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ABSTRACT
BREEDING FOR RESISTANCE TO FUSARIUM ROOT ROT IN BEAN
(PHASEOLUS VULGARIS L.)
By

Kristin A. Schneider

Genetic resistance to the root rot causing organism, Fusarium solani f.sp.
phaseoli, has been documented in bean (Phaseolus vulgaris) but progress towards
introgression of this resistance into the highly susceptible large-seeded market classes has
been limited. Resistance to this soilborne pathogen is complex and strongly influenced by
environmental factors. As an approach to reduce effects of environmental variation and aid
in the identification of physiological resistance, a simple, rapid, and inexpensive perlite-
based greenhouse screen was developed. The procedure allowed for the evaluation of
lateral roots, correlated well with field ratings and permitted evaluation of large
populations. Correlations between root rot scores of two genotypic groups measured in
field and greenhouse experiments were as high as 0.99. This protocol was subsequently
used to facilitate the genetic characterization of root rot resistance in bean using two
recombinant inbred populations derived from resistant X susceptible crosses
(‘Montcalm’/FR266 and ‘Seafarer’/N203). Heritability estimates calculated on an entry
mean basis ranged from 0.48 to 0.71 for Montcalm/FR266 and from 0.09 to 0.66 for
Seafarer/N203 based on field and greenhouse experiments. Using greenhouse data from
MF, DNA from five resistant and five susceptible genotypes was pooled to create two

contrasting bulks for identification of marker associations. Forty-six RAPD markers



identified by this method were significant in one-way analyses of variance using root rot
data from greenhouse and field experiments. The amount of phenotypic variation
explained by these markers ranged from 0.04 to 0.14. Those markers that were
significantly associated with greenhouse ratings tended not to be associated with field
ratings and vice versa. Mapmaker was used to determine linkage groups among 35
markers. Three of seven linkage blocks identified could be positioned on the integrated P.
vulgaris linkage map. Based on these placements, several significantly associated markers
mapped to genomic locations that corresponded to P. vulgaris pathogenesis-related
proteins. Two RAPD markers, P7;00 and G300 were identified to be consistently and
significantly associated with greenhouse and field ratings, respectively, and could be
utilized for marker assisted selection. Multiple regression analyses using these two

markers explained from 7 to 13 % of the phenotypic variation for root rot.
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LITERATURE REVIEW

RESEARCH JUSTIFICATION

Dry bean (Phaseolus vulgaris L.) is a major cash crop for growers in the mid and
northern regions of Michigan with an annual farm gate value of $100-150 million and an
additional $20 million in revenues for handling, processing and marketing (Christenson
and Kelly, 1992). The strength of the industry lies in the diversity of market classes,
production of both tablestock and seed crop beans and the ability to niche certain seed
types to specific ecogeographic regions of the state. Over the last quarter century,
northern Michigan has successfully raised dark red kidney beans for certified seed
production (Copeland, 1995). Climate, isolation and management have all helped to
maintain a high level of productivity. Seed from this region is planted commercially in
central Wisconsin and Minnesota but problems with root rots in all three states are forcing
farmers to limit their planting of dark red kidney bean cultivars from Michigan. The lack of
resistance to the major root rot causing pathogen, Fusarium solani (Mart) Sacc. f.sp.
phaseoli (Burk.) Snyd. & Hans. in the larger bean seed types has reduced productivity and
limited the market potential of Michigan dark red kidney cultivars. Since chemical control
methods are expensive and inconsistent, resistant cultivars offer growers the only effective
opportunity to maintain and expand kidney bean production both in Michigan and
elsewhere. Without adequate levels of resistance to this persistent soil péthogen, Michigan
could, potentially, loose the kidney bean seed industry just as it lost the pea (Pisum

sativum L.) industry to similar problems with root pathogens some fifty years ago.



Genetic resistance, identified in tropically adapted lines, needs to be characterized
and incorporated into locally adapted kidney bean cultivars. Moreover, since disease
ratings require destructive evaluation and are often confounded by climatic factors,
indirect selection using linked markers would improve the efficiency of the breeding
program. Although root rot is a special problem of kidney beans grown in northern
Michigan, it reduces the yield potential of all bean types grown in Michigan and is
particularly severe in wet and cool seasons. Understanding the inheritance of resistance
and using indirect screening methods would permit the more rapid incorporation of
resistance into a number of other commercial seed types such as navy beans. Without
adequate resistance to root rot, the dark red kidney bean seed industry will continue to
shrink, leaving growers in northern Michigan with few alternative crops to plant for
revenue. The loss of a vital commodity, in which local growers have been effective global

competitors for the last four decades, is a major concern.

DISEASE COMPLEX

Root rot in common bean is comprised of a complex of pathogens including
Fusarium solani f.sp. phaseoli, Rhizoctonia solani Kuhn, Pythium spp., Thielaviopsis
basicola (Berk. & Br.) Ferr. and Aphanomyces euteiches f.sp. phaseoli Drechs. Fusarium
oxysporum Schlecht. is also a predominant component of the rhizosphere and is a serious
problem in the inter mountain regions of the US, but in Midwestern production areas it is
often considered to be non-pathogenic or of minor importance (Sippell and Hall, 1982b).
Depending on environmental conditions and bean production region, any one of these

pathogens in any combination can be of significant consequence (Reeleder and Hagedorn,



1981). Root rot of snap beans is particularly severe in the central sands of Wisconsin
where continuous cropping of bean is common. Reports of the predominant root rot
inciting fungus in this production area have changed over time. Yang and Hagedorn
(1966) first classified F.s. f.sp. phaseoli as the major root rot pathogen in Wisconsin
followed by Pythium spp. and R. solani. By 1975, Hoch et al. concluded that Pythium
species were the predominant causal organism of root and hypocotyl rot of bean. Pythium
species were most frequently isolated from bean hypocotyls and roots and disease
symptoms on infected plants resembled those of Pythium infection. While F.s. f.sp.
phaseoli and R. solani were also isolated, they were not considered major pathogens.
Root rot in the central sands of Wisconsin is now considered to be predominantly caused
by Pythium spp. and A. euteiches f.sp. phaseoli and breeding programs currently address
developing resistance to these two pathogens (Rand et al., 1984). These results do not
preclude F.s. f.sp. phaseoli as a major pathogen in Wisconsin in areas other than the
central sands. Seed decay, pre-emergence damping-off and root rot caused by P. ultimum
Trow. also substantially reduce yields of snap bean in New York State (Pieczarka and

Abawi, 1978).

Pythium spp.

Pythium symptoms first occur 16 to 20 days after planting as water soaked lesions
on hypocotyls that later become drier, tan to reddish-brown and sunken. In advanced
cases hypocotyls appear papery and reddish brown and can resemble F.s. f.sp. phaseoli
infection. Below-ground hypocotyl and fibrous roots can be completely destroyed in more

severe infections. Pythium infection appears to be more severe at higher soil water



potentials than F.s. f.sp. phaseoli infection which is considered to be a dry root rot (Hoch
et al., 1975). Stunting of seedlings caused by Pythium infection reduces total plant weight
and decreases number of pods per plant which ultimately affects yield (Sippell and Hall,
1982b). In this same study, F.s. f.sp. phaseoli did not affect plant size but reduced seed
weight per pod. Sippell and Hall (1982a) suggest that reductions in different yield
components caused by these two pathogens reflect differing times of infection. While
symptoms of both diseases can occur early in plant development, negative effects on yield
are observed earlier for P. ultimum infection than F.s. f.sp. phaseoli infection. Stunting of
plants caused by P. ultimum occurs before flowering which reduces total biomass and
ultimately reduces number of pods per plant. In contrast, F.s. f.sp. phaseoli exerts
negative effects on plant growth a;ld development post-bloom resulting in reduced seed

weight per pod.

Rhizoctonia solani

Another often cited member of the root rot complex is R. solani. Rhizoctonia
solani is the causal organism of web blight (foliar disease) and contributes to root rot in
bean. The fungus, by delaying emergence, ultimately delays maturity and reduces
marketable yields (van Bruggen et al., 1986). Disease development occurs mainly under
moderate to high moisture conditions and moderate temperatures. While root rot is most
severe at 16 to 22° C for F.s. f.sp. phaseoli and between 14 to 21° C for Pythium,
maximum infection by R. solani occurs between 21 and 27°C (Sippell and Hall, 1982a;
van Brugen et al., 1986). Rhizoctonia solani and resulting root rot and web blight are

major problems for bean growing regions of Latin America and Africa, but it is of minor



importance compared to Pythium and F.s. f.sp. phaseoli in the North American continent

(Abawi and Pastor Corrales, 1990).

Thielaviopsis basicola and Aphanomyces euteiches

Other root pathogens of relative importance are T. basicola and A. euteiches.
Thielaviopsis basicola is the causal organism of black root rot which has a wide host
range including alfalfa, cotton, tobacco and sweet potato (Abawi and Pastor Corrales,
1990). Disease can be controlled in bean, however, using several fungicides as seed or soil
treatments. High levels of resistance are also available and utilized in specific breeding
programs. In contrast to T. basicola which can cause root rot on several hosts, A.
euteiches consists of two formae speciales which are both pathogenic to bean, A.e. f.sp.
phaseoli and A.e. f.sp. pisi. Aphanomyces euteiches f.sp. phaseoli is only pathogenic on
bean whereas A.e f.sp. pisi infects both bean and pea. Symptoms of this root disease can
resemble Pythium root rot infection including chlorosis, wilting, and premature
defoliation. Récognition of A. euteiches as a serious root rot pathogen has occurred
relatively recently and, as discussed above, is now believed to be the primary pathogen of

bean production areas in the Wisconsin and Minnesota central sands (Rand et al., 1984).

FUSARIUM SOLANI F.SP.PHASEOLI

Some of the most devastating root pathogenic fungi include Fusarium spp.
(Kommedahl and Windels, 1979). Fusarium solani f.sp. phaseoli is ~a major root rot
pathogen of bean in Nebraska, Wyoming, Colorado, California, Washington, Ontario,
North Dakota and Michigan (Steadman et al, 1975; Keenan et al., 1974; Smith and

Houston, 1960; Burke and Silbernagel, 1965; Saettler and Anderson, 1978; Sippell and
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Hall, 1982a; Rackham and Vaughn, 1959; Estevez de Jensen et al., 1998). Steadman et al.
(1975) isolated F.s. f.sp. phaseoli from bean roots and hypoctols in 71% of all plants
collected in western Nebraska, 90% of which were pathogenic on bean. Hall (1979)
surveyed thirty-one bean fields in Ontario and identified F.s. f.sp. phaseoli in 74% of all
fields sampled. Yield reductions caused by Fusarium root rot have been reported as high
as 84% for pinto production in Utah, Wyoming, Colorado, and New Mexico. Likewise,
Fusarium root rot is considered one of the most serious diseases of irrigated beans in the
Pacific Northwest after white mold (Sclerotinia sclerotiorum (Lib.) de Bary) (Dryden and
Van Alfen, 1984; Miller and Burke, 1986). Synergistic effects between F.s. f.sp. phaseoli
and Pythium that increase disease severity have been demonstrated in controlled
greenhouse studies (Piecarka and Abawi, 1978) but effects of F.s. f.sp. phaseoli and other
root rot components are generally considered additive (Sippell and Hall, 1982a). The
widespread nature and importance of F.s. f.sp. phaseoli as a predominant root rot
pathogen in bean emphasizes the need for effective control against this disease which will
ultimately be achieved through a combination of proper cultural management and through

the development of resistant cultivars.

Symptomotology

Typical symptoms of Fusarium root rot occur 1 to 2 weeks after planting where
parallel red-brown streaks appear on the hypocotyl and tap root. These lesions become
more pronounced with time and, in severe cases, will converge to form larger lesions that
encompass the entire underground stem and root system. The primary and lateral root

tissue can die and hypocotyl tissue can deteriorate and become hollow at which stage



adventitious root growth proceeds from tissue above the site of infection. Above ground
symptoms include premature defoliation, stunting, and chlorosis which leads to a
reduction in number of pods and seed size (Abawi and Pastor Corrales, 1990).

Christou and Snyder (1962) present an excellent description of F.s. f.sp. phaseoli

infection of bean and will be summarized as follows:

Penetration

Fusarium solani f.sp. phaseoli penetrates directly into healthy epidermis or
proceeds through wound sites or hypocotyl stomata at soil surface level without the
formation of an appresorium. Although F. s. f.sp. phaseoli is mainly an intercellular
pathogen, it can invade dead or senescing cells intracellularly. Germinating spores in the
vicinity of bean plant tissue possess 1 or 2 germ tubes per spore. Before penetration, germ
tubes form a small thallus that attaches to the hypocotyl. Penetration through stomata
proceeds directly through the stomatal opening often resulting in browning and collapse of
the guard cells. Vigorous hyphal growth then proceeds in the stomatal chamber. Under
optimum conditions hyphae in the stomatal chamber can re-emerge from the stomaia to
become sites of sporodochial formation at the soil level and sources of secondary
infection. Hyphae from the thallus can also penetrate directly through the cuticle after
which the fungus grows longitudinally following the long axis of epidermal cells. Hyphae
will then travel through the middle lamella of epidermal cells and multiply profusely once
they reach the first intercellular space of the cortical tissue. Infection proceeds

intercellularly until cortical cells die or senesce.



Another source of hypocotyl or root infection occurs through wound sites.
Wounding is the result of one to many injured cells that provide entrance for fungal
hyphae. Once established in the epidermal middle lamella of the hypocotyl, the fungus
advances into the cortical tissue as previously and subsequently described. Wound sites
include the broken bases of trichomes or points of emergence of adventitious roots along
the hypocotyl and often exhibit marked browning of the epidermal or cortical cells
surrounding the wound. Root penetration is similar to that observed for the hypocotyl
where the fungus will invade directly through the epidermis or through wound sites.
Penetration of root hairs was not observed. Contrary to direct or stomatal penetration,
wound penetration begins with intracellular invasion of the damaged and/or dying cells.

Once established, the fungus proceeds intercellularly.

Cortical invasion

Hyphae grow rapidly through the intercellular spaces of the cortex in a parallel
fashion often filling the entire intercellular space. Hyphae can also proceed laterally from
the aforementioned longitudinal hyphae, invading the cortex inwardly. The’perpendic{llar
or oblique growing hyphae are very distinct exhibiting a characteristic digitate
envelopment of the cortical cells. These hyphae can reorient themselves longitudinally to
subsequently give rise to more inwardly-growing hyphae. Fungal invasion is stopped by
the endodermis.

Longitudinally growing hyphae develop more rapidly than the inward, lateral
hyphae resulting in the characteristic reddish brown streaks observed on the hypocotyl.

These lesions will ultimately coalesce and can completely encircle the hypocotyl. The



reddish brown discoloration is the result of advanced infection and represents the
accurnulation of phenolic compounds from the host. The fungus will also invade cortical
cells through rupture sites created by emerging laterals and can infect newly developed
lateral roots by this route. Vascular infection by F.s. f.sp. phaseoli is believed to originate
through this inlet. Infection was not observed in the pericycle but could be identified in the
meristematic and procambial tissue of the root laterals which would be the source of
infection observed in xylem and phloem vessels (Chatterjee, 1958).

Christou and Snyder (1962) report that the primary mode of penetration is through
the stomata. Consequently, F. solani should be regarded as a hypocotyl pathogen as
opposed to a root rot pathogen. The authors’ conclusions are based on the finding that
fewer infections are observed on tht;, roots compared to the hypocotyl and root lesions are
smaller. Burke and Barker (1966), however, showed that yield reductions resulted only
when severe root damage occurred. The authors grew seedlings in both F.s. f.sp. phaseoli
infested “islands” of soil surrounded by non-infested soil and vice versa. Yield was only
reduced in the latter where lateral roots grew out of non-infested “islands” and into
infested soil. In the case where the hypocotyl and taproot were in contact with infested
soil and laterals were allowed to grow out of this contaminated island, no yield reductions
were observed. If the root system was functional, a severely rotted hypocotyl could still
sustain a productive plant. Further evidence in support of lateral importance is provided by
the lack of effective root rot control by fungicides applied to hypocotyl. |

After tissue death occurs and the fungus has invaded cortical and vascular tissues,
chlamydospores are produced within the senescing or dead tissue. Additionally,

sporodocia are produced from mycelium in the substomatal stromatic tissue and release
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macroconidia that form more chlamydospores or become sources of new infection
(Christou and Snyder, 1962).

The basic colony forming units (CFU) of F.s. f.sp. phaseoli is the chlamydospore
which is predominantly produced from macroconidia. The canoe-shaped macroconidia of
F.s. f.sp. phaseoli produce germ-tubes which form infection thalli or chlamydospores
(Garrett, 1977). Chlamydospores are found in soil associated with plant tissue or humus

(Nash and Snyder, 1962). Either chlamydospores or macroconidia can produce infection.

Environment

For foliar diseases, moisture is the determining factor in spore germination
(Garrett, 1977). Soilborne pathogens, however, inhabit a more complicated environment
and germination is influenced by other factors. Moisture in soil environments is usually not
limiting. If spores of a soilborne pathogen germinated as a result of adequate moisture
conditions, most would die of nutrient starvation. Thus, soilborne pathogens sense other

factors and germinate under optimum conditions.

Germination

Chlamydospores of F.s. f.sp. phaseoli are uniformly distributed in the soil within
the plow layer based on non-significant differences in spore counts obtained from soil core
samples and are relatively immobile in the absence of the host (Nash and Snyder, 1962).
Growth of F.s. f.sp. phaseoli in the presence of non-host species is neéligible consisting
mainly of a recycling of chlamydospores (Huber and Watson, 1970). While spore
germination is observed under certain conditions in the absencé of host and saprophytic

growth of F.s. f.sp. phaseoli in contact with lettuce, maize, and tomato crops can result in
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a doubling of the pathogen population, penetration and invasion of non-host does not
occur (Garrett, 1977). It can be concluded, therefore, that a common set of environmental
cues, not involved in host-pathogen recognition, stimulates spore germination. Mondel et
al. (1996) concluded that there is no specific recognition of nutrient exudation of the host
plant because spores germinated equally well in root extracts from bean, pea, cotton,
barley and tomato. Pea, bean and cotton root extracts, however, resulted in larger
chlamydospore formation suggesting a greater store of nutrients which could enhance
germination capability. Spores formed on pea, bean and cotton extracts correlated with
increases in virulence while greater numbers of chlamydospores were produced on oat and
barley root extracts. The smallest chlamydospores were formed from F.s. f.sp. phaseoli
grown in tomato extract. The major constituents of these plant exudates are carbon (C)
and nitrogen (N) and most hypotheses attempt to explain stimulation of spore germination
in terms of C and N and the resulting ratio (C:N).

Upon closer analysis of spore germination stimulated by host exudate, it was
observed that glucose, alone, resulted in 16 to 20% germination while amino acids
triggered from 40 to 50% germination. Glucose in combination with ammonium (NH,")
nitrogen or potassium nitrate also triggered from 40 to 50% germination whereas zero
germination was observed when N was added alone (Cook and Snyder, 1965). These
results indicate that both N and C are required for spore germination (Toussoun, 1970).
The minimal germination rates observed in glucose amended soil could be explained by the
presence of background N in soils in which the spores were tested. It appears, therefore,
that N requirements for spore germination are minor (Griffin, 1964). Low N requirements

could provide F.s. f.sp. phaseoli a competitive advantage over other soil microorganisms
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under N-limiting conditions. Toussoun (1970) reports that as little as 10 to 20 ppm of N is
required for spore germination whereas 100 to 1000 ppm of glucose is necessary to
achieve germination. It can be inferred, accordingly, that with respect to spore
germination, carbon is the limiting nutrient. However, high C soil amendments such as
barley straw (83:1) can reduce spore germination and Fusarium root rot (Griffin, 1964;
Maier, 1959; Huber et al, 1965; Maurer and Baker, 1965). High C amendments
effectively immobilize all available soil N below levels required for spore germination. This
observed reduction in root rot is rapidly diminished with the addition of N in the form of
ammonium or nitrate (NO;") (Griffin, 1964). Griffin (1964) demonstrated that with the
addition of as little as 5 ppm NH4NO; the suppressive effect of barley straw could be
overcome.

Stimulation and inhibition of spore germination are also strongly influenced by the
microbial environment and its impact on nutrient availability. Cook and Snyder (1965)
observed, in their studies on spore germination, that asparagine, added to a sandy loam
soil, induced 30% germination of chlamydospores but within a short period the germ tubes
and spores were disrupted by autolysis believed to be initiated by carbon starvation. Less
than 4% of germinated chlamydospores survived under this treatment. In contrast, glucose
amendments in the presence of background N resulted in 15% germination with no lysis.
These results provide further evidence in support of the influence of carbon availability on
spore germination. The following theory is presented to achieve a broader perspective. In
soil, very high C:N ( > 30:1) will suppress spore germination because the presence of large
amounts of C effectively immobilizes any available N required to support germination.

When the C:N decreases to a more moderate level (25:1), enough N is present to initiate
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germination. Fusarium solani f.sp. phaseoli, however, requires much less N for
germination than many of the other, more competitive microorganisms in the soil
(Lindsey, 1965; Griffin, 1964). Thus, while F.s. f.sp. phaseoli is germinating under a
relatively minimal amount of N, the available C is not being consumed by other soil
microorganisms that are active under higher amounts of N. Saprophytic growth of F.s.
f.sp. phaseoli continues or, in the presence of host tissue, infection can ensue. At lower
C:N (8:1), enough N is available to support active growth of more competitive soil
microorganisms which subsequently consume available carbon, depleting this nutrient and
enhancing autolysis of F.s. f.sp. phaseoli spores. The C:N content of soil appears to effect
spore germination inasmuch as it influences soil microbiota and that F.s. f.sp. phaseoli
persistence is a reflection of this process.

While the nutrient stimulation of spore germination has been thoroughly addressed,
recent research by Ruan et al. (1995) has identified a second stimulation mechanism of
spore germination. The presence of the flavanone, naringenin, and the flavone, apigenin,
have been identified in the rhizosphere of legumes and have been shown to induce nod
gene expression of many Rhizobia species. nod gene expression is involved in the initiation
of the symbiotic plant-bacteria interactions required for nodulation and N,-fixation.
Fusarium solani f.sp. phaseoli spore germination appears to be stimulated by the
isoflavone, genistein, and flavanone, naringenin, which are both inducers of nod genes in
bean. Beans appear to exude adequate concentrations of these secondéry metabolites to
significantly enhance spore germination. The pterocarpan phytoalexins, medicarpin and
maackiain from chickpea (Cicer arietinum L.) also stimulated spore germination of F.s.

f.sp. phaseoli. Different formae speciales of F. solani exhibit different stimulatory
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responses to different sets of flavonoids suggesting a mechanism for host recognition.
Spore germination of the pea pathogen F.s. f.sp. pisi (Jones) Snyd & Hans was stimulated
by pisatin, medicarpin, and maackiain; phytoalexins for which F.s. f.sp. pisi possesses a
corresponding degradation enzyme. The bean phytoalexin, phaseollin, to which F.s. f.sp.
pisi is sensitive did not stimulate spore germination of this fungus. These pathogens may
have developed an ability to not only tolerate these toxins but to use them to their

advantage for host recognition.

Penetration

Although spore germination is the initial step necessary for successful infection and
disease development, the degree of germination above a certain threshold has little
influence on the severity of Fusarium root rot in bean. After examining chlamydospore
behavior in soil, Baker and Nash (1965) concluded that spore lysis does not significantly
reduce root rot symptoms in bean. The deciding factor contributing to both disease
incidence and severity is the ability of the fungus to penetrate and colonize host tissue
(Toussoun, 1970). It appears, moreover, that the optimal nutrient requirements for fungal
penetration are opposite those that enhance spore germination. Many researchers agree
that abundant soil nitrogen enhances root rot severity especially when present as NH,"
(Weinke, 1962; Huber and Watson, 1970; Huber et al., 196S; Snyder et al., 1959; Maurer
and Baker, 1964; Griffin, 1964; Toussoun and Patrick, 1963; Toussoun, 1970). Weinke
(1962) observed that ammonium N amendments increased root rot severity but had little
effect on the size of the pathogen population. The pathogen appears to become more

aggressive in the presence of high levels of exogenous N as evidenced by an increase in
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the number and size of hypocotyl lesions and an increase in thallus development. Using a
double pot experiment where roots of individual bean plants were grown in both infested
and non-infested soil, applications of N to the roots in non-infested soil did not enhance
root rot severity in roots exposed to inoculum. The addition of N, however, to infested
soils resulted in a marked increase in root rot severity suggesting that exposure to soil N,
not plant N, is the source of the more aggressive pathogen behavior. Toussoun (1970)
reported that maximum spore germination was achieved in soil solutions of glucose but
rapid penetration of host tissue required an abundant source of N. In another study,
phytotoxic compounds released through the decomposition of crop residue were shown to
increase root rot severity (Toussoun and Patrick, 1963). Ether and aqueous extracts from
several crop species were applied to hypocotyls of bean seedlings which were
subsequently inoculated with F.s. f.sp. phaseoli. The application of these phytotoxic
compounds elicited the release of nitrogenous compounds probably through the
degradation of plant tissue and this source of N may have stimulated pathogenicity.

The effect of N on root rot severity is further complicated by the observation that
different forms of N have different effects. It was first observed that N amendments could
nullify the beneficial effects of carbonaceous residues and that this was particularly
apparent when using ammonium inputs (Huber et al., 1965). Maurer and Baker (1965)
demonstrated that although the addition of nutrient amendments to soil in controlled
experiments reduced root rot symptoms, disease severity was greatest when cellulose and
(NH,4);SO, was added as opposed to cellulose and KNO;. The process of biological
oxidation of NH," to nitrate NO;y is called nitrification and occurs readily in the soil.

Without NH," fertilization, soil N is either tied up in microbial metabolism or present as
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NO; (Huber et al., 1965). Both NH," and NO; are biologically available to plants but it
appears that the presence of abundant NH," increases the aggressiveness of F.s. f.sp.
phaseoli on bean. Although the form of nitrogen present in the soil appears to play a role
in pathogen aggressiveness, this observation could be a secondary result of acidic soil
conditions. When NH," is not limiting, nitrification is dependent on pH and tends to
increase under less acidic conditions (Paavolainen and Smolander, 1998). Therefore acidic
soil conditions tend to favor the presence of NH,". Furthermore, a decrease in F.s. f.sp.
phaseoli virulence has been observed with increasing soil pH (Mondal and Hyakumachi,
1998). Oyarzun et al, (1998) also reported that variables which reflect acidic soil
conditions tended to increase the soil receptivity of F.s. f.sp. pisi. Enhancing the
nitrification capacity of the soil by increasing soil pH or by other means poses to be an
effective control against Fusarium root rot by converting the root rot enhancing form of
N, NH4", to the relatively less active form of NO;  without eliminating the beneficial
effects of ammonium fertilizer on bean growth. Alternatively, in areas where Fusarium
root rot is a problem, it may behoove the grower to seek alternative sources of N. Crop
residues that inhibit nitrification have been shown to increase Fusarium root rot severity
when NH," fertilizer is also applied. Likewise, the addition of N-serve, a product that
inhibits nitrification, with NH," amendments was also demonstrated to increase disease
severity (Maurer and Baker, 1965; Huber et al., 1965). Clearly, there is compelling
evidence supporting a connection between Fusarium root rot severity, nitriﬁcation and the
abundance of NH,". It has been suggested that C:N ratios of various crop residues may

influence disease severity inasmuch as they influence nitrification.
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The enhanced aggressiveness of F.s. f.sp. phaseoli in the presence of abundant
NH," is believed to be due to changes in soil microorganism activity as evidenced by the
lack of observable differences in pathogenicity when different N sources were used in
experiments conducted under sterile laboratory conditions (Huber et al., 1965; Toussoun,
1970). The soil microorganism in question is believed to be an unclassified bacteria that is
often found in intimate contact with F.s. f.sp. phaseoli spores (Huber et al., 1965). This
bacterium was identified in roughly 12% of the soil samples assayed and appeared to
induce fungal cell necrosis. In laboratory culture, the presence of the bacteria associated
with spores was observed to prevent pathogenicity without affecting fungal population
size. When the bacteria was absent, pathogenicity was restored (Huber and Watson,
1970). In the absence of F.s. f.sp. phaseoli, this particular bacteria utilized only
ammonium N. In contact with the fungus, however the bacteria was capable of using
nitrate. This finding may suggest that the increase in pathogenicity observed in the
presence of NH,* may be due, in part, to the lack of association between the fungus and
bacteria. Alternatively, the bacteria may only be associated with the fungus when
pathogenicity is reduced and that a diminishment in pathogenicity reflects the predominant
form of available N in the soil.

Pathogenicity of F.s. f.sp. phaseoli and disease severity is further determined at the
host level and involves tolerance to plant defense mechanisms and host resistance. De
novo phytoalexin synthesis is a frequently cited defense mechanism of bean. Fusarium
solani f.sp. phaseoli can metabolize many bean phytoalexins including kievitone,
phaseollin, phaseollidin and phaseollinisoflavan and this detoxification is believed to be

related to the pathogenicity ability of F.s. f.sp. phaseoli on bean (Li et al., 1995; Choi et
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al., 1987). Keivitone detoxification by the hydratase enzyme, keivitone hydratase, has been
correlated with F.s. f.sp. phaseoli virulence on bean (Li et al., 1995). Isolates pathogenic
to bean always possess keivitone hydratase activity. The converse however is not true.
Many isolates of F. solani not pathogenic or classified in a different forma speciales also
possess keivitone hydratase activity. Cloning of the khs gene and transformation into non-
pathogenic fungus resulted in the ability of the non-pathogenic fungi to hydrate keivitone
hydratase but did not convert the fungus to a pathogen of bean. Additionally, keivitone
hydratase enzyme activity was found to be independent and separate from phaseollin
hydratase activity. These results suggest that although keivitone hydratase is required for
F.s. f.sp. phaseoli virulence in bean, it is not sufficient to establish pathogenicity (Choi et
al., 1987). Furthermore, Morris and Smith (1978) reported that although keivitone was
strongly induced by biotic stresses caused by both R. solani and Pythium spp. (Morris and
Smith, 1978; Li et al., 1995), a corresponding level of induction was not observed for F.s.
f.sp. phaseoli. Other phytoalexins like phaseollin, however, did accumulate when beans
were exposed to F.s. f.sp. phaseoli. These results could not be explained by detoxification
of keivitone but might reflect either the inability of the fungus to induce keivitone
biosynthesis or the ability of the fungus to repress keivitone biosynthesis. It would be
interesting to observe whether keivitone enhanced spore germination of F.s. f.sp. phaseoli
and to determine if keivitone was, in any way, involved in host-pathogen recognition.

In a related study, Mohr et al. (1998) observed a rapid induction. of other defense-
related enzymes after bean roots were inoculated with F.s. f.sp. phaseoli. Bean chitinase,
B-1,3-glucanase and phenylalanine ammonia-lyase activity increased four-fold in response
to F.s. f.sp. phaseoli infection. These results were further confirmed at the transcript level.
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In contrast, no corresponding accumulation of enzyme or product was isolated from bean
roots inoculated with F.s. f.sp. pisi nor with the mychorrizal fungus Glomus mosseae.
Inoculation of pea pods with F.s. f.sp. phaseoli has been demonstrated to induce class I
chitinase activity, however, results from pod infection may not acurately reflect root
infection by F.s. f.sp. phaseoli (Mauch et al., 1984). Apparently, defense-related genes
including those involved in phytoalexin biosythenthesis are induced as a result of the
compatible interaction between bean and F.s. f.sp. phaseoli. Glomus mosseae does not
elicit nor does it suppress the host defense response suggesting that its interaction with the
host is quite different from that of the pathogen. Clearly, bean roots recognize F.s. f.sp.
phaseoli and mount a concerted defense response against the fungus which is not similarly
observed in the presence of non-pa;hogenic F.s. f.sp. pisi. Fusarium solani f.sp. phaseoli
possesses the capacity, in some form, to tolerate these antifungal products. Lange et al.
(1996) observed that class I and class IV chitinases are proteolytically cleaved during
infection of bean roots by F.s. f.sp. phaseoli. Detoxification of several plant defense
products appears to be an effective strategy employed by the fungus to circumvent host

resistance but is probably not the only factor involved in pathogenicity.

Inoculum Density

Fusarium root rot severity may be influenced by initial F.s. f.sp. phaseoli
population density but, as has been implied in previous sections, is certainly not the
deciding factor in determining disease severity. Hall (1996) provides an excellent review of
F.s. f.sp. phaseoli population dynamics and its effect on root rot in bean and concludes

that practices which reduce F.s. f.sp. phaseoli population densities should be a component
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of any integrated effort towards reduced root rot. Population densities of F.s. f.sp.
phaseoli range from 0 to 5,500 colony forming units (CFU) g of soil but in controlled
experiments only S CFU g of soil were required to infect 80% of plants. Field studies
also confirm that low population densities can result in moderate root rot infection.
Twenty to 40% of hypocotyl rot was achieved from population densities of 26 CFU g’
(Dryden and Van Alfen, 1984). Sippel and Hall (1982a) reported only an 8-fold increase in
root rot severity with a 1,000 fold increase in population density. Furthermore, reports of
high infection rates at low inoculum densities suggest that fungal population reductions
may not be an effective means of control (Hall, 1996). Conversely, reports of reduced root
rot in the presence of large pathogen populations support the conclusion that population
density is not an important factor in determining Fusarium root rot severity (Huber et al.,
1965).

Abawi and Cobb (1984), on the other hand, demonstrated significant correlations
between inoculum density and root weight (r = -0.54) and hypocotyl (r = 0.67) and root
disease severity (r = 0.65) but not with yield reductions in small field plots. In contrast,
Maloy and Burkholder (1959) found no signi<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>