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ABSTRACT

INVESTIGATIONS ON ROOT ROT OF BEANS CAUSED BY
FUSARIUM SOLANI E. PHASEOLI

by .Don Morgan Huber

The purpose of this investigation was to determine the effects of
cultural practices and induced resistance on the expression of Fusarium
root rot. This study was threefold: First, to evaluate the effect of
various cropping sequences on the development of bean root rot and the
associated microflora; second, to determine the effect of soil tempera-
ture and moisture on the microflora of a "root rot" soil; and third, to
investigate the role of enzymes in root rot resistant and susceptible
plants by comparing the characteristics of genetic and induced resist-
ance to root rot.

The plate-profile technique, developed especially for this investi-
gation, provided an excellent method for studying the effects of cropping
sequence on the actively growing fungi and microbial associations in the
soil. The data obtained with the plate-profile method was less variable
than data obtained with other available techniques, and could be analyzed
directly without the need for prior transformation even though only four
replicates per treatment were used.

Eighty-seven genera of fungi were isolated in association with
other fungi and bacteria and nematodes. The various microbial associ-
ations of possible significance in the biological control of Fusarium,
included the parasitism of Fusarium by an Actinomycete, bacterial

necrosis, and lysis, Bacterial necrosis was influenced by the present
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Don Morgan Huber

and previous crop, and was directly correlated with reduction in
disease severity. It was found that barley preceding beans in the
rotation significantly increased root rot, while corn reduced the
severity of the disease., The studies on cropping sequence emphasized
the significant influence of the present and previous crops on the soil
microflora and disease severity.

Soil moisture was found to have a significant effect on many of
the frequently isolated soil fungi, and may be responsible for some of
the year to year variation observed.

The histochemical localization of tyrosinase, peroxidase, and
beta-glucosidasein the endodermis, phloem, cambium, and xylem and
their activation around a wound were associated with resistance to
Fusarium. Naturally resistant and induced resistant plants responded
to infection in a similar manner. Resistance to Fusarium was
characterized by a non-specific wound response. This response con-
sisted of the rapid deposition of inhibitory compounds around the
infection site followed by the formation of a wound periderm which

limited further penetration of the pathogen.
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INTRODUCTION

The common bean (Phaseolus vulgaris L.) is one of the most

important and universal food crops of the world (181). Root rot

caused by Fusarium solani (Mart,) Appel and Wr, f. phaseoli (Burk.)

Snyd. and Hans. is one of the major diseases of the common bean.

This disease was first reported by Burkholder (19) on beans in New
York, in 1917, Since that time it has been recognized as a serious
problem in all of the major bean producing areas of the world (167, 181).
The significance of root rot is often overlooked unless plants are

dug or the environmental conditions emphasize it, Losses from root
rot are difficult to estimate because satisfactory control measures

are not available. In severe infestations the plant may die, but
generally only growth is retarded. Losses from the disease are
generally greater under low moisture conditions because few secondary
roots are produced; however, a partial yield will generally be obtained
(21, 22,63).

Variable degrees of control have been obtained by suitable cultural
practices such as crop rotation or the direct addition of soil ammend-
ments (17,20). Specific crop sequences may be of greater value,
however, than a long term rotation. Alteration of the microbial popu-
lation has been considered the mechanism responsible for disease
control (96), but the underlying mechanisms are not understood.

No commercial variety of bean is resistant to root rot. Resistance
is, however, available in a few non-commercial types and in Phaseolus
coccineus, Hence, breeding programs have been initiated to incorporate
the resistance from P. coccineus and N203 (a black Mexican variety of

P, vulgaris) into commercial lines.
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The purpose of this study was: First, to evaluate the effect of
various cropping sequences on the development of bean root rot and
the associated microflora; second, to determine the effect of soil
temperature and moisture on the microflora of a "root ret'" soil; and
third, to investigate the role of enzymes in root rot resistant and
susceptible plants by comparing the characteristics of genetic and

induced resistance to root rot.
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LITERATURE REVIEW

Causal Orggnism

Fusarium solani f. phaseoli is the primary pathogen in the

"bean root rot complex,'" Rhizoctonia solani Kuhn and Thielaviopsis

basicoli Zoph. are ordinarily of secondary importance. Fusarium,

Rhizoctonia, and Thielaviopsis are capable of direct penetration or

entrance through natural openings or wounds (28, 34, 35, 36). These
organisms are soil-borne and may be indigenous to the soil, or live
over in crop debris, or remain as soil saprophytes after introduction

(17,98).

Ecology of Soil Fungi

Many authors, including Cook (39), Garrett (50,51,52,53),
Menzies (98), Parkinson and Waid (123), Sadasivan and Subramania
(130), Stover (147), and Warcup (164), have reviewed in detail the
ecology of root disease pathogens and other soil fungi. In general,
little is known of the actual manner of existence of soil-borne fungi
(110,158). Waksiman (159, 160) was the first to conclude the presence
of a cosmopolitan fungal flora of the soil. Jensen (66) reported that
distinct fungal communities are associated with different soils.
Garrett (50) considered Waksman'd soil inhabiting fungi as primitive
or unspecialized parasites characterized by a wide host range and . .
strong saprophytic ability. He indicated that fungi exist saprophytically
with an incidental parasitic ability and that most of the root-infecting
fungi are soil inhabitants, although there is no sharp dividing line

between the soil inhabitants and the soil invaders. The soil invaders
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were characterized by more highly specialized parasites in a closer
association with their hosts,

Several investigators have studied the Fusaria in soil material,
Maloy (88) indicated that the mycelial form, rather than the conidial

(more virulent) form of Fusarium solani f. phaseoli predominated in

the soil in the prolonged absence of a host plant. He also mentioned
(89) that the mycelial form was more tolerant of residues, antibietics,
and possibly crop rotations; although both forms grew well on root
exudates from a number of non-host plants. Maloy (88) suggested that
the "dual phenomenon' which is a change to a less virulent mycelial
type from a more virulent conidial type (59), could explain the reductien
in disease severity which resulted without a corresponding change in
the population of the pathogen. On the other hand, Nash et al. (110)

reported that F. solani f. phaseoli existed in the form of chlamydo-

spores in the soil, which, according to Schroth and Snyder (133)
were stimulated to germinate by root exudates. Using soil smears,
Nash et al. (110) observed chlamydospores in natural soil and found
that macrospores added to the soil generally formed chlamydospores
directly or shortly after germination. They reported mutation to the

mycelial type only in sterilized soil in which Fusarium grew profusely.

Techniques for Studying the Soil Fungi

The lack of more adequate techniques to study the complex
interactions involved with the soil fungi has limited our knowledge of
the soil fungi (158), Techniques for studying the soil fungi have been
discussed by several researchers (71, 104, 164). Most of the tech-
niques were designed to study specific groups of organisms or microbial
activities in the soil, and are limited by the size of the area sampled,

the media employed, and the time of the study (71).
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The dilution-plate technique and its modifications have been more
widely used than most other techniques, even though many organisms
are not isolated from the soil because of their diverse nutritional
requirements or low frequency. Species that sporulate abundantly in
the soil are isolated most frequently with this method (71). The effect
of sporulation was demonstrated by Hack (58) by plating soil previously

infested with a spore suspension of Didymella lycopersici, Her plate

counts decreased as the spores germinated, but the counts immediately
increased as the fungus sporulated. Park (122) noted that the level of

the soil population of Fusarium oxysporum was too low to be studied by

dilution plating even though it was a "pioneer' fungus. The predominant
genera of fungi isolated by the dilution-plate method included

Penicillium, Cylindrocarpon, Trichoderma, Mortierella, Mucor,

Pythium, Cephalosporium, Rhizopus, and Aspergillus (104,118,175,
177).

Warcup (162) modified the dilution-plate techniques by plating
soil rather than soil-dilutions since spore masses remain more intact
under these conditions, Watson (166) washed spores from the soil
prior to plating and obtained results similar to techniques based on the
isolation of actively growing hypha. Dilution and soil plate techniques
failed to give information on the activity of fungi in the soil without
further analysis to determine the origin of the colonies on the plates.

- Several techniques have been devised to isolate only actively
growing hyphae from the soil. Thus, a screened immersion plate was
devised by Thornton (150) in which fungi were required to grow across
an air gap to agar before being isolated. He demonstrated that non-
spering fungi dominated the soil and that all soils were of a similar
mycelial status (151), Chesters (29) prepared an immersion tube
with glass capillaries for hyphal isolation. This technique was modified

by Mueller and Durrell (106) who prepared immersion tubes from
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plastic centrifuge tubes. Martinson (93) used this technique to obtain

a close correlation of the inoculum potential of Rhizoctonia solani and

disease incidence. Andersen and Huber (6) devised a plate-profile
technique to study microbial interactions as well as the distributien

of fungi in the soil. These techniques reveal ecological information not
obtained by dilution techniques but still may give misleading informa-
tion since fungi that produce '"fast-growing' hyphae may be the most
frequently isolated (71).

Warcup (163) isolated fungal fragments directly from a wheat-
field soil and found that many of the fungi he isolated were infrequent
or absent from dilution plates. Microscopic examination of a grass-
land soil was also used to demonstrate that fungi were present both as

spores and mycelium (164).

Alteration of the Soil Microflora through Cultural Practices

Since the soil-borne pathogens causing bean root rot may be
indigenous to the soil, live over in crop debris, or remain as soil
saprophytes after introduction, the effects of cultural practices
assume major importance.

Extensive literature reviews concerning the control of diseases
through cultural practices have been made by Berkeley (9), Butler
(25), Simonds (139), Woods and Tveit (178), Garrett (50,57), and
Menzies (98). Thus, crop rotation has been an integral part of the
recommendations for the control of bean root rot since Burkholder (19)
first studied the disease. Garrett (50) pointed out that adequate con-
trol could be accomplished through the reduction of the pathogen to a
low level rather than by its complete elimination. Burke (16, 17)
found that root rot was more severe in virgin land than in land previoeusly

under cultivation for some time. Cultivated soil possessed a
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"'"pathogen suppressing' property while virgin soil favored germin-
ation and growth of the pathogen. This "pathogen suppressing"
property was caused by microbial activity, although no qualitative
differences were observed., Williams and Hack (173) demonstrated
the pathogen suppressing effect of non-sterile soil was the result of
cropping and management rather than soil type. Burke (17) found

that Fusarium solani f. phaseoli was resistant to competition or sup-

pression by other microorganisms in vivo and that it exhibited the
ability to suppress most of the other organisms common in field soils,
Schroth and Hendrix (135) hoped that rotation with nonsusceptible
plants would lower the inoculum potential of Fusarium in the soil and
reduce the severity of root rot. Their results indicated that standard
rotation practices enabled the pathogen to survive for long periods in
the absence of a susceptible host. Snyder et a_._l. (143) found that other
crops stimulated chlamydospore germination which was followed by
conidial production and an increase in spore load.

Maloy (88) speculated that the effects of crop rotations on the
saprophytic growth of Fusarium may account for the reduction in
severity of the disease without a reduction in population since the
mycelial (less virulent type) was hardly affected by cultural alterations
and antibiotics in the soil. Maloy (87) also reported little correlation
between the length of time out of beans and the severity of roet rot.

Since long term rotations have failed to satisfactorily reduce

the population of Fusarium solani f. phaseoli in the soil (88,89, 135)

and since rotations have not always been dependable in reducing root
rot severity (20), attention has recently been focused more on the
effects of crop sequence. For instance, Maloy and Burkholder (89)
reported that wheat and alfalfa in the rotation reduced bean root rot;
but Maloy (88) later showed that wheat reduced root rot only when it
preceded beans in the rotations. Barley proceding beans also reduced
the severity of root rot even though the population of the pathogen

increased (111),
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Organic amendments have been incorporated into the soil
to bring about specific microbial alterations which were less con-
ducive to disease development. Bean root rot was markedly reduced
when sawdusts, cellulose, wheat bran, sorghum, ground alfalfa hay,
oat straw, soybean hay, bean straw, wheat straw, corn shucks,
pine shavings, or barley straw were applied to the soil (17,40, 42,
43,86,142,172). On the other hand, tomato, alfalfa, lettuce, bean
seed meal, green barley hay, alfalfa, and soybean residues markedly
increased bean root rot (86, 142). Cooke (40) found that chlamydospore
germination and the subsequent mycelial development of Fusarium

solani f. phaseoli was reduced in infested soil when barley straw was

incorporated prior to planting. Green corn and oat residues reduced
the amount of Rhizoctonia root rot as well as the population of
Rhizoctonia in the soil (119,120, 121).

The effect of soil amendments on root rot has been attributed to
an increased carbon to nitrogen ratio (142). Increased nitrogen in the
soil was correlated with increased infection by Fusarium (142, 172) and
decreased Rhizoctonia (42, 43). - Sugar amendments increased root rot
(17). Residues, high in nitrogen, such as bean straw, bean-seed
meal, and alfalfa hay increased early infection but reduced the total
infection by the end of the season. High rates of nitrogen in the soil
appeared to nullify the beneficial effects of carbonaceous materials
such as barley, wheat, and oat straws (18). However, Tyner (154)
concluded that the general chemical nature of organic materials added

to infested soils was more important than the carbon: nitrogen ratio.

Effect of Soil Temperature and Moisture
On Soil Microorganisms

The saprophytic survival and activity of microorganisms in the

soil may be influenced by soil temperature and moisture, Papavizas
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and Davey (120, 121) and Blair (11) found that Rhizoctonia survived
better at a soil moisture of 20-50 percent of the moisture capacity,
than at 60-90 percent. Activity was also greatest at 20-22°c.
Nadakavukaren and Horner (109) reported maximum survival of

microsclerotia of Verticillium at 5-15°C and 50-75 percent moisture

holding capacity and poor survival above ZSOC. Elmer (48) stated
that Rhizoctonia survived saprophytically in soil only when adequate
rainfall preventeddessication during the summer months, but that it
was capable of surviving on infected host plants under conditions too
dry for saprophytic survival.

Maximum sclerotial development of Macrophomina phaseoli

occurred on susceptible plants in soil at a low soil moisture.and high
soil and air temperature (62). Clark (37) reported that microbial
populations increased in proportion to the root growth of soybeans
and other crops, and that microbial numbers and root growth were
favored by lower moisture levels. By using microscopic fluorescence
techniques, Seifert (136) found that soil moisture was the only decisive
factor influencing the number of bacteria in humus-carbonate soils
and that temperature had no effect. Thornton (149) indicated a greater
number of microorganisms were isolated in the summer under warm,
dry soil conditions as compared to the spring, winter, and autumn
seasons. However, little qualitative change occurred during the year,
Microbial activity, based upon respiration, nitrification, nitrogen-
fixation, and ammonification studies, was influenced by various soil
temperature and moisture conditions (10,56). However, activity may
not be related to the numbers of organisms in the soil (129). Chinn

and Ledingham (32) reported that the viability of Helminthosporium

spores did not decline in dry soil but declined markedly in saturated

soil. Campbell (26) found that the pathogenicity of Helminthosporum

sativum was increasingly depressed by other soil fungi as the
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temperature was increased from 10° to 26°C. Inhibition at the higher
temperatures was attributed to increased antibiotic production and
to the hyperparasitic action of the inhibiting organisms,

Flooding has been reported effective in eliminating F. oxysporum
cubense from the soil (147). Growth and survival of this fungus de-
creased progressively as the soil moisture content increased from

the optimum of 25 percent saturation (145, 146).

BiologEal Control of Soil-Borne Funii

Reduction in disease severity with specific cultural practices is
generally the result of altered or stimulated biological interactions.,
Control through specific microbial interactions is referred to as
"“biological control." Berkeley (9), Garrett (50,51), Snyder (144),
Timonin (152, 153), Katznelson et al. (72), Weindling (169), Weindling
et al. (170), Wood and Tveit (178), and Kristic (74) present a detailed
review of the literature concerning the biological control of plant
diseases.

Antibiosis: Antagonistic organisms have been found effective
against many plant pathogens. Norton (114) reported the antagonism

of Macrophomina phaseoli in soil containing Trichoderma, Thielavia,

Aspergillus, and Bacillus cereus. Simmonds et al. (140) demonstrated

that Helminthosporium sativum conidia were inhibited by the micro-

flora in the surface soil. Ludwig and Henry (85) considered the rapid

development of Trichoderma viride in previously sterilized soil of

significance in the suppression of Ophiobolus graminis. Williams (174)

found that most antagonists of Fusarium roseum were representatives

of the genus Aspergillus or Penicillium and that their frequency was

related to the specific crop or soil.
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Fungistasis: The inhibition of germination of fungal spores in

soil is a wide-spread phenomenon attributed to diffusible toxic factors
assaociated with biological activity in the soil (81), Fungistasis has

been restored to sterilized soils by the addition of Fusarium roseum

and other soil fungi (57,179), bacteria (116), and actinomycetes
(82,83).

Lingappa and Lockwood (80) were unable to isolate antibiotics from
the soil. However, they found that isolated lignicolous compounds
liberated during the microbial degradation of organic materials were
fungistatic and possibly responsible for the fungistatis of soils., They
also demonstrated (81) that indirect methods employed to study
fungistasis resulted in the production of antibiotics by microorganisms
growing on the surface of the assay media rather than the result of
free toxic materials in the soil,

Another hypothesis concerning the nature of the wide-spread
soil fungistasis was based on the observation that certain organic
amendments to the soil removed the fungistatic principle. This indi-
cated the possible deficiency of nutrients required for germination.
Additions of glucose (46), wheat germ, bran, molasses, orange juice,
and green plant tissues were highly effective in removing fungistasis
while wheat straw and wheat roots were ineffective (32). Root exudates
were also effective in overcoming fungistasis (132,133, 134,179).
Lingappa and Lockwood (81) found spores normally inhibited in soil

would readily germinate in soil extracts.

Lysis: The disintegration of mycelium or other fungal parts, is
commonly observed in studies of fungistasis (31,82, 83,84). Lytic
phenomenon as reviewed by Weindling et al. (170) may be the result of
enzymatic activity of soil organisms (2,60,61), or autolysis after

death or disruption of the protoplasm from toxic materials (5,27, 54, 124),
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The lytic properties of soil Actinomycetes (27, 31, 99,100, 169, 171)
and bacteria (44, 60,61,102,112) have been reported. Lysis has
been correlated with the reduction of Fusarium diseases (16, 102,103),
Alexander and Mitchell (2) obtained bacteria lysing Fusarium
and other fungi from infested soils. Chitin and laminarin amendments
to soils greatly reduced the severity of Fusarium diseases and also
induced increased enzymatic activity of the mycolytic organisms,
Although chitinase, or combinations of chitinase, cellulase, and pro-

teases failed te produce lysis, the fact that Pythium debaryanum,

which contained no chitin in its cell walls, was not suppressed after
chitin amendment may indicate an enzymatic factor in lysis,
Carter and Lockwood (27) reported the lysis of several fungi by

soil Streptomyces which lysed both living and dead mycelium on pep-

tone agar., Antibiotics and fungicides effective against Glormerella

cingulata resulted in the lysis of living but not of dead mycelium..
Lockwood (84) reported that mycelium of many pathogenic fungi was
destroyed when agar cultures were covered with field soil for one to
two weeks, No differences were observed in the lysis of soil-inhabit-
ing and soil-invading fungi; although individual organisms within these
groups differed widely. Mpycelium of nonsoil-borne fungi on agar
media was more readily lysed than soil-inhabiting or soil-invading
fungi. Chinn et al. (33) reported that soybean amendments to the

soil stimulated the germination of Helminthosporium sativum. The

germ tubes were then readily lysed in the absence of growing wheat
plants. A similar mechanism for the biological control of Phymato-
trichum root rot after organic soil amendments was observed by

Mitchell and Alexander (102, 103),

Hyperparasitism: The parasitic existence of one organism on

another, is a common relationship with many fungi, Bliss (12),

Darley and Wilbur (41), Overman and Burgis (117), and Garrett (51)
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reported the selective stimulation of Trichoderma viride in soils

after various fumigant treatments, Armillaria mellea was rapidly

destroyed by the direct parasitic action of Trichoderma, after, but

not before, carbon disulfide fumigation. Trichoderma killed

Armillaria in sterilized but not in natural soils without fumigatien.
According to DeWolfe et al. (45) the application of wood shavings as

a mulch to Phytophthora infested citrus soil resulted in the elimina-

tion of Phytophthora through the parasitic action of Trichederma,

Campbell (26) reported the breakdown of the mycelium of Helmintho-

sporium sativum by Trichoderma viride whereas Phoma humicola

and Epicoccum purpurascens produced internal mycelium in

Helminthosporium. All three pathogens considerably reduced the

pathogenicity of H, sativum,
Weindling (168, 169) studied the mode of parasitism of Trichq-
derma, He found that parasitism may be affected by the host and

other factors, Trichoderma is generally lethal to both Rhizoctenia

and Pythium, and is generally coiled around Rhizoctonia but seldom

around Pythium. This relationship could be altered to one of com-
patability or intense parasitism by varying environmental conditiens.

He suggested the application of Trichoderma to Rhizoctonia infested

soil as a possible control measure. Chi (30) reported the coiling of

Trichoderma hypha around Fusarium, Acrostalagmus, Aspergillus,

Penicillium, Fusarium, Botrytis, and Verticillium were also able te

directly parasitize Rhizoctonia in culture in a manner similar to

Trichoderma (14, 168). Brown (15) attributed the resistance in Texas

ef watermellon susceptible to Phymatotrichum root ret in Arjzona

to the presence of Trichoderma which checked or killed the pathogen

by direct attack. Butler (23) and Butler and King (24) ebserved two
.methods of attack when Rhizoctonia parasitized the mycelium of

Phycomycetes, The first, included coiling around the host mycelium
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with the frequent penetration of infected hypha followed by an extensive
internal mycelium. The second method of penetration was by a few
infection hypha followed by limited or extensive internal mycelium,
Complete destruction of the host was rare.

Warren (165) reported the parasitism of Rhizoctonia solani by

Papulospora was effective in reducing the amount of black-root of sugar

beets in pot tests. Papulospora rapidly coiled around the Rhizoctonia
mycelium causing the host protoplasm to disintegrate. Huber and
Andersen (64) reported the reduced severity of bean root rot on corn
soils and the increased severity on barley ground. Bacterial necrosis
of Fusarium was inversely related to root rot while crop sequence had
little effect on the bacterial necrosis of Rhizoctonia (7). Necrosis of

Fusarium was brought about by the parasitic action of a Xanthomonas

sp. which was in intimate contact with the hypha of Fusarium and
caused the agglutination of mycelial contents and the death of the

Fusarium,

Predation: Reports on predacious fungi have been reviewed by
Duddington (47). Although several experiments have suggested the
use of predacious fungi for the biological control of plant pathogenic
nematodes, much remains to be known of their physiology and ecology

for optimum utilization (47, 90).

Host Response to Infection

Cicatrization is a relatively common phenomenon in limiting the
penetration of fungal pathogens. Huber (63) showed that resistance to
root rot could be induced with several plant growth regulators. The
induced resistance was characterized by the formation of a wound
periderm which limited the penetration of the pathogen. He assumed

that the growth regulator activated a latent mechanism responsible for
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the physiological resistance and wound response, According to Bloch

(13) the activated state of resting cells which results in increased

metabolic activity, differentiation, and growth, occurs as a result of

a non-specific degenerative response to wounding or invasion,
Conant (38) reported that tobacco plants susceptible to

Thielaviopsis basicola were characterized by the slow initiation of

pericycle formation, whereas rapid cell division protected the cortex
from further penetration by the pathogen in resistant plants., Marshall

(91) reported Fusarium oxysporum f. gladioli failed to penetrate

gladiolus corms after wound periderm formation (approximately 5 days
after cutting). He hoted that periderm formation was enhanced when
corms were stored for one week at 95°F. and 80 percent relative
humidity immediately after digging.

Infection of sweet potatoes by Ceratocystis fimbriata (black rot)

and other fungi was prevented by curing at 95°F. until a wound periderm
developed (6 days) (76,77). This periderm was characterized by a
heavily suberized layer of cork, a cork cambium, and a phelloderm

(105). Fusarium oxysporium (a wilt organism) can, however, inhibit

periderm formation (94). A similar protection from infection is
present in white potatoes. Simonds and Johnson (138) found that most
of the orthodihydric phenols stimulated the formation of a thick suberized
layer. The stimulatory effect of these compounds was associated with
‘their ability to serve as a substrate for tyrosinase. Politis (126)
reported the stimulatory effect of chlorogenic acid on cicatrix form-
ation. He found that pathogens, as well as wounds, induced the elabor-
ation of chlorogenic acid and the subsequent formation of a protective
periderm in sunflower and lettuce plants. Johnson and Schaal (69)
reported the activation of the cork cambium by chlorogenic acid.

- Periderm formation and the dedifferentiation of tissues were

stimulated with various chemical and physical treatments (63, 65).
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Jacebs (65) demonstrated that indol acetic acid was required for
dedifferentiation of Coleus tissues around a wound by removing the
apical leaves and buds of a wounded plant with the result that no
dedifferentiation took place. If a lanolin paste was applied or if the
leaves were not removed dedifferentiation readily took place,.
English and Hagen-Smit (49) isolated a natural wound hormone from
beans (traumetic acid) which initiated cell division and periderm
formation.,

Host response to infection is also characterized by the pro-
duction of fungistatic or fungitoxic compounds. Chlorogenic acid, in

addition to stimulating cell division, is fungitoxic to Streptomyces

scabies and is associated with resistance of potatoes to scab (69, 70, 75).
Other naturally occurring phenols and quinones were also implicated.
Pytoalexins (68, 107) are produced by resistant plants in response to
infection and prevent the further growth of the pathogen in the diseased
tissue, Muller (108) believes that local lesion resistance results

from the ability of the host tissue to block the metabolic activities of
the pathogen resulting in the formation and accumulation of phyto-
alexins around the infection site. Ipemeamaron (155) and tannins (113) ,
also enter the disease syndrone as fungitoxic or fungistatic compounds.
The polyphenol oxidases probably play a significant role in resistance
in respect to the elaboration of these compounds (128,157). Allen
(3,4), Sempio (137), Walker and Stahmann (161), Bloch (13), and
Scheffer (131) reviewed the literature on host resistance and metabolic
activity., Akai (1) presented a detailed review of the histology of

defense in plants,
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Enzyme Histochemistry

Enzyme histochemistry is a relatively new biological technique
which is discussed in detail by Pearse (125). Van Fleet (156), Surrey
(148), and Jensen (67) discuss the application of histochemical pro-
cedures to botanical research. Although histochemical procedures
afford an opportunity to demonstrate the in vivo activity of various
enzymes and the location of various metabolic products involved in host
response to infection, the techniques have seldom been adapted by plant
pathologists in their study of host-parasite interactions, Atkinson
and Shaw (8) demonstrated a relatively high concentration of acid

phosphatase within and on the haustoria of Erysiphe graminis (powdery

mildew) with diazo coupling and Gomori methods. They believed that this
enzyme played an important part in the transfer of metabolites between
host and parasite via phosphorylated intermediates,

Pearse (125) presents a more detailed review of the various
techniques used to study enzyme systems and includes their theoretical
implications, Some of these, including acid phosphatase, alkaline
phosphatase, esterase, sulfatase, beta-glucosidase, peroxidase, and

tyrosinase were of interest in this study.
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METHODS AND MATERIALS

Soil Microflora

Cropping Sequence

The Michigan State University Soil Science Department's crop
rotation plots located on the Ferden Farm near Chesaning, Michigan,
were used to investigate the influence of crop sequence on soil micro-
floral populations and root rot development. The soil type was Sims
Clay Loam. The experimental plots consisted of seven crop rotatiens
with five crops in each rotation. Each rotation was replicated four
times with each sequence appearing every year. Each 28 x 90 foot
plot was subdivided lengthwise to form four 7 x 90 foot sub-plots.
Two of the sub-plots received a high application and two a low appli-
cation of nitrogen at planting time., One of the high and one of the low
nitrogen plots received an additional side dressing of nitrogen during
the growing season. In these experiments the high nitrogen plot
without side dressing was sampled. Five of the rotations with beans

were selected for this study.

Table 1. The cropping sequences on the Ferden Farm rotation plots
Chesaning, Michigan, and the plots sampled in the micro-
floral studies.

Rotation Cropping Sequence
I Beets Cornx* Beans* Wheat - Sweet Clover
11 Wheat Sweet Clover* Beana* DBeets Soybeans
III Soybeans Wheatx* Beans* Beets Corn
v Corn Beetsx* Beans* Wheat Alfalfa
v Beets Barleyx* Beans* Wheat Corn

*
Crop sampled 18
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The method of preparing the land and the type and rate of
fertilizer applied to the plots are presented in Table 2. All fertilizers
were applied immediately before or at the time of planting. The land
preparation varied with the crop. The plots planted to sugar beets,
barley, and wheat were fall plowed. The plots planted to corn, beans,

and soybeans were spring flowed.

Table 2, The kind, rate, and time of application of fertilizers to the
plots sampled on the Ferden Farm rotation plots, Chesaning,

Michigan,
Rate of
Crop Fertilizer Applied Application Time of Application
5-20-10 + 1% Manganese Prior to and at time
Sugar Beets = 1/4% Boron 400#/acre  of planting
Corn 5-20-10 400#/acre  Planting time
Barley 5-20-10 200#/acre  Planting time
Wheat 5-20-10 200#/acre  Planting time
Soybeans 5-20-10 2004/acre Planting time
Beans 5-20-10 200#/acre Planting time

The bean yield data is presented with permission from the Depart-
ment of Soil Science, and is based on the yield of the two center rows
from each plot. The soil microflora in the bean plots and in the crop
preceding beans in the rotation were sampled just prior to maturity of
the crop with the plate-profile method (6) and the immersion-tube
technique as modified by Mueller and Durrell (106). Both methods are

described under sampling methods.
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Sampling Methods

Immersion-Tube Technique: This method consisted of placing

specially prepared tubes containing agar into the soil for a period of
five days. The soil microorganisms that grew into the agar were
isolated and identified to genera. The immersion-tubes were made

by drilling ten 3/16-inch countersunk holes approximately one inch
apart in a spiral around a 15 ml tapered polypropylene centrifuge tube.
The tubes were wrapped spirally with black plastic electricians tape
(Scotch brand), filled to within 3/4-inch of the top with recenstituted
corn meal agar (Difco), covered with plastic caps, and autoclaved at
15# pressure for 20 minutes (Figure 1),

- A metal dibble the same size as the inside of the tubes was used
to make a hole in the soil. This eliminated excessive pressure when
placing the tubes in the soil, yet provided maximum contact between
the tube and the soil. Prior to insertion in the soil, a sterile needle
was used to punch a hole through the tape and tube perforation into
the agar, This provided an entrance for growing soil microorganisms,
After five days incubation in the soil, the tubes were removed and
brought into the laboratory where the tape was unwound exposing one
hole at a time, A flattened dissecting needle was used to transfer
the agar and the invading organisms into a Petri dish containing cern

meal agar medium (Difco) fortified with 5 gm dextrose per liter,

Plate-Profile Technique: This method consisted of burying an

8 x12x 172-inch autoclavable polypropylene plastic plate with.3/16-
inch holes (3/8-inches deep) spaced at one-inch intervals both vertically
and horizontally (total of 77 holes) perpendicular to the row (Figures
2 and 3).

The soil profile was prepared by driving a sharpened steel plate

inte the soil at right angles to the row. Holes were punched through
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Figure 1. The equipment used for isolating soil microorganisms by
the immersion-tube technique, From left to right: A polypropylene
plastic centrifuge tube (16 x 120 mm) wrapped with electricians tape;
a similar tube with holes, and capped; a needle in holder; soil dibble;
a flattened dissecting needle for plating the invaded agar samples,
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Figure 2, The equipment used for isolating soil microorganisms
by the plate-profile technique, From left to right: Sharpened
steel plate; rubber hammer; putty knife; plastic plate with plastic
electricians tape over agar filled holes; propane torch; and square

spade,

Figure 3, Plastic plate inserted against soil profile in bean row
prior to covering. Plates remain buried for 5 days before removal.

B PR AT L O S VAP omege s Y-
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the plastic tape that covered the corn-meal-agar filled holes in the
plate with a sterile needle prior to placing the plate against the soil
prefile. The plates were removed from the soil after five days and
each agar plug was transferred to a Petri-plate containing corn

meal agar (Difco) fortified with 5 gm dextrose per liter,

Pathogenicity Tests

All fungal isolations from the Ferden Farm were tested for
pathogenicity in 1961 by placing a 6-day-old Sanilac bean seedling on

each Petri-plate. Records on pathogenicity were made five days later,

Root Rot Index

Disease severity was determined by removing plants from the
soil and scoring the roots on the degree of lesion development accord-
ing to the following six classes: 0 (no lesions), 1 (small, local
lesions), 2 (lesions coalescing), 3 (lesions coalesced and covering a
considerable area of the tap root), 4 (severe, primary root system
non-functional), 5 (very severe or dead, tap roots and most of the
secondary roots non-functional). The root rot index for each treat-
ment was calculated by multiplying the class value by the number of
plants in each class, the products were summed, and then divided by
the total number of plants to give a final value. The root rot indices
were calculated when the plants were 10 weeks old by digging, wash-

ing, and indexing 100 plants from each replicate.

Analysis of Data

Microfloral data obtained using the plate-profile and immersion-
tube methods were plotted to determine their distribution as compared

to a normal distribution. The results indicated that it was not



25

necessary to transform the data in order to use analysis of variance
techniques., Hence, standard analysis of variance techniques as out-
lined by Snedecor (141) were used in these experiments, Treatment
means were compared by computing the difference between means for
significance (D) if the "F" test was significant. "D'" was computed as

follows(141):
D = QSg

Where: Q = a factor from the table of Q (5 percent level)
s - N Msqg
* NN

Histochemical Inve stigations

Varietal Material

The scarlet runner bean, Phaseolus coccineus (180) and N203,

a Phaseolus vulgaris introduction from Mexico were selected as re-

sistant materials. Sanilac, Red Mexican U.l. 34 and Dark Red Kidney

(all P, vulgaris types) were the susceptible varieties used,

Induction of Resistance with Plant Growth Reiulators

Sanilac, Red Mexican U.I. 34, and Dark Red Kidney beans were
sprayed with 1 ml of a solution containing 25 ppm of sodium 2,4, 5-tri-
chlorophenoxyproprionate 10 days after planting when the plants were in
the simple leaf stage. "Tide'" was used as a wetting agent. Seed from
the treated plants were used to study induced resistance to Fusarium

root rot.
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Plant Culture

A wire frame 8 x 12 x 12 inches was constructed on a sheet of
plastic 8 x 12 x 1/2 inches. Black polyethylene film, ten mil in
thickness, was used to cover the wire frame to form a box or
"chamber.'" One-half inch slits were made at one-inch intervals
(a total of 56 slits) through the top of the polyethylene film, Germinated
seedlings were placed through the slits with the lower portion of the
hypocotyl and the root in the chamiaer. A DeVilbis atomizer was in-
serted through the plastic film near the bottom of the chamber and
diagonally across it (Figures 4 and 5). The tip of the atomizer was
at approximately a 45° angle. A nutrient solution was supplied to the
plant roots through the atomizer from an 8-gallon carboy filled with
Hoagland and Arnon's nutrient solution (101). This solution consisted

of the following nutrients:

KH,PO; . ¢ ¢ ¢ ¢ ¢ ¢ e v oo .0,001l M
KNOj « v v v oo oo oo oo 0,005M
Ca(NO3)z ¢+ ¢ ¢ e e e s 0o o s+ .0005M
MgSOge ¢ « ¢ ¢ ¢ e e e s s oo+ 0,002M

One ml of 0.5 percent ferric tartrate solution and one ml of the

following micronutrient solution were also added:

HyBO . ¢ ¢ ¢ ¢ ¢ ¢ ¢ e e oe.02.bg
MnCl4H,O . . . v e o .. ... l.5¢g
ZnCly e v o oo oo e e . 0lg
CuCL2ZH,O + . v oo oo o .. 0.05¢g
MOoO3 « ¢ ¢« ¢ ¢ ¢« e s e o0 0+00,05¢g
HzO o v v e o o o o o v o oe. . 1000ml

No observable deleterious effects or nutrient deficiencies were

noticed on the plants during the course of these experiments.
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Figure 4. The hydroponic growth chamber used in the laboratory
to grow bean plants for histochemical studies. Plants were suspended
through the plastic and a nutrient solution was atomized onto the roots.

Figure 5. The hydroponic growth chamber with plants showing root
growth after a two-week growing period.,
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Inoculation and Woundinﬂ of Plants

Inoculum from a mildly pathogenic isolate of Fusarium solani £,

phaseoli was obtained by growing the fungus on corn meal agar in
Petri-plates. Strips of inoculum (agar and Fusarium) two millimeters
wide and two inches long were placed on the hypocotyls of four plants
af each variety. In addition, four plants of each variety were wounded
mechanically by making three one and one-half inch-long longitudinal
cuts of varying depth on each hypocotyl. The plants were inoculated
or wounded two and one-half weeks after placing them in the chamber.

Two plants of each variety were maintained as controls.

Histological and Histochemical Methods

The enzymatic reactions of specific tissues were of interest in

this study since Fusarium solani f. phaseoli is primarily a cortical,

rather than a vascular pathogen. Penetration is limited by the endo-
dermis in susceptible plants, and meristematic and vascular tissues
are not colonized (28, 36, 63).

The enzymatic activity of specific tissues of bean hypocotyls
was determined by placing 8 to 10 freehand cross sections of infected
or wounded areas of the hypocotyl in staining dishes containing the'
desired reagent(s) and observing the histochemical (color) reactiens,
This was done 30, 72, and 120 hours after wounding or inoculation.

Localization of acid phosphatase, alkaline phosphatase, esterase,
beta-glucosidase, sulfatase, peroxidase, and tyrosinase, in the
various tissues was determined. Suberin depositions were stained with
Sudan IV, Diazotized salts of 2-benzylamino-2:5-dimethoxy analine
(salt #2), orthodianisidine (salt #6), and 5-chloro-o-toluidine (salt #9)
were used as coupling agents, (These salts are hereafter referred to

as diazo salts, number 2, 6, and 9 respectively,)
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Phosphatases: The sulfide precipitation methods of Gomori (55),

resulted in a heavy false precipitation of sulfide in all treatments and
could not be used in these studies. Therefore, the diazo dye (coupling)
techniques were used to detect the presence of alkaline and acid phos-

phatase (125).

Alkaline Phosphatase: The plant sections were immediately

incubated for one hour at room temperature in media consisting of
10/mg of the stable diazo salt of numbers 2, 6, or 9 dissolved in 10 ml
0.1M tris buffer (pH 9.1) containing 10 mg sodium alpha naphthel
phosphate or (naphthol-AS-MX-phosphate), Sections were transferred
to fresh media every 15 minutes. After incubation, the sections were
washed in running water for 2 minutes and then mounted on slides for
observation. Control sections were incubated either in the absence of
substrate or in the absence of the coupling reagent with all other
factors similar.,

The stabilized diazo salt of 4-benzoylamino-2:5-dimethoxy-
aniline was purchased from Dajac Laboratories. All other stable
diazotes were prepared in the cold room from the primary amines by
dissolving 2 gm of the desired aryl amine in 2 N alcoholic HC1 (1.5 ml
concentrated HC1/15 ml ethanol). One gram of sodium nitrite and 10
ml ethanol were added slowly with rapid stirring for 10 minutes.

The diazotized amine was then stabilized by adding 3.4 g naphthalene-
1:5-disulfonic acid with vigorous stirring. The precipitate was filtered
with suction and washed with 100 percent ethanol and then with ethyl
ether. After drying, the stable diazotate was protected from light and

high temperatures.

Acid Phosphatase: Sections were incubated three hours at room

temperature in media made by dissolving 10 mg of the diazo :salt of

numbers 2, 6, or 9 in 10 ml acetate buffer at pH 5.0, Fifteen milligrams
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of sodium alpha-naphthol phosphate (or naphthol-AS-MX-phosphate)
were then added to the diazo solution. Incubated sections were washed

in water and mounted on glass slides.

Esterase: Three methods were used to determine non-specific
esterase activity. Two of the methods are dependent on simultaneous
coupling with a diazo salt, and the third is dependent on the exidatien
of indoxyl acetate to indigo blue. In the first method (alpha-naphthol-
acetate) the sections were incubated at 22°C. for five to thirty minutes
in 10 mg of alpha-naphthol acetate dissolved in 0.5 ml acetone to which
10 mg of the diazo salt of numbers 2, 6, or 9 was added in 10 ml. of
0.1 M phosphate buffer at pH 7.4. Sections were rinsed in distilled
water and mounted in glycerine jelly.

The second method was similar to the first but involved about
one hour incubation at room temperature in 10 mg naphthol-AS-D-
acetate (dissolved in one ml acetone) to which 10 ml of 0.05 M phosphate
buffer containing 1- mg of the diazo salt of number 2 or number 9 was
added. The sections were rinsed in distilled water and mounted in
glycerine jelly.

The third method (indoxyl acetate) consisted of incubating the
sections in freshly prepared media comprised of 5 mg of indoxyl ace-
tate dissolved in 2 ml of 0.1 M tris buffer at pH 7.0 to which one ml
each of 0,05 M potassium ferrocyanide, 0.05 M potassium ferricyanide,
and 0.1 M calcium chloride were added along with 5 ml of distilled

water. The sections were washed and examined after incubation.

Sulfatase: Non-specific sulfatase activity was determined by the
post coupling method of Surry (148). Sections were incubated for one
to three hours at room temperature in 10 mg (0,005 M) 8-hydroxy<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>