of the characteristics had different effects under green-

house and field conditions in all nine populations. Tables 18 and 19

summarize the dependent-independent relationships between the

horticultural characteristics and the root-rot index.
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Table 18. Possible estimators for predicting Fusarium root-rot
index.

Populations

Regression Effect on Prediction of

Greenhouse Root-
Rot Index

Field Root-Rot
Index

T

Th

Te

To

flowering date

growth habit (-)

emergence time (-)
seed size
emergence time (-)

139 flower color
growth habit
flowering date (-)

152

152R

159

159R

seed color
growth habit (-)

seed color
flowering date (-)
seed color
growth habit (-)

seed color
vigor

emergence time (-)
flowering date
seed color (-)
growth habit (-)
flowering date
seed color (-)
flowering date

vigor
flowering date
shear press area (-)
seed color (-)
emergence time (-)
flowering date
growth habit (-)

vigor
maturity
maturity

seed color (-)
emergence time (-)
maturity
seed color (-)
maturity

(-) = negative regression coefficient
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Table 19. Summary of possible root-rot index predictors common
to all populations.

Predicting
Characteristics

emergence time (-)

flower color

flowering date

flowering date (-)

growth habit

growth habit (-)

maturity

seed color

seed color (-)

seed size

shear press area

vigor

Number of Populations

Group I Group II

GH Root-
Rot-Index

Field Root- GH Root-
Rot Index Rot-Index

Field Root-
Rot Index

2 2 1

1

1 5

1 1

1

1 2 2

4

4

3 2

1

1

1 1 1

negative regression coefficient

GH= greenhouse



76

DISCUSSION

Each field of investigation has its own range of correlation

coefficients, Inherited characteristics ordinarily have correlations

between 0.35 and 0.55. A perfect correlation would be extremely

rare in biological material, though values above -0.90 and 0.90 are

not uncommon. It is difficult to give a clear interpretation of

different values of the correlation coefficient, but values above -0.5

or 0.5 are considered to indicate a close relationship; those between

-0.3 and -0.5 (or 0.3 and 0.5), moderately close; and those below

-0.3 or 0.3, little or no relationship. Even though some of the

correlation coefficients calculated in this study were statistically

significant at 5% level due to the large degrees of freedom, they

were far below -0.3 or 0.3, as stated earlier, indicating no associa-

tion. However, it may be that with the large number of factors

affecting root-rot resistance in beans the effects of any one factor

would be small.

Thus far, all studies have indicated that the inheritance of

Fusarium root-rot resistance is a complex quantitatively inherited

character. The correctness of this assumption was noted by the

numerous distinct degrees of resistance in the breeding lines and

varieties studied as well as by the environmental variation. The

type of gene action involving quantitative characters is not different
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from that of qualitative characters except that the effect of any one

gene is small and the effects may be strongly influenced by the

environment. Actually, the distinction between qualitative and

quantitative effects of genes is one of degree; gene effects do not

always fall neatly in one class or the other, This may account for

the lack of distinct correlations between the chosen horticultural

characteristics and root-rot infection. Each characteristic may

attribute a small effect upon the resistant or susceptible root-rot

character, while together they may produce maximal effects. Correla-

tion is used where the variables are not dependent upon one another,

but this overall effect on the resistance trait is dependent upon the

interaction among horticultural characteristics. Even if the calcu-

lated correlation coefficients are small, a survey of their positive

and negative signs may be feasibly used as indicator of association

trends. They may not necessarily, however, be applicable to a

breeding program.

Common association of indeterminate beans and low root-rot

infection has been observed by some breeders. Though only

five of the nine individual populations in this study demon-

strated this negative relationship, the combined analysis gave signi-

ficant negative coefficients between growth habit and field root-rot

index in all root-rot tests, except for one replication, Indeterminate

beans maintain a long period of vegetative growth, including that of
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the root system. This results in a longer period of expansion of the

tap root and a continuous formation of new roots, which helps to

replace any damaged roots, thus lessening any physiological stress

exerted upon the infected beans. The lateness and the spatial dis-

tribution of pod loads also should ease any strain on the plant. Fre-

quently, senescence is associated with high incidence of many plant

diseases. This delay of the senescent stage in indeterminate beans

may account for a relatively low level of root-rot infection at a

given stage of maturity. However, when all types are permitted

to become senescent, these differences may not exist. Maturity,

recorded for only four populations, was directly related to root-rot

score. Late maturing beans had higher root-rot incidence. Root-

rot readings in this study were taken at the senescent stage in order

to attain a higher infection level, to standardize maturity of the

plants, and to allow time for scoring all the lines. Therefore, late

maturing beans were examined at a much later time, resulting in

longer exposure to Fusarium root rot. The relative effect of senes-

cence could not be evaluated in this work.

Indeterminate growth was associated with late flowering, but

late flowering was related to high root-rot index in field tests. This

difference may be explained by the fact that flowering date was

recorded at the time of opening of very few initial flowers, dis-

regarding the main concentration of flowering. It appeared that
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flower concentration should have been considered, because it would

affect the continuation of plant and root-rot development and the pro-

gress of senescence, but it is a very difficult factor to measure.

High shear press readings were associated with low field and

greenhouse root-rot index. Even though below-ground stomata are

a primary site of entrance for the fungus, the fungus does enter the

plant directly or through mechanical or natural wounds. Fiber con-

tent of the plant may aid in impeding direct entrance. Growth and

penetration of the fungus should be affected by the fibrous nature

of the root. The relation between pod toughness and root toughness

was only assumed. Actual fiber determination by quantitative means

was not possible because of the number of lines involved. Pod shear

press reading was used because it was feasible and it related more

closely to a very important commercial quality factor.

Germination and growth of the fungal chlamydospores are

influenced by host exudates, some of which create a favorable

environment for the fungus. The differences in response to root-

rot infection between white-seeded and dark-seeded lines may be

due to the differences in plant exudates formed by each. Dark-seed-

ed lines were less susceptible to root rot. The seed pigments may

possess substances toxic to the fungus, thus rendering chemical

defense to the plants. Seed size was positively related to field

root-rot results.
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It is noteworthy that the resistant parents used in this study

and in most breeding programs have small, colored seeds

and possess indeterminate habit. Most bean lines known as good

source of resistance have the same characteristics. Unfortunately,

indeterminate growth, colored seeds, late emergence, late maturity,

and pod toughness are not the characters favored by commercial

breeding programs.

The second set of analyses, regression coefficient, cannot be

generalized nor interpreted effectively, because they are dependent

completely upon these particular data, which differed between years.

Group I was tested twice; the results were not closely associated.

Using the given set of data, models for predicting root-rot index

were theorized.

Inconsistencies in this work might be related to several factors.

The 1966 planting was damaged extensively by maggots, while the

1967 planting was exposed to unusually hot weather. Differences

were also noted in greenhouse and field test results. This can be

explained by differences in the environmental conditions, interacting

with different host plant factors. The different speed and severity

of infection and the different time of readings influence the host-

pathogen relationship in the greenhouse and field. Factors such as

pod load and growth habit, to some extent, are not in effect in the

greenhouse. Though the greenhouse was under more controlled
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conditions than the field, more validity should be given to field

results for they relate more directly to the conditions of commercial

production.

Breeding and genetic investigations of Fusarium root-rot

resistance in beans are still greatly hampered by inadequate know-

ledge of the nature of resistance the characteristics of the plant

which affect the host-pathogen relationship. Apparently, the total

complex inheritance system is difficult to resolve because a number

of plant characteristics are involved, dependently or independently,

in determining the resistance or susceptibility of the bean plant to

damage by the root-rot fungus in a particular environment. Thus

genetic interpretations on the whole ma y b e b i o lo g i c ally

meaningless. Breeding is complicated by associations of resistance

with important economic characteristics of the plant, such as fiber,

color, vigor, and plant habit, even though there may be some

specific chemical inhibitor or similar factors involved as well.

A knowledge of the properties of resistance would be of great theo-

retical and practical interest. This study verified to a degree,

some of these relationships, but to a lesser degree than was expected.

Further study is needed.

The constant search for high resistance genes within the cul-

tivated species has proved so far to be discouraging. Maybe more

considerations can be given to two other possible alternatives:
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(1) to search for resistance in related species or genera, and

(2) to attempt to induce resistance through use of mutagenic agents.
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SUMMARY AND CONCLUSIONS

Approximately 2259 lines of beans from nine crosses evaluated

for horticultural characteristics were tested for Fusarium root-rot

susceptibility in the field and greenhouse. The association between

the root-rot score and horticultural characteristics such as color,

growth habit, vigor, emergence, flowering date, seed size, matur-

ity, and pod toughness was calculated.

The following associations were indicated:

1. Indeterminate growth was associated with low root-

rot infection.

2. Late flowering was related to high susceptibility of

beans grown in the field.

3. Late maturity was associated with high score for

root-rot of field-grown beans.

4. High shear press readings were associated with low

root-rot infection of fieldgrown beans.

5. Plants with dark colored seeds were less susceptible

to root-rot infection when the beans were grown in

the field.
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