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Kurzfassung

Im Gewichshaus wurden verschiedene Experimente zur integrierten Kontrolle von
Rhizoctonia-Wurzelfdule (Rhizoctonia solani) an Phaseolus-Bohnen durchgefiihrt, wobei
folgende Maflnahmen kombiniert wurden: Tiefes Eingraben des Inokulums, Regulierung der
Bodenfeuchtigkeit, flache Aussaat von Bohnensamen und Verwendung des Antagonisten
Trichoderma harzianum. Dariiber hinaus wurden Wechselwirkungen zwischen Rhizoctonia-
Wurzelfaule und Anthraknose (Colletotrichum lindemuthianum) bzw. Bohnenrost (Uromyces
appendiculatus) untersucht.

Um die Uberdauerung von R. solani in unterschiedlichen Bodentiefen zu testen, wurde
Inokulum des Pathogens, das auf Reissamen produziert wurde, in Bodentiefen von 0-5, 5-10,
10-15 und 15-20 cm eingearbeitet. In den Experimenten, die in Topfen durchgefiihrt wurden,
erfolgte die Aussaat der Bohnen in die obere Bodenschicht (3 cm tief), wihrend in den
Experimenten mit PVC-Zylindern, die aus entfernbaren Ringen gebildet wurden, die
Bohnensamen in die infizierte Bodenschicht gelegt werden konnten. Die Aussaat erfolgte in
beiden Féllen unmittelbar nach dem Ausbringen des Inokulums bzw. nach 15, 30, 60 und 90
Tagen. Wenn das Inokulum in den Topfexperimenten in die beiden oberen Bodenschichten
(bis 10 cm Tiefe) ausgebracht wurde, waren die Befallshdufigkeit und -stirke an allen
Erhebungsterminen hoch, die Auflaufrate und das Gewicht der Pflanzen dagegen verringert.
Eine tiefere Ausbringung des Inokulums bewirkte geringere Schidden. Wenn das Inokulum
tiefer als 15 cm in den Boden eingearbeitet wurde, waren bei allen Tests weder die
Auflaufrate noch das Pflanzengewicht reduziert, obwohl hiufig Infektionen an den Pflanzen
festgestellt wurden. In den Experimenten mit den Zylindern war die Befallsstirke in allen
Tests hoch und die Auflaufrate sowie das Pflanzengewicht durch den Schadpilz verringert,
und zwar unabhingig von der Tiefe, in die das Inokulum urspriinglich ausgebracht wurde. In
beiden Experimenten war nach 90 Tagen die Uberlebensfihigkeit des Pathogens bei
Abwesenheit von Wirtsgewebe kaum niedriger. Allerdings war eine Isolierung des Erregers
aus der Bodenschicht oberhalb des urspriinglich infizierten Zylinderbereichs nur in geringem
Malle mdglich, wenn das Inokulum in einer tiefen Bodenschicht iiberdauerte.

Der Einfluss von Bodenfeuchte und Aussaattiefe auf die Rhizoctonia-Faule und deren
biologische Bekdmpfung mit T. harzianum wurden ebenfalls untersucht. Das Pathogen wurde
auf Reissamen, der Antagonist auf Weizenkleie angezogen. Das Inokulum wurde kurz vor der
Aussaat mit der Erde vermischt. Die Auswertung erfolgte drei Wochen nach Aussaat, wobei
die Auflaufrate der Bohnen, die Hohe und das Gewicht der Pflanzen sowie die Befallsstirke

der Wurzelfaule bestimmt wurden. Die Auflaufrate und das Wachstum der Pflanzen, die in



mit R solani inokuliertem Boden wuchsen, wurde nicht durch die Bodenfeuchteniveaus
zwischen 15 und 42% (v/v) beeinflusst. Bei einer Inokulation von R. solani reduzierte eine
tiefe Aussaat die Auflaufrate und das Wachstum der Pflanzen signifikant. Dieser Effekt der
Aussaattiefe konnte nicht mehr nachgewiesen werden, wenn der Antagonist zusitzlich
inokuliert wurde. Bei einer Aussaat 6 cm tief liefen in der Variante ohne T. harzianum 6.7%
der Pflanzen auf, wihrend unter dem zusitzlichen Einfluss des Antagonisten die Auflaufrate
50% betrug. Der Antagonist schiitzte die Pflanzen vor der Umfallkrankheit im Vorauflauf,
verminderte die Befallsstirke der Wurzelfaule und forderte das Pflanzenwachstum, wobei die
Wirkung von T. harzianumbei hoherer Bodenfeuchte wirksamer war.

Die Uberdauerung von R. solani und T. harzianum sowie die Dynamik der
Mikroorganismen im Boden in Abhéngigkeit der Bodenfeuchte wurde ebenfalls untersucht.
Beide Pilze wurden gleichzeitig inokuliert, und die Aussaat der Bohnen wurde sofort nach der
Inokulation bzw. 20, 60, 180 und 360 Tage danach durchgefiihrt. In einem ergidnzenden
Versuch erfolgte die Aussaat bereits 3, 6, 12 und 18 Tage nach Inokulation. Die Bodenfeuchte
wurde regelmiBig kontrolliert und auf vier Stufen zwischen 20 zu 57% (v/v) eingestellt. Der
Erreger iiberdauerte im Boden und verursachte Wurzelfdule an allen gepriiften Zeitpunkten,
wobei die Befallsintensititen und die Schadwirkung ab dem 180 Tag abnahmen und am 360
Tag wesentlich niedriger waren. Der Antagonist verbesserte die Auflaufrate und zeigte
antagonistische Wirkungen gegen R. solani. Der Erreger konnte bei Anwesenheit von T.
harzianum nur schwer aus dem Boden wieder isoliert werden. Wenn der Erreger sich gut im
Boden etabliert hatte, war die antagonistische Wirkung allerdings niedriger. Nach 360 Tagen
konnte die antagonistische Wirkung kaum beobachtet werden. Bei den Tests bis zum 60 Tag
forderte der Antagonist das Pflanzenwachstum auch auf den Pflanzen, die nicht mit R. solani
in Kontakt kamen. Die Bodenfeuchteniveaus zwischen 20 und 57% beeinflussten nicht die
Befallsintensitit. Jedoch konnte der Erreger aus trockenerem Boden leicht wieder isoliert
werden. Die antagonistische Wirkung und die Uberlebensfihigkeit von T. harzianum waren
deutlicher hoher in Erde mit mittlerer Bodenfeuchten im Vergleich zu nassen bzw. trockenen
Boden, hing aber auch vom Inokulumpotenzial beider Pilze im Boden ab.

Die gemeinsamen Wirkungen von R. solani und C. lindemuthianum bzw. U.
appendiculatus, die in unterschiedlichen Konzentrationen inokuliert wurden, auf die Dynamik
der Krankheiten und auf das Wachstum der Bohnenpflanzen wurden in weiteren
Experimenten untersucht. Dazu wurden Bohnensamen in Erde gesit, die mit auf Reissamen
produziertem R. solani-Inokulum vermischt worden war. In zusétzlichen Versuchen wurden

Pflanzen in infizierte Erde umgepflanzt. Suspensionen von C. lindemuthianum-Konidien bzw.



U. appendiculatus-Uredospores wurden in den Pflanzenentwicklungsstadien V2 bzw. V3 auf
die Blatter gespriiht. Die Wechselwirkungen zwischen der Wurzelfiule und den
Blattkrankheiten waren von der Inokulumkonzentration und dem Inokulationszeitpunkt von
R. solani abhingig. Die Befallsstirke der Anthraknose war tendenziell auf den Pflanzen
hoher, die mit R. solani befallen waren. Andererseits verringerte der Befall durch R. solani die
Befallsstirke des Rosts sowie den Pusteldurchmesser deutlich. Bei niedrigen R. solani-
Inokulumkonzentrationen wurden der Wurzelfdulebefall und die Dichte des Erregers im
Boden bei den hochsten Konzentrationen von C. lindemuthianum bzw. U. appendiculatus
erhoht, wenn die Pflanzen in infizierte Erde umgepflanzt wurden. In diesen Experimenten mit
kombiniertem Befall durch Wurzelfaule und Anthraknose wurde eine synergistische
Wechselwirkung auf das Pflanzengewicht beobachtet. Wenn die Bohnensamen in Erde gesét
wurden, ergab sich fiir die Kombination Wurzelfdule-Rost dagegen eine antagonistische
Wechselwirkung.

Schlagworter: Phaseolus Bohnen, Rhizoctonia solani, integrierte Kontrolle



Abstract

Different experiments were conducted under greenhouse conditions to investigate the control
of Rhizoctonia root rot caused by Rhizoctonia solani on Phaseolus beans in an integrated way
through burial of the inoculum, water management, shallow sowing and use of the antagonist
Trichoderma harzianum. Moreover, interactions between root rot and anthracnose
(Colletotrichum lindemuthianum) or rust (Uromyces appendiculatus) were investigated.

To study the effect of different depths on the R. solani survival, inoculum of the
pathogen produced on rice grains was buried in the soil at depth of 0-5 cm, 5-10 cm, 10-15
cm and 15-20 cm. The experiments were carried out in pots, where bean seeds were sown in
the top layer (3 cm deep), and in PVC cylinders with removable rings, where the sowing was
performed directly on infested soil. Bean seeds were sown immediately after the soil
infestation, as well as at 15, 30, 60 and 90 days after the soil infestation. In the pots, disease
incidence and severity were high, and emergence of seedlings and plant weight were
consistently reduced at all evaluation dates when the inoculum was confined in the upper 10
cm of soil. Damaging effects of R. solani on emergence and plant growth were reduced with
deeper placement of inoculum. Emergence and plant weight were not reduced at any
evaluation date when the inoculum was buried deeper than 15 cm, but infected plants were
frequently observed. In the cylinders, high disease severities were observed at all evaluation
dates; emergence and plant weight were reduced by R. solani independently of the depth in
which the inoculum was originally buried. Pathogen survival was not consistently reduced
after 90 days in absence of host tissue in both experiments, although effects of R. solani on
emergence and plant growth decreased over time. Moreover, R. solani could very hardly be
recovered from soil samples collected above the layer originally infested in the cylinders
when it was deeply buried.

The effect of soil moisture and sowing depth on the disease and its control by T.
harzianum was investigated. The pathogen was grown on rice grains and the antagonist on
wheat bran. Both fungi were inoculated before sowing. Root rot severity, percentage of plants
emerged, plant height and dry weight were evaluated three weeks after sowing. Emergence
rate and growth of plants inoculated only with R. solani were not affected by soil moisture
varying from 15 to 42% (v/v). Sowing deeper than 1.5 cm significantly reduced the
emergence rate and growth of plants inoculated only with R. solani. However, in the presence
of the antagonist, the effect of sowing depth was not significant. At a sowing depth of 6.0 cm,
the percentage of plants emerged was 50% in the presence of T. harzianum, but only 6.7%

when the pathogen was alone. The antagonist protected seedlings from preemergence



damping-off, reduced disease severity and increased plant growth in the presence of R. solani,
especially in moist soil.

The survival of R. solani and T. harzianum and the dynamics of these microorganisms
in the soil were also affected by soil moisture. Both fungi were inoculated at the same time,
and the sowing was carried out immediately after soil infestation and 20, 60, 180 and 360
days after soil infestation (DAI), and 3, 6, 12 and 18 DAI in a complementary experiment.
Soil moisture was periodically monitored and kept at levels varying from 20 to 57% (v/v).
The pathogen survived in the soil and caused disease at all tested dates. However, in the first
survival tests (0, 20 and 60 DAI), severity of root rot initially increased, but decreased later
(180 and 360 DAI). On the other hand, dry weight of R. solani-infected plants was reduced in
the initial tests, but increased later so that at 360 DAI values as in the treatment control were
reached. Soil moisture did not affect severity of root rot. However, the pathogen could easily
be recovered from dryer soil. It could hardly be recovered from soil in the presence of T.
harzianum. Consistent antagonistic effects were observed until 180 DAI, but at 360 DAI they
were very slight. When the pathogen was well established in the soil, antagonistic protection
was lower. The antagonist improved plant growth even on plants not inoculated with R. solani
until 60 DAI. The antagonistic ability and survival of T. harzianum were greater in soils with
an intermediate moisture level than in wet or dry soils, but depended on the inoculum
potential of both fungi in the soil.

The co-inoculation of R. solani and C. lindemuthianum or U. appendiculatus at different
inoculum levels was investigated on the disease dynamics and on the growth of bean plants.
Bean seeds were sown in R. solani-infested soil. Additional experiments in which bean
seedlings were transplanted to infested soil were also carried out. Conidial suspensions of C.
lindemuthianum and uredospores of U. appendiculatus were inoculated onto leaves at plant
developmental stages V2 and V3, respectively. Interactions between root rot and the aerial
diseases were observed depending on the inoculum levels and on the timing of R. solani
inoculation. Anthracnose severity tended to be higher on R. solani-infected plants. On the
other hand, R. solani infection significantly reduced diameter of pustules and rust severity. At
R. solani low levels, root rot severity and density of R. solani in the soil were magnified at the
highest levels of C. lindemuthianum or U. appendiculatus when seedlings were transplanted
to infested soil. In these experiments, a synergistic interaction between root rot and
anthracnose was observed to affect the plant weight. Antagonistic effects on the plant weight
were seen for the combination root rot/rust only when bean seeds were sown in infested soil.

Keywords: Phaseolus beans, Rhizoctonia solani, integrated control



List of main symbols

Symbol Description

AG Anastomose Group

ANOVA Analysis of variance

AUPEC Area under plant emergence curve
Cfu Colony forming units

CL Colletotrichum lindemuthianum
CLO0-CL3 C. lindemuthianum levels 0-3

Cm Centimeter

D Soil depth

DAI Days after inoculation (or soil infestation)
DAS Days after sowing

DW Dry weight

G Gram

L Liter

Ml millilitre

ML Moisture level

Mm Millimeter

N Number of observations

P Probability

PH Plant height

R Coefficient of correlation

R Coefficient of determination

RDW Relative dry weight

RRS Root rot severity (Chap. 4)

RS Rhizoctonia solani

RS0-RS3 R. solani levels 0-3

Rt With R. solani/without T. harzianum
RT Without R. solani/with T. harzianum
RT With R. solani/with T. harzianum

Rt Without R. solani/without T. harzianum
SAS Statistical Analysis System

SD Sowing depth

T Time

T1..T4; T1-4 Treatments 1...4; additional treatment (soil layers 1-4)
Tc Non-infested control

UA Uromyces appendiculatus
UAO0-UA3 U. appendiculatus levels 0-3

v/v Volume/volume

V2,V3 Bean plant developmental stages (V = vegetative)
W/W Weight/weight

WHC Water holding capacity

YeL Anthracnose severity

YRrs Root rot severity (Chap. 5)

Yua Rust severity
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1. Introduction

Rhizoctonia root rot is an important disease of beans occurring in all bean-production areas
around the world, especially in Latin America and Africa (ABAWI, 1994; HALL, 1991). The
disease is caused by Rhizoctonia solani Kiihn that is the asexual state of Thanathephorus
cucumeris (Frank) Donk. Losses occur in the form of seed rot and seedling damping-off,
resulting in reduced plant densities. Plants severely infected become less vigorous in later
stages and their yield is reduced (ABAWI and PASTOR-CORRALES, 1990).

The pathogen occurs in the soil in many strains that differ in physiology, pathogenicity
and appearance in cultures. A common characteristic of all isolates of R. solani is the sterile
mycelium that is colourless when young and light brown when older. Its cells are long and
multinucleate. Branch hyphae arise at right angles, are constricted at their base, and contain a
cross-wall near the branch point (HALL, 1991). Most of R. solani isolates produce loose
sclerotia that, along with thick-walled hyphae in host tissues, are the survival structures in
soil. The inoculum of R. solani that causes root rot consists of sclerotia and mycelia. The
pathogen can penetrate intact plant tissue or through natural openings and wounds (ABAWI
and PASTOR-CORRALES, 1990).

Many anastomosis groups (AG) have been described for R. solani and they vary in their
host range and the diseases they cause (SWEETINGHAM, 1996). The isolates that cause root
rot on beans usually belong to AG 2 or AG 4 (ABAWI, 1994).

Initial symptoms of Rhizoctonia root rot on bean plants appear on roots or hypocotyls as
small, elongate, sunken, reddish-brown lesions. The cankers enlarge with age, become darker.
Hypocotyls are often girdled by the coalescence of several cankers, resulting in pre- or post-
emergence damping off. Severe infections cause plant stunting and premature death (HALL,
1991).

The disease is most severe at 15-18°C. At 21°C, the number of cankers is substantially
reduced, perhaps because plants emerge rapidly and can escape infection (HALL, 1991;
ABAWI, 1994). Seedlings and young plants are highly susceptible to infection, whereas the
disease is rarely a problem on older plants (HALL, 1991). The pathogen survives in the soil
for a long time and disseminates to new areas through the sowing of contaminated seeds or
the movement of infected host tissues, infested soil, or colonized debris by irrigation water,
wind, and animals (ABAWI and PASTOR-CORRALES, 1990).

Management strategies to control R. solani include seed and soil treatment with

fungicides and many cultural practices such as sowing of high quality seeds, shallow sowing,



1. Introduction 2

sowing on raised beds, crop rotation with grain crops, deep plowing and incorporation of
decomposable organic residues into the soil (ABAWI, 1994).

The incorporation of residue, deeply and early enough to promote complete
decomposition, is effective against R. solani, because it reduces inoculum density near the soil
surface, where the pathogen is most active (ABAWI and PASTOR-CORRALES, 1990). The
pathogen is rarely found deeper than 10 cm (PAPAVIZAS et al., 1975). Different inoculum
depths and their effects on disease progress and survival of R. solani is the subject of Chapter
2.

Adjustment of soil water content has been recommended as a practice to control root rot
by permitting a rapid emergence of seedlings (ABAWI, 1994), although different results have
been observed concerning the effects of soil moisture on disease severity and on pathogen
survival (VAN BRUGGEN et al., 1986; FENILLE and SOUZA, 1999). Seeds planted at
shallow depths emerge faster and escape the root rot (ABAWI and PASTOR-CORRALES,
1990). However, as usually observed for diseases caused by soilborne pathogens, no single
treatment provides a satisfactory control of Rhizoctonia root rot. Integrated management
systems for disease control are receiving increased attention for economic and environmental
reasons. More than 20 years ago, the use of combined strategies to manage R. solani in the
field was practically non-existent (PAPAVIZAS and LEWIS, 1979), but today several
integrated systems have been investigated and some are being implemented at the farm level
(SWEETINGHAM, 1996). It has been demonstrated that combined strategies are often
additive and sometimes synergistic in their efficiency, leading to a more effective and reliable
disease control (ELAD et al., 1980b; LEWIS and PAPAVIZAS, 1980; CHET et al., 1982;
SWEETINGHAM, 1996).

The use of microbial antagonists, for instance Trichoderma spp., as a component of an
integrated disease management program is effective to control Rhizoctonia root rot (ABAWI
and PASTOR-CORRALES, 1990; SWEETINGHAM, 1996). The genus Trichoderma is
cosmopolitan in soils and on decaying wood and vegetable matter. Species of this fungus are
frequently dominant components of the soil microflora in widely varying habitats (GAMS and
BISSETT, 1998). The high degree of ecological adaptability makes these fungi attractive for
biocontrol applications.

Typical characteristics of Trichoderma include rapid growth, bright green or white
conidial pigments, and a repetitively branched, but otherwise poorly defined conidiophore
structure (GAMS and BISSETT, 1998). Trichoderma harzianum Rifai comprises the strains
often used in biological control of plant pathogenic fungi (GAMS and BISSETT, 1998). It has
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been frequently demonstrated that it may reduce activities of R. solani (HENIS et al., 1978;
HADAR et al., 1979; ELAD et al., 1980a; CHET et al., 1982; MARSHALL, 1982). The
fungus grows rapidly and its temperature optimum for growth is at 30°C, which means it is
characteristic of warm climates (GAMS and BISSETT, 1998; KLEIN and EVELEIGH,
1998).

Several environmental and edaphic factors influence the control and survival of R
solani and the antagonistic ability and survival of T. harzianum. Trichoderma spp. grow fast
enough to maintain a high population density in the rhizosphere. However, some cultural
practices used to manage the disease may affect growth and antagonistic ability of
Trichoderma (SWEETINGHAM, 1996). The integration of T. harzianum with water
management offers a great challenge, since moisture influences the natural distribution of
Trichoderma in the soil (DANIELSON and DAVEY, 1973). However, little is known about
how shallow sowing could affect the biological control. Questions related to how soil
moisture and sowing depth can affect Rhizoctonia root rot and its biological control by T.
harzianum are addressed in Chapter 3. Moreover, effects of soil moisture on the survival of
both fungi are discussed in Chapter 4.

Synergistic effects are frequently observed in interactions involving R. solani and other
soilborne pathogens (ABAWI and PASTOR-CORRALES, 1990; HALL, 1991). However,
little is known about interactions involving R. solani and aerial pathogens of beans, although
multiple infections may frequently occur in the field. Many examples in the literature show
that soilborne pathogens can alter the susceptibility of the host to infection by aerial
pathogens and vice versa (WALLER and BRIDGE, 1984). The occurrence and implications
for disease management of interactions involving R. solani and two aerial pathogens of beans
- Colletotrichum lindemuthianum, causal agent of anthracnose, and Uromyces appendicul atus,

causal agent of rust - are discussed in Chapter 5.



2. Effects of inoculum depth on survival of Rhizoctonia solani and on bean

root rot development

Abstract

The effects of different depths of Rhizoctonia solani inoculum on the survival of the pathogen
and the development of Rhizoctonia root rot on beans were studied under greenhouse
conditions. Inoculum was grown on rice grains and buried in the soil at depths of 0-5 cm, 5-
10 cm, 10-15 cm and 15-20 cm. The experiments were carried out in pots, where bean seeds
were sown in the top layer (3 cm deep), and in PVC cylinders with removable rings, where
the sowing was performed directly on infested soil. Bean seeds were sown immediately after
the soil infestation, as well as at 15, 30, 60 and 90 days after the soil infestation. In the pots,
disease incidence and severity were high, and emergence of seedlings and plant weight were
consistently reduced at all evaluation dates when the inoculum was confined in the upper 10
cm of soil. Damaging effects of R. solani on emergence and plant growth were reduced with
deeper inoculum placement. Emergence and plant weight were not reduced at any evaluation
date when the inoculum was buried deeper than 15 cm, but infected plants were frequently
observed. In the cylinders, high disease severities were observed at all evaluation dates;
emergence and plant weight were reduced by R. solani independently of the depth in which
the inoculum was originally buried. Pathogen survival was not consistently reduced after 90
days in absence of host tissue in both experiments, although effects of R. solani on emergence
and plant growth decreased over time. Moreover, the pathogen could very hardly be recovered
from soil samples collected above the layer originally infested in the cylinders when it was

deeply buried.

2.1 Introduction

Root rot caused by Rhizoctonia solani Kiihn is a limiting factor in the commercial production
of beans in Latin America and Africa. Seed and seedling infection results in severe pre- and
postemergence damping-off or root rots, which reduce plant stands (ABAWI, 1994). The
pathogen survives in the soil as sclerotia and melanized mycelium, free or embedded in soil
organic debris (BOOSALIS and SCHAREN, 1959), originating from parasitized crops and
weed hosts and/or from saprophytically colonized crop residues, comprising sources of

inoculum for the following crop (HERR, 1976; SUMNER, 1996).
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The vertical distribution of the pathogen in the soil as well as the disease development
are affected by several environmental and edaphic factors (SUMNER, 1996). In the field,
inoculum of R. solani seems to be confined to the upper 10 cm of soil (PAPAVIZAS et al.,
1975). For this reason, deep plowing of bean plant residues infected by R. solani to a depth of
20-25 cm has been recommended to reduce inoculum density and survival of the pathogen in
the soil (PAPAVIZAS et al., 1975; DE PAULA and ZAMBOLIM, 1998). Also on other crops
than beans, effects of this practice in reducing population density, incidence and severity of
root rot have been reported (HUSSEY and RONCADORI, 1977; BAIRD, 1993; LEACH et
al., 1993). Apparently R. solani is not able to extensively colonize plant residues at depths of
20-25 cm (PAPAVIZAS et al., 1975). Moreover, a faster and more complete decomposition
of infected organic debris takes places after deep plowing of infected residues (ABAWI and
PASTOR-CORRALES, 1990).

However, it cannot not be expected that deep plowing completely inhibits the activities
of R. solani (SUMNER et al., 1986). In the absence of host tissue, R. solani can survive more
than one year in the soil when the inoculum is homogenously distributed in pots, although
disease severity and plant damage are reduced (see Chapter 4). After deep plowing in the
field, contact between roots and inoculum of R. solani can occur in the next season if roots
grow deep enough into the soil. Moreover, cultural practices involving soil movement can
bring viable inoculum to the soil surface. These practices may have serious epidemiological
implications, since infected plants increase the inoculum in the soil and become an inoculum
source for the following crops.

The purpose of the present study was to investigate how different inoculum depths can

affect the survival of R. solani in the soil and the development of root rot on beans.

2.2 Material and methods

Two complementary experiments were conducted under greenhouse conditions at Hanover,
Germany. The purpose of the first experiment was to observe the ability of the pathogen to
survive and to cause disease when the inoculum was confined in different depths in the soil
and bean seeds were sown in the top layer. The objective of the second experiment was the
same, but here a direct contact between inoculum previously buried in the soil and emerging
seedlings was established by sowing the seeds in the infested layer after the removal of upper
inoculum free layers.

The isolate of R. solani (AG-4) was taken from the fungi collection of the Institute of

Plant Diseases and Plant Protection, University of Hanover. It was originally isolated from
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bean and maintained at 4°C. Two 5 mm diameter mycelial-agar disks produced on PDA were
transferred from the margin of growing colonies to 200 ml-Erlenmeyer flasks containing rice
grains. After six days of incubation at 25°C in darkness, they were totally colonized by R.
solani. The mass of rice grains was manually separated and the grains were dried for 24 hours
on trays.

Soil-sand (2:1) was sterilized at approximately 100°C for 24 hours. Besides the non-
infested control (TC), the inoculum was incorporated at a concentration of 0.05% (w/w) to the
soil layers in different depths: 0-5 cm (T1), 5-10 cm (T2), 10-15 cm (T3) and 15-20 cm (T4).
In an additional treatment, the inoculum was placed in the 0-20 cm layer (T1-4). The initial
population density of R. solani, expressed as number of colony-forming units (cfu)/g of soil,
was determined according to KO and HORA (1971). Seeds of bean cultivar ‘Dufrix’ were
sown 3 cm deep. The experiments consisted of six treatments in combination with five
different sowing dates: immediately after soil infestation and at 15, 30, 60 and 90 days after
the soil infestation (DAI). In the first experiment, pots containing 10 1 of soil-sand were used.
Each replication consisted of a pot where 10 seeds were sown. In the second experiment, PVC
cylinders with a diameter and height of 11 and 30 cm, respectively, consisting of removable
rings and containing 3 1 of soil-sand were used. The rings were removed and the sowing was
performed directly on the layer containing infested soil. In the latter case, each replication
consisted of a cylinder where eight seeds were sown. Pots and cylinders were irrigated once a
day. Five replicates of each treatment were placed in a randomised complete block design.
Both experiments were repeated once.

Percentage of emerged plants was daily assessed. The plants were removed about 23
days after the sowing (DAS) and hypocotyls were evaluated to determine disease incidence
and severity according to a 1-9 scale adapted from VAN SCHOONHOVEN and PASTOR-
CORRALES (1987), where 1 - no visible symptoms, 3 - light discoloration without necrotic
lesions, 5 - < 25% of the hypocotyl and root tissues covered with lesions but tissues remain
firm, 7 - 25-50% of the hypocotyl and root tissues covered with lesions combined with
softening, rotting, and reduction of the root system, 9 - > 75% of the hypocotyl and root
tissues affected with advanced stages of rotting combined with a severe reduction in the root
system or dead plants. Means of disease severity varying from 1 to 3 were classified as low,
3.1 to 7 as intermediate, and 7.1 to 9 as high. Plant height, plant dry weight and population
density of R. solani were also evaluated.

To determine the population density of R. solani (KO and HORA, 1971), soil was

mixed in each pot before samples were collected in the pot-experiment. In the cylinder-
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experiment, samples were collected in each cylinder from the upper 10 cm of soil after plants
were removed. At 60 DAI, population density of R. solani was also quantified, before the
sowing, in samples collected from soil above the layer originally infested with the pathogen.
Comparisons for emergence rate were done using the area under plant emergence curve
(AUPEC). ANOVA was calculated and multiple range tests (P = 0.05) were used for mean
separation with SPSS (SPSS Inc., Chicago).

2.3 Results

Due to the similarity in the results, data presented here are from the second run of the
experiments. Plant height was positively correlated with plant dry weight at all evaluations
(r>0.95; P<0.01) so that only data of the plant dry weight are used in the further analyses.
No infected plants were observed in the control (TC) and the pathogen could not be
recovered from soil of this treatment in both experiments. Decreases in the emergence curves
are related to post-emergence damping-off. Results of the treatment T1-4 are also presented in

all Figures and Tables for comparisons.

2.3.1 Pot-experiment (beans sown in the top layer)

At the sowing done immediately after soil infestation (0 DAI), emergence of seedlings, final
stand and plant weight were drastically reduced by R. solani in the two top layers (T1 and T2)
(Fig. 1, Tab. 1). Post-emergence damping-off was also observed in T3 (Fig. 1) and plant dry
weight in this treatment was significantly reduced by 36.7% compared to the control TC (Tab.
1). Disease incidence and severity were high in T1, T2, and T3 (Fig. 2), but only 22% of the
plants were infected by the pathogen in bottom layer (T4) and disease severity was low, too

(Fig. 2). The pathogen could hardly be recovered from soil in this treatment (Fig. 2).
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Figure 1. Effects of inoculum depth of R. solani (TC = non-infested control; T1 = 0-5 cm;
T2 = 5-10 cm; T3 = 10-15 cm; T4 = 15-20 cm; and T1-4 = 0-20 cm) on the emergence of
bean seedlings when beans were sown in the top layer at 0, 15, 30, 60 and 90 DAI
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Table 1. Effects of inoculum depth of R. solani on AUPEC (calculated up to 23 DAS) and
plant dry weight (at 23 DAS) for 5 evaluation dates, characterised by the day (DAI) when
beans were sown in the top layer

Treatments AUPEC (%/Days)
0 DAI 15 DAI 30 DAI 60 DAI 90 DAI
TC* 140.3 a** 142.0 a 137.6 a 139.5a 1472 a
Tl 86.1¢c 68.8b 87.1¢c 102.7b 115.7b
T2 106.7 b 539b 112.6 b 100.9 b 126.4 ab
T3 1333 a 73.5b 1382 a 138.0a 138.5 ab
T4 1469 a 141.7 a 136.8 a 1373 a 1423 a
T1-4 101.5 70.6 108.5 106.8 122.4
Dry weight (% in relation to TC)
TC 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a
T1 342¢ 22.6b 44.0c 5390 6320
T2 348 ¢ 12.0b 66.0 b 46.2b 80.1 ab
T3 633D 48.7b 104.6 a 8l.5a 95.6a
T4 1182 a 1174 a 100.9 a 80.8 a 100.0 a
T1-4 38.8 334 50.5 47.6 61.5

* TC = non-infested control; T1 = 0-5 cm; T2 = 5-10 cm; T3 = 10-15 cm; T4 = 15-20 cm; and
T1-4 = 0-20 cm. **Values are means of 5 replicates. Means followed by the same letter in a
column are not significantly different (P = 0.05)

In the second survival test, sown at 15 DAI, emergence, final stand and plant weight
were more drastically reduced in T1 to T3 than immediately after infestation (Fig. 1, Tab. 1).
Disease incidence and severity were again high in these treatments (Fig. 2). However, in T4
only 16% of the plants were infected and disease severity was rather low (Fig. 2). Population
density of R. solani was significantly lower in T4 compared to T1 to T3 (Fig. 2).

In the following survival tests at 30 and 60 DAI, emergence and plant weight were
reduced only in T1 and T2 (Fig. 1, Tab. 1). Disease severity was lower than in the previous
evaluations, especially for T3 (Fig. 2). In contrast, disease severity in T4 was low at 30 DAI,
but became intermediate at 60 DAI (Fig. 2). About 20% and 80% of plants were infected in
T4 at 30 and 60 DAI, respectively (Fig. 2). The pathogen could more easily be recovered
from soil in T1 (0.4 cfu/g of soil) compared to T4 (0.1 cfu/g of soil) at 30 DAI, but there were
no differences among T1 to T4 at 60 DAI (Fig. 2).

When the bean seeds were sown at 90 DAI, emergence and plant weight were reduced
only in T1 (Fig. 1, Tab. 1). Disease severity was intermediate for treatments T1 to T4 (Fig. 2).
About 50% of plants were infected in T4 (Fig. 2). No differences were observed for
population density of R. solani among T1 to T4 (Fig. 2).

The AUPEC values in T1 to T4 were related with inoculum depth and evaluation time
(Tab. 1). AUPEC (and also the percentage of plants emerged and plant weight) were lowest in
T1 and T2 and increased with deeper inoculum placement so that in T4 similar values as in

TC, the disease free control, were reached. For disease incidence and severity the trend was
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the other way round, i.e. the values decreased with deeper inoculum placement (Fig. 2).
Nevertheless, also in T4 a disease level was reached, which cannot be neglected. A second
trend was related to the evaluation over time: Initially there is a decrease in the AUPEC-
values in T1 to T4, but after the second evaluation at 15 DAI the values increased. This effect

was clearer if the inoculum was confined in the upper layers (T1 and T2).
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Figure 2. Effects of inoculum depth of R. solani (TC = non-infested control; T1 = 0-5 cm;
T2 = 5-10 cm; T3 = 10-15 cm; T4 = 15-20 cm; and T1-4 = 0-20 cm) over time on disease
severity, disease incidence and population density at 23 DAS when beans were sown in the
top layer

The trends described are reflected in the Figure 3 in which the function
AUPEC(t,d) =141.5[1 - (C1 - Co t) exp( - C3 d)]
was fitted to the data of treatments T1 to T4. The value 141.5 is the AUPEC mean value of

the control (TC) at the four evaluation dates after the establishment of the pathogen in the soil
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(between 15 and 90 DAI). The parameters t and d represent time (measured in days after soil
infestation) and soil layer depth (1 to 4 for T1 to T4). The coefficient c; is a general constant
that is related to AUPEC at t = 0 and d = 0. The coefficients C, and C3 describe the increasing
effect of time and soil layer, respectively. According to this equation, AUPEC increased

monomolecularly with the deeper inoculum placement and linearly with time.

AUPEC = 141.5 1 - (1.007 - 0.009 t) exp( - 0.451 d)] ~ RE=45%, n =80
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Figure 3. Effects of inoculum depth of R. solani over time on AUPEC (calculated up to 23
DAS) when beans were sown in the top layer. Soil layers 1 to 4 correspond to treatments T1
to T4

The population density of R. solani in the bottom layer (T4) was practically not altered
over time. However, in the upper layers (T1, T2 and T3), the density increased in the
beginning (at 0 and 15 DAI) and after a decrease (between 15 and 30 DAI) it remained
constant (Fig. 2).

2.3.2 Cylinder-experiment (beans sown in the infested layer)

As an example for this experiment, the sowing performed at 30 DAI was chosen. The
emergence curves of the six treatments at this evaluation date are presented in the Figure 4. In
this survival test as well as in the tests carried out at other evaluation dates, the emergence of

seedlings, final stand and plant weight were drastically reduced by R. solani, but the depth
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where the inoculum was originally placed had no influence (Tab. 2). Using the AUPEC and
dry weight data of individual cylinders for the four soil layers (T1 to T4), linear regression

analyses revealed significant increases of both variables with time.
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Figure 4. Effects of inoculum depth of R. solani (TC = non-infested control; T1 = 0-5 cm;
T2 = 5-10 cm; T3 = 10-15 cm; T4 = 15-20 cm; and T1-4 = 0-20 cm) on the emergence of
bean seedlings when beans were sown in the infested layer at 30 DAI

Disease incidence was 100% or close to it in the treatments that received R. solani
inoculum and disease severity was consistently high at all evaluation dates (Fig. 5). No
significant differences were observed among T1 to T4 for any factor evaluated. Density of R.
solani increased up to 4.8 cfu/g of soil, but showed later a decreasing trend (Fig. 5).

At 60 DAI, population density of R. solani in samples collected from soil above the
layer originally infested with the pathogen was 0.7, 0.7 and 0.05 cfu/g of soil in T2, T3 and
T4, respectively.

In general, it can be stated for the cylinder-experiment that the inoculum survival was
not influenced by the depth of the inoculum, because the percentage of plants emerged, plant
weight and disease severity were similar in T1 to T4 at all evaluation times. The density of the
pathogen in the soil samples, expressed as cfu/g of soil, was also similar in T1 to T4 (Fig. 5).

Disease severity and population density decreased slightly over time (Fig. 5).
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Table 2. Effects of inoculum depth of R. solani on AUPEC (calculated up to 23 DAS) and
plant dry weight (at 23 DAS) for 5 evaluation dates, characterised by the day (DAI) when
beans were sown in the infested layer

Treatments 0 DAI 15 DAI 30 DAI 60 DAI 90 DAI
AUPEC (%/Days)

TC* 123.9 a** 1113 a 1119a 1132 a 1162 a
Tl 4550 363 b 60.2 b 74.1b 99.9 ab
T2 72.9 ab 529b 712 b 87.7b
T3 643 b 66.6 b 603 b 85.7b
T4 63.0b 523b 63.7b 60.7 ¢

T1-4 80.3 535 47.1 66.4 59.3

Dry weight (% in relation to TC)

TC* 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a
T1 13.8b 19.1b 29.6b 4520 542b
T2 42.7b 39.6b 4550 50.0b
T3 35.8b 56.0b 33.1b 46.7b
T4 26.5b 30.2b 384b 31.6b

T1-4 28.2 27.8 14.8 37.2 32.2

* TC = non-infested control; T1 = 0-5 cm; T2 = 5-10 cm; T3 = 10-15 cm; T4 = 15-20 cm; and
T1-4 = 0-20 cm. **Values are means of 5 replicates. Means followed by the same letter in a
column are not significantly different (P = 0.05)
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Figure 5. Effects of inoculum depth of R. solani (T1 = 0-5 cm; T2 = 5-10 cm; T3 = 10-15 cm;
T4 = 15-20 cm; and T1-4 = 0-20 cm) over time on disease severity and population density at
23 DAS when beans were sown in the infested layer
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2.4 Discussion

The burial of R. solani inoculum at different depths may affect the survival of the pathogen,
as well as the disease severity and the damage on plants (SUMNER, 1996). In the pot-
experiment, high disease incidences and severities were observed at all evaluation dates when
the inoculum was confined to the upper 10 cm of soil (T2 and T3) (Fig. 2). In both treatments,
the emergence of seedlings and the plant dry weight were consistently reduced by the
pathogen (Fig.1, Tab. 1). Moreover, the Figure 3 indicated that the damaging effects of R.
solani decreased with the deeper inoculum placement in the pot-experiment. These results are
supported by several authors, which have shown that growth and aggressiveness of R. solani
are increased when the pathogen is located in the upper soil layer (PAPAVIZAS et al., 1975;
HIREMATH and PRASAD, 1985; RUPPEL, 1991; BAIRD et al., 1993; LEACH et al.,
1993).

There is a general agreement stating that R. solani can rarely be isolated from subsoil in
the field (PAPAVIZAS et al., 1975; SUMNER, 1996). PAPAVIZAS et al. (1975) found that
the pathogen was confined almost entirely to the upper 5 cm of soil; very little activity was
observed between 5 and 10 cm, and no activity below 10 cm. However, in the present study,
when the soil layer 10-15 cm (T3) was infested with the pathogen, disease incidence and
severity (Fig. 2), as well as emergence and weight of plants (Fig. 1, Tab. 1) varied greatly;
disease severity was high in the survival tests at 0 and 15 DAI, but became intermediate later
(30, 60 and 90 DAI) (Fig. 2). Although no effect on emergence was observed in T3 at 0 DAI
(Fig. 1, Tab. 1), plant weight was reduced at this evaluation date as well as at 15 DAI (Tab.
1). This is in accordance to the results of HIREMATH and PRASAD (1985) that R. solani
may survive even if it is buried deeper than 10 cm. They collected soil at 2.5 cm intervals to a
35 cm depth and incubated soil pellets on selective media. The pathogen grew from 80-98%
of the pellets in the upper 15 cm of soil, and from 40-60% of the pellets in 15-25 cm depth,
but not from pellets deeper than 25 cm. When fenugreek was cultivated continuously, the
pathogen even survived to a depth of 30 cm. These findings also support the results presented
in the pot-experiment. Although emergence of bean seedlings and plant weight were not
significantly reduced at any evaluation date when the inoculum was placed deeper than 15 cm
(T4) (Fig. 1, Tab. 1), infected plants were frequently observed in this treatment (Fig. 2). In
addition, disease severity in T4 was low up to 30 DAI, but became intermediate later at 60
and 90 DAI (Fig. 2). It may have significant epidemiological implications, since diseased

plants may be a source of inoculum for the next season.
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In the pot experiment, disease severity and damage caused to plants were highest at 15
DAL This confirms results of the Chapter 4 and is related to the time required by R. solani to
establish itself in the soil. Disease severity was intermediate for T1 to T4 at 90 DAI (Fig. 2).
The regression analyses for AUPEC and dry weight over time in both experiments
(exemplified in the Figure 3 for AUPEC in the pot-experiment) could indicate a reduction of
the survival ability of the pathogen. Moreover, in T3 disease severity was high (Fig. 2) and
plant weight was significantly reduced at 0 DAI and 15 DAI (Tab. 1), but severity becomes
intermediate (Fig. 2) and plant weight was not reduced at 30, 60 and 90 DAI (Tab. 1). Lower
disease severities and damaging effects caused to plants at 60 and 90 DAI were clearer in
another set of experiments carried out using a less aggressive R. solani inoculum, which was
stored for 4 months at 4°C (data not shown).

Nevertheless, disease severity increased in T4 at 60 and 90 DAI in the pot-experiment
(Fig. 2). In addition, inoculum confined even at 15-20 cm did not avoid high severity of
disease (Fig. 5) and severe reduction of the plant growth (Tab. 2) at 90 DAI in the cylinder-
experiment. Results of PAPAVIZAS et al. (1975) suggest that R. solani is highly dependent
on plant tissue and almost disappears when the latter is exhausted. Moreover, the pathogen
may not be able to colonize extensively plant residues when it is buried (PAPAVIZAS et al.,
1975), because of its low tolerance to high concentrations of CO, (PAPAVIZAS et al., 1975;
SUMNER, 1996). BAIRD et al. (1993) observed that the inoculum density of R. solani was
greatly reduced after six months when peanut shells of pods containing inoculum were deep
buried in the soil. However, our results indicate that, after 90 days in absence of host tissue,
the survival of the pathogen was not consistently reduced when the inoculum was buried
deeper than 15 cm (Figs. 2 and 5). At the evaluation time of the last survival test, sown at 90
DAL, the population density for T4 was similar to those observed for T1, T2 and T3 in both
experiments (Figs. 2 and 5). The slow declines of R. solani activity may be due a gradual
reduction of food bases in soil, because of decomposition and food exhaustion (PAPAVIZAS
et al,, 1975). This phenomenon can explain the variations observed in the curves of
population density. In the beginning, the pathogen could grow rapidly from the suitable
energy base provided by the rice grains, reaching the highest population density at the
evaluation time of the second test, sown at 15 DAI (Figs. 2 and 5).

Several environmental factors may influence survival of propagules of R. solani.
Edaphic factors include soil texture, compactation, and water potential. Survival of R. solani
is also affected by tillage practices that influence vertical distribution in soil (SUMNER,

1996). Deep plowing such as obtained by mouldboard plows will result in a deep turning over
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of infected organic debris and will thus encourage a more complete and faster decomposition
than shallow plowing with disc harrows or subsoilers (SUMNER et al., 1986; ABAWI and
PASTOR-CORRALES, 1990). Different soil preparation techniques and equipments can help
in reducing the inoculum density of the pathogen as well as the incidence and severity of root
rot in the field (HUSSEY and RONCADORI, 1977; LEWIS et al., 1983; SUMNER et al.,
1986; LEACH et al., 1993). WIN and SUMNER (1988) suggested that a substantial reduction
of bean yield could occur in conservation tillage, where infected plant residues normally are
not deep buried.

Deep plowing of bean plant residues infected by R. solani to a depth of 20-25 c¢cm has
been recommended to reduce inoculum density and survival of the pathogen in the soil
(PAPAVIZAS et al., 1975). This practice may also promote deeper and more extensive root
formation that escapes root rot pathogens (ABAWI and PASTOR-CORRALES, 1990) and
may be used as a component of an integrated management of root rot. Plowing in association
with seed treatment increased bean yield more than when each component was used
individually (LEWIS et al., 1983). A combination of plowing and biological control with
Trichoderma harzianum reduced Rhizoctonia damage on cucumber (LEWIS and
PAPAVIZAS, 1980). Our results showed that inoculum depth affected the vertical growth of
R. solani. Although the pathogen survived in T4, it could hardly be recovered from soil
samples collected above the layer originally infested in this treatment in the cylinder-
experiment. This poor vertical growth and colonization demonstrates the benefit of plowing to
reduce inoculum density. However, there is little information about how long the pathogen
can survive in the soil when it is deep buried. In the Chapter 4, it was demonstrated that R.
solani survived more than one year in the soil when the inoculum was homogenously
distributed in pots. Deep turning (20-30 cm) of soil with a mouldboard plow reduced
populations of R. solani but did not eliminate propagules of the pathogen (SUMNER et al.,
1986). Considering the results presented here, plowing in short intervals of time or other soil
movements could establish the contact between viable inoculum of the pathogen and bean
seeds or seedlings in the next season. This may have important implications especially for

tropical countries, where bean is frequently planted three times a year in the same field.
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3. Effects of soil moisture and sowing depth on Rhizoctonia root rot of

beans and its control by Trichoderma harzianum

Abstract

The effects of soil moisture and sowing depth on bean root rot caused by Rhizoctonia solani
and its control by Trichoderma harzianum were studied under greenhouse conditions. The
pathogen was grown on rice grains and the antagonist on wheat bran. Both fungi were
inoculated before sowing. Disease severity, percentage of plants emerged, plant height and
dry weight were evaluated three weeks after sowing. Emergence rate and growth of plants
inoculated only with R. solani were not affected by soil moisture varying from 15 to 42%
(v/v). Deep sowing significantly reduced the emergence rate and growth of plants inoculated
only with R. solani. However, in the presence of the antagonist, the effect of sowing depth
was not significant. At a sowing depth of 6.0 cm, the percentage of plants emerged was 50%
in the presence of T. harzianum, but only 6.7% when the pathogen was inoculated alone. The
antagonist protected bean seedlings from pre-emergence damping-off, reduced disease

severity and increased plant growth in the presence of R. solani, especially in moist soil.

3.1 Introduction

Rhizoctonia root rot caused by Rhizoctonia solani Kiihn is a widely distributed disease of
common bean (Phaseolus vulgaris L.) in the world (ABAWI, 1994). Bean production has
substantially declined in the last years in Brazil due to soilborne pathogens such as R. solani,
apparently because of the combination of soil moisture and cooler temperatures observed in
areas under irrigation regimes (CARDOSO, 1994; VIEIRA and DE PAULA, 1998). Although
HALL (1991) affirmed that soil moisture conditions have little effect on disease severity on
beans, ABAWI and PASTOR-CORRALES (1990) asserted the disease may be more severe
under moderate to high soil moisture conditions and moderate temperature. High disease
severity on beans has frequently been correlated with high soil moisture (GALINDO et al.,
1982; KOBRIGER and HAGEDORN, 1983). However, contradictory results have been found
by other authors on beans (VAN BRUGGEN et al., 1986; FENILLE and SOUZA, 1999) and
on crops other than beans (DAS and WESTERN, 1959; PITT, 1964; MAUGHAN and
BARBETTI, 1983; HUISSMAN, 1988; TEO et al., 1988). Different results may partially be
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related to problems with terminology that has been used to quantify the soil water status
(PLOETZ and MITCHELL, 1985).

The disease may be reduced by various cultural practices such as sowing on raised beds
during the wet rainy season, delayed sowing (until the soil has sufficiently been warmed up to
reduce R. solani infection), crop rotation with non-host crops (wheat, oat, barley, and maize),
deep plowing, use of more resistant cultivars, incorporation of organic residues as soil
amendment and shallow sowing (ABAWI, 1994). Shallow sowing can be effective in
reducing the damage caused by R. solani, since deep sowing extends the period of seedlings
emergence and increase the severity of infection (MANNING et al., 1967, LEACH and
GARBER, 1970).

Apart from cultural practices, biological control using Trichoderma species can reduce
activities of R. solani (HARMAN et al., 1980; LEWIS and PAPAVIZAS, 1980, 1987, 1991;
CHET and BARKER, 1981; BEAGLE-RISTAINO and PAPAVIZAS, 1985; LEWIS et al.,
1995; KOK et al., 1996). Especially T. harzianum Rifai is one of the more intensively
investigated biological control agent (HENIS et al., 1978; HADAR et al., 1979; ELAD et al.,
1980a, 1981b, 1981c; CHET et al., 1982; MARSHALL, 1982; WU, 1982; DAL SOGLIO,
1998). Trichoderma species are particularly prevalent in humid environments and are
relatively intolerant of low moisture levels; however they can be isolated from all climatic
zones, including desert soils (KLEIN and EVELEIGH, 1998).

As R. solani is worldwide distributed, the exclusion and eradication of the pathogen are
usually not effective field control measures. Generally, no single treatment provides a
satisfactory control of R. solani, but it has been demonstrated that some practices used
simultaneously may be effective to manage the disease (LEWIS and PAPAVIZAS, 1980;
ABAWI, 1994). The integration of biological agents with additional strategies is increasingly
recommended to enhance disease control (SWEETINGHAM, 1996). However, environmental
and edaphic factors, including soil moisture, as well as cultural practices used to control root
rot, like water management, may influence the antagonistic properties of T. harzianum.
Similarly, little is known about the effects of some practices such as shallow sowing on the
biological control of Rhizoctonia root rot using T. harzianum.

The objective of this study was to investigate the influence of soil moisture and sowing
depth on the development of bean root rot caused by R. solani and its biological control by T.

harzianum.
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3.2 Material and methods

Two kinds of experiments were conducted under greenhouse conditions at Hanover,
Germany: The moisture experiment and the sowing depth experiment. The fungi isolates used
were taken from the collection of the Institute of Plant Diseases and Plant Protection,
University of Hanover. They were maintained at 4°C. The isolate of R solani (AG-4),
originally isolated from bean, was grown on rice grains in 200 ml-Erlenmeyer flasks, while T.
harzianum was grown on wheat bran. Two 5 mm diameter mycelial-agar disks were
transferred from the margin of growing colonies to the flasks. After 6 days of incubation at
25°C in darkness, rice grains were totally colonized by R. solani and wheat bran by T.
harzianum. The mass of rice grains was manually separated and the grains were dried on trays
for 24 hours before soil infestation.

Soil-sand (2:1) was sterilized at 150-170°C for 24 hours. Immediately before sowing,
the content of each pot (800 ml of soil-sand) was poured on a tray, carefully mixed with
inoculum of both fungi at 3% (w/w), and put back in the pot. Ten seeds of the bean cultivar
‘Dufrix’ were sown per pot. Soil not infested with R. solani or T. harzianum received non-
colonized rice grains and wheat bran, respectively.

Both experiments consisted of 16 treatments as a combination of presence and absence
of R. solani/T. harzianum, and four soil moisture levels or four sowing depths. In the moisture
experiment, soil moisture levels were determined with a soil moisture sensor (ThetaProbe,
Delta-T Devices Ltd., Cambridge, U.K.) and kept at 42, 32, 23 and 15% (v/v). The pots were
weighed to monitor water loss and irrigated once a day. In this experiment, bean seeds were
sown 3 cm deep. In the sowing depth experiment, the seeds were sown at 1.5, 3.0, 4.5 and 6.0
cm and the soil moisture content was maintained approximately at 32%. The following
combinations were tested: without both fungi (rt), without R. solani/with T. harzianum (rT),
with R. solani/without T. harzianum (Rt) and with both fungi (RT). Three replicates of each
treatment were placed in a randomised complete block design. Each replication consisted of a
pot in which 10 seeds were sown. The pots were put at 23/18°C (day/night).

Daily observations were made on emergence. The plants were removed three weeks
after sowing and hypocotyls were evaluated to determine the disease severity according to a
1-9 scale adapted from VAN SCHOONHOVEN and PASTOR-CORRALES (1987), with 1 -
no visible symptoms, 3 - light discoloration without necrotic lesions, 5 - < 25% of the
hypocotyl and root tissues covered with lesions but tissues remain firm, 7 - 25-50% of the

hypocotyl and root tissues covered with lesions combined with softening, rotting, and
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reduction of the root system, 9 - > 75% of the hypocotyl and root tissues affected with
advanced stages of rotting combined with a severe reduction in the root system or dead plants.
Plant height and dry weight were also determined.

The experiments were repeated once. Comparisons for emergence rate were done
through the area under plant emergence curve (AUPEC). The non-parametric test of Kruskal-
Wallis was used to compare root rot severities. Analysis of variance (ANOVA) was
calculated followed by multiple range tests (P = 0.05) to separate the means for each fungi
combination. In addition, the effects of the moisture level (ML) on some variables Y, for
instance AUPEC, plant height and dry weight, were investigated by means of regression
analyses using the following model for the combined data of the four fungi combinations on
the pot basis (altogether 48 pots):

Y= (Grt Yre + A yi7 + Ore YRe + Orr yr) (1 + b1 ML) (1)

In this equation, the d;j are dummy variables (0 or 1) to choose the fungi combination
(rt, r'T, Rt or RT) and the four parameters yj; represent the estimated level of the dependent
variable of the fungi combination for moisture level 0. The coefficient b; describes the
increasing effect of the moisture level (measured in percentage of moisture content).

As in most cases the estimated values y, and y,r were not significantly different,
meaning that T. harzianum had no effect in the absence of R. solani, also the following model
was fitted to the combined data to assess the effects of the pathogen and the antagonist on
AUPEC, plant height and dry weight:

Y=VYall-drbr(l-drby](1+b,ML) 2

Here again dr and dr are dummy variables (0 or 1) describing if R solani and T.
harzianum has been added to the soil. The parameter y, is an estimate of the dependent
variable at moisture level 0 (ML = 0) when R. solani is not applied (dr = 0). The coefficient
br reflects the decrease due to the application of the pathogen, while by quantifies how T.
harzianum reduces the negative effect of R. solani. The coefficient b, characterises again the
increasing effect of the moisture level. From this equation, the antagonistic effect of T.
harzianum in the presence of R. solani can be deduced as an increase in y by the factor
[brbr/ (1 - br)].

Similar models were used to investigate the effects of R. solani and T. harzianum in
combination with different sowing depths (SD, measured in cm) on some dependent variables
y like AUPEC, plant height and dry weight:

Y= (dt yu A1 yor + Or yre + Orr yrr) (1 - by SD) 3)
Y=Yall - drbr (1 - drbr)] (1 - b, SD) “)
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The only difference between the models for soil moisture level (ML) and sowing depth
(SD) is the negative sign of the coefficients b; and b,, which reflects the fact that the
independent variables, for instance plant dry weight, decrease with the sowing depth.

The analysis of variance and the regression analyses were carried out with the Statistical

Analysis System (SAS Institute, Carey, NC) and Sigma Plot (SPSS Inc., Chicago).

3.3 Results

As the tendencies in each experiment and the repetition were similar, only the data from the
second run of experiments are presented. Plant height and dry weight were highly positively
correlated with each other (r > 0.92; P < 0.01), but negatively correlated with severity
(r > -0.909; P < 0.01). Root rot and hypocotyl symptoms were observed in all plants

inoculated with R. solani (treatments Rt and RT).

3.3.1 Effect of soil moisture levels

The final emergence rate was similar for the treatments rt and T (Fig. 1), although plants
inoculated with T. harzianum emerged earlier, resulting in higher AUPEC values (Tab. 1).
The pathogen reduced consistently the emergence so that plants in the treatment Rt emerged
three days later and the final emergence rate was only between 23 and 43% (Fig. 1).
Differences in emergence rate between treatments Rt and RT were dramatic, indicating that
the antagonist protected the bean seedlings from pre-emergence damping-off in the presence
of R. solani (Fig. 1). The percentage of emerged plants in the treatment RT varied from 77 to
93%. In spite of the biological control provided by T. harzianum, the severity indexes were
always higher than 7 for plants inoculated with both fungi (Tab. 1). Disease severity ratings
were on average 8.45 and 7.43 on plants in the treatments Rt and RT, respectively, but in both
treatments the severity did not differ significantly among the moisture levels.

Characterising the emergence of seedlings by AUPEC, the mean values for the different
fungi combinations are 108, 117, 27 and 87%/Days for treatments rt, rT, Rt and RT,
respectively (Tab. 1). The effect of the biological control by T. harzianum results from the
comparison of the treatments Rt and RT (Tab. 1 and Fig. 2). Due to the antagonist, AUPEC
increased by 192, 215, 336 and 195%, plant height by 504, 827, 613 and 175%, and plant dry
weight by 221, 539, 270 and 80%, respectively for soil moisture contents of 42, 32, 23 and
15%.
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Figure 1. Effect of four soil moisture levels (%, v/v) on emergence of bean seedlings
inoculated with R. solani and on the biological control with T. harzianum. (rt = without both
fungi; rT = without R. solani/with T. harzianum; Rt = with R. solani/without T. harzianum;
and RT = with both fungi)

Table 1. AUPEC values (%/Days) and severity (1-9 scale) for each fungi combination and
soil moisture level

Treatments
Soil rt rT Rt RT
moisture AUPEC  Severity AUPEC  Severity = AUPEC  Severity = AUPEC  Severity

42% 104.8 a* 1.0 118.8 a 1.0 343a 8.40 100.2a  7.47
32% 113.5a 1.0 120.0 a 1.0 292 a 8.67 92.0 ab 7.67
23% 1133 a 1.0 1185a 1.0 19.2a 8.63 83.7 ab 7.20
15% 101.8 a 1.0 111.8a 1.0 23.8a 8.10 70.5b 7.40

* Values are means for three replicates. For each fungi combination, means followed by the
same letter are not significantly different (P = 0.05). (rt = without both fungi; rT = without R.
solani/with T. harzianum; Rt = with R. solani/without T. harzianum; and RT = with both

fungi)

A general trend can be observed for the effect of soil moisture levels on emergence and
plant growth: At decreasing moisture levels, AUPEC (Tab. 1) and plant growth (Fig. 2) were
reduced, although not always significantly. Results of ANOVA indicated that the percentage
of plants emerged (Fig. 1) and the plant growth expressed in plant height and dry weight (Fig.

2) were not significantly affected by soil moisture in the treatment Rt. Values observed for
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disease severity were also similar in this treatment (Tab. 1). On the other hand, in the
presence of T. harzianum, AUPEC (Tab. 1), plant height and dry weight (Fig. 2) were more
reduced by R. solani at drier soils. At decreasing soil moisture levels, AUPEC (Tab. 1) and
plant growth (Fig. 2) were stronger reduced in the treatment RT (compared to rT): reductions
of 16, 23, 29 and 37% for AUPEC, 45, 53, 60 and 67% for plant height, and 37, 33, 59 and
54% for plant weight were observed respectively for soil moisture contents of 42, 32, 23 and
15%.
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Figure 2. Effect of four soil moisture levels (%, v/v) on plant height and dry weight. Values
of plant height and dry weight are means of three replicates. For each fungi combination,
means followed by the same letter are not significantly different (P = 0.05). (rt = without both
fungi; rT = without R. solani/with T. harzianum; Rt = with R. solani/without T. harzianum,
and RT = with both fungi)

The application of model 1 resulted in the equations 5-7, which permitted to estimate
AUPEC, plant height (PH) and dry weight (DW) for each treatment and the effect of the soil
moisture levels. All estimated parameter values were significantly different from 0 (P < 0.05)
and the coefficients of determination R? varied from 91.5 (eq. 5) to 94.6 (eq. 6). For each
increasing percent of moisture content, AUPEC, plant height and dry weight increased by
0.48, 1.47 and 1.1%, respectively.

AUPEC = (0 95.43 + drr 103.34 + dr 23.61+ Oy 76.62) (1 + 0.0048 ML) (5)
PH = (0 24.5 + drr 20.9 + O 1.62+ Oy 9.48) (1 +0.0147 ML) (6)
DW = (0 590.34 + dhy 592.61 + d 95.63+ drr 327.86) (1 + 0.011 ML) (7)

Model 2 was also applied for the variables AUPEC, plant height and dry weight,
resulting in equations 8 to 10. The estimated parameter values were significantly different
from 0 (P < 0.05) and the coefficients of determination R? varied from 90.8 (eq. 8) to 92.9
(eq. 10). The equations show that R. solani reduced AUPEC, plant height and dry weight by
76, 93 and 84%, respectively. However, in the presence of T. harzZianum, the reduction of
AUPEC, plant height and dry weight by the pathogen was only 22.8, 58.6 and 44.5%,
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respectively. Looking at the increase of the variables, the antagonistic effects are given by the

factors 2.21, 4.51 and 2.47 for AUPEC, PH and DW, respectively.

AUPEC = 99.44 [1 - dg 0.76 (1 - dr 0.70)] (1 + 0.0048 ML) (8)
PH =22.67[1-dg0.93 (1-d70.37)] (1+0.0148 ML) )
DW =591.51[1 - dr 0.84 (1 - dr 0.47)] (1 +0.011 ML) (10)
3.3.2 Effect of sowing depth

The final emergence rate was similar for the treatments rt and rT (Fig. 3). Emergence took
longer and pre-emergence damping-off was more severe the deeper the seeding was
performed in the treatment Rt (Fig. 3). However, deep sowing did not reduce AUPEC (Tab.
2) and plant growth (Fig. 4) in the treatment RT. At 1.5 cm, plants in the treatment Rt
emerged only one day later than plants in the treatment RT, and the final number of plants
emerged was similar. At 6.0 cm, plants in the treatment Rt emerged three days later than
plants in the treatment RT. The corresponding disease severity ratings for treatments RT and
Rt were on average 8.15 and 8.7, respectively.

The mean values for AUPEC in four treatments rt, rT, Rt and RT were 119.7, 123.9,
26.4 and 66.2%/Days, respectively (Tab. 2). The variation of AUPEC values was highest at
6.0 cm: 112.7, 122.3, 6.0 and 52.7 %/Days, for treatments rt, rT, Rt and RT, respectively
(Tab. 2).

Emergence and plant height were in general reduced at deep sowing, but not in all
treatments. In the treatment Rt, plant height (Fig. 4) and dry weight of aerial parts of plants
(data not shown) were higher and disease severity (Tab. 2) lower at 1.5 cm compared to other
sowing depths. Pre-emergence damping-off was most severe at 6.0 cm (Fig. 3). At this
sowing depth, 50% of the plants inoculated with R. solani emerged in the presence of T.
harzianum, but only 6.7% in the absence of the antagonist. In both treatments inoculated with
R. solani (Rt and RT), the disease severity showed an increasing tendency with sowing depth
(Tab. 2) although the differences among the four sowing depths were not significant.

The model 3 applied to AUPEC, plant height (PH) and dry weight (DW) resulted in the
equations 11-13, which permitted to estimate the general effects of the treatments and the
effect of sowing depth. The estimated parameter values for AUPEC and plant height were
significantly different from O (P < 0.05) and the coefficients of determination R? varied from
91.6 (eq. 11) to 94.5 (eq. 12). Sowing depth had a negative effect on AUPEC and plant height
so that they were reduced by 2.2 and 5.07%, respectively, for each cm depth. On the other
hand, the effect of sowing depth on plant dry weight was not significant.
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AUPEC = (0t 130.40 + dy7 134.91 + dr 29.51 + dgr 72.24) (1 - 0.022 SD) (1)
PH = (0 55.49 + dy7 51.66 + dr 3.63 + dgr 13.02) (1 - 0.0507 SD) (12)
DW = (0 1118.58 + hr 1180.55 + dre 103.16 + Oy 386.14) (1 + 0.0047 SD) (13)
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Figure 3. Effect of sowing depth (cm) on emergence of bean inoculated with R. solani and on
the biological control with T. harzianum. (rt = without both fungi; rT = without R. solani/with
T. harzianum; Rt = with R. solani/without T. harzianum; and RT = with both fungi)

Table 2. AUPEC values (%/Days) and severity (1-9 scale) for each fungi combination and
sowing depth

Treatments
Sowing t rT Rt RT
depth AUPEC  Severity AUPEC  Severity @ AUPEC  Severity = AUPEC  Severity

l.5cm 1233 a* 1.0 125.7 a 1.0 56.8 a 8.33 65.0a 7.97
3.0cm 1223 a 1.0 1245 a 1.0 27.5b 8.77 74.5a 8.07
45cm 1203 a 1.0 1232 a 1.0 15.2 be 8.80 72.7 a 8.10
6.0cm 112.7a 1.0 1223 a 1.0 6.0c 8.93 52.7a 8.47

* Values are means for three replicates. For each fungi combination, means followed by the
same letter are not significantly different (P = 0.05). (rt = without both fungi; rT = without R.
solani/with T. harzianum; Rt = with R. solani/without T. harzianum; and RT = with both

fungi)

In the same way, the equations 14 to 16 resulted from the application of the model 4 to
AUPEC, plant height (PH) and dry weight (DW). The estimated parameter values for AUPEC
and plant height were significantly different from 0 (P < 0.05) and the coefficients of
determination R? varied from 91.4 (eq. 14) to 94.2 (eq. 15). The equations indicated that the
pathogen reduced AUPEC, plant height and dry weight by 78, 93 and 91%, respectively.



3. Soil moisture, sowing depth 26

However, in the presence of the antagonist, the reduction of AUPEC, plant height and dry
weight by R. solani was only 46.0, 75.3 and 66.4%, respectively. Regarding again the
increase of the variables, the antagonistic effects are given by the factors 1.45, 2.52 and 2.73

for AUPEC, PH and DW, respectively.

AUPEC =132.67[1 -dr 0.78 (1 - dr 0.41)] (1 - 0.0221 SD) (14)
PH=53.63[1-dg0.93 (1-0d70.19)] (1 - 0.0509 SD) (15)
DW = 1150.44 [1 - dr 0.91 (1 - dr 0.27)] (1 + 0.0045 SD) (16)
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Figure 4. Effect of sowing depth (cm) on plant height and dry weight. Values of plant height
and dry weight are means of three replicates. For each fungi combination, means followed by
the same letter are not significantly different (P = 0.05). (rt = without both fungi; rT = without
R. solani/with T. harzianum; Rt = with R. solani/without T. harzianum; and RT = with both

fungi)

3.4 Discussion

The influence of soil moisture on incidence and severity of diseases caused by R. solani on
different crops has been studied by several authors (DAS and WESTERN, 1959; PITT, 1964;
LEWIS and PAPAVIZAS, 1977; SUMNER and BELL, 1982; MAUGHAN and BARBETTI,
1983; SHEHATA et al., 1984; TEO et al., 1988; HUISSMAN, 1988), but there is no general
agreement whether high or low soil moisture favours the fungus.

Also for Rhizoctonia root rot on beans, contradictory results about the effect of soil
moisture have been published. Several authors affirm that moderate to high soil moisture
favours bean root rot (ABAWI, 1994; ABAWI and PASTOR-CORRALES, 1990).
GALINDO et al. (1982) recorded that disease severity increased, as soil moisture and relative
humidity were higher during incubation. According to KOBRIGER and HAGEDORN (1983),
disease severity commonly decreases in the field, when early irrigation is reduced. ABAWI
(1994) recommended to plant beans on raised beds during the wet rainy season to reduce the
severity of the disease. On the other hand, CANADAY (1998) found that soil moisture levels
had negligible effects on Rhizoctonia root rot in field experiments. FENILLE and SOUZA



3. Soil moisture, sowing depth 27

(1999) observed the same results in experiments with low and high soil moisture levels (20
and more than 80% of field capacity, respectively). VAN BRUGGEN et al. (1986) reported
that disease incidence did not depend on soil moisture; however, the largest lesions developed
at lower moisture levels (-9.5 bar), but the time period available for lesion expansion was
longer. They found also that R. solani delayed emergence and reduced the plant growth rate,
particularly at low soil moisture levels. Our results, especially based on the equations 5 to 10,
indicated that increasing soil moisture in general enhanced AUPEC and plant growth.
However, the statistical analyses done for each fungi combination separately showed that
different soil moisture levels did not influence the emergence rate and plant growth in the
treatment Rt (Tab. 1, Fig. 2). In this treatment (and also in RT) disease severity did not differ
among the soil moisture levels. These results support the findings of FENILLE and SOUZA
(1999), who presented evidence that the incidence of Rhizoctonia root rot on beans was not
dependent on soil moisture. It has even been demonstrated that incidence and severity of root
diseases caused by R. solani may decrease at very high soil moisture levels (ROTH and
RIKER, 1943; WRIGHT, 1957; BATEMAN, 1961b; KUMAR et al., 1999), apparently
because the lack of aeration is a limiting factor for R. solani (BATEMAN, 1961b; PLOETZ
and MITCHELL, 1985). A deleterious effect of wet soil on R. solani survival was observed in
the Chapter 4.

One reason for the contradictory results in literature could be the use of ambiguous
terms to quantify the soil water status (PLOETZ and MITCHELL, 1985). According to
SHEHATA et al. (1984), this confusion related to effects of soil moisture on R. solani in
different crops may also be due to failure to distinguish between the effects of moisture
tension and aeration. Moreover, the results may differ depending on the R. solani anastomosis
group (TEO et al., 1988). Chemical, physical and biological characteristics of the soil may
affect drastically results of experiments involving soil moisture and activities of soilborne
pathogens. Furthermore, different methods of experimentation have been used so that
comparisons among results are very difficult.

Apart from the influence of soil moisture, the increasing effect of high relative humidity
on bean root rot should not be neglected (GALINDO et al., 1982; Chapter 5). It may have
important implications for disease management, because high relative humidity caused by
excessive irrigation should be avoided in areas with high inoculum potential of R. solani.
Moreover, soil moisture may influence indirectly soil temperature and consequently disease
development (BENSON and BAKER, 1974a; VAN BRUGGEN et al., 1986; TEO et al.,

1988), since bean plants emerge more rapidly at high temperatures and thus could escape
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infection (ZAUMEYER and THOMAS, 1957). According to TEO et al. (1988), the disease
on canola could be controlled to a certain extend by later seeding to avoid low soil
temperatures, when Rhizoctonia isolates in an area are predominantly AG 2-1 and soil
moisture is high. These authors demonstrated that high soil moisture might lower soil
temperature and favour AG 2-1.

There is a general agreement in literature that bean root rot is enhanced when bean
seeds are deeper sown. CROSSAN (1965), WESTER and GOTH (1965) and MANNING et
al. (1967), for instance, showed that deep sowing increases root and hypocotyl rot on beans.
Lower incidence and severity of disease were obtained by sowing bean seeds 2.5 cm deep
compared to 7.5 cm (MANNING et al., 1967). In California, sowing depth of 1.5-2.5 cm
reduced the disease incidence on beans to a level avoiding the application of fungicides
(LEACH and GARBER, 1970). Severe outbreaks of lupin hypocotyl rot in Western Australia,
caused by R solani AG 11, were usually associated with sowing depths greater than 6 cm
(SWEETINGHAM, 1996). The results presented here also support the promoting effect of
deeper sowing on bean root rot. Equations 11 and 14 indicated that AUPEC was in general
reduced by 2.2% for each cm depth, although the percentage of plants emerged was about
100% in the treatments rt and rT 14 days after sowing. ROSA (1990) found no effects of
different depths on percentage of bean plants emerged, but observed that deep sowing
diminished the velocity of emergence. Our results showed that sowing depth dramatically
affected pre-emergence damping-off at 3.0, 4.5 and particularly at 6.0 cm (Fig. 3). The effect
of sowing depth on plant dry weight was not significant because the root system of plants
emerged from deeply sown seeds was longer. Plant height (Fig. 4) and dry weight of aerial
parts of plants (data not shown) in the treatment Rt were highest at 1.5 cm, and disease
severity lowest (Tab. 2). Severity of root rot increased with higher sowing depth (Tab. 2).
Deep sowing extends the period of seedlings emergence which favours the seedlings contact
with R. solani and increases the probability of damping-off and root rot. It is known that
colonization of R. solani is limited or slow in older hypocotyls (MANNING et al., 1967).
Thus, deep sowing increases the exposition of growing hypocotyl to the pathogen. According
to ARAUIJO (1998), deep sowing favours soilborne pathogens less severely in sandy soils.

The antagonistic effect of T. harzianum on R. solani root rot of beans is known (CHET
et al.,, 1979; HADAR et al., 1979; ELAD et al., 1980a; MARSHALL, 1982). ELAD et al.
(1980a) reported that T. harzianum significantly reduced disease severity, delayed the
progress and incidence of R. solani damping-off, increased the yield of beans under field

conditions and reduced disease incidence in greenhouse experiments. In our experiments, T.
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harzianum increased emergence of seedlings in the presence of R solani (Figs. 1 and 3),
although severity indexes were high for plants inoculated with both fungi (Tabs. 1 and 2). In
addition, plant growth was consistently higher for plants in the treatment RT than in the
treatment Rt (Fig. 2 and 4). According to the regression analyses with the models 2 and 4, in
the presence of the pathogen, T. harzianum was more effective in increasing emergence rate
than plant growth.

A significant effect of soil moisture was observed in the treatment RT, indicating that
AUPEC and plant growth were increased at high soil moisture (Tab. 1). The increases in
height and weight of plants inoculated with R. solani due to T. harzianum were lower at 15%
soil moisture compared to the higher moisture levels. In addition, the antagonistic effects
were enhanced at increasing soil moisture levels, comparing treatments rT and RT. These
results support the findings of LIU and BAKER (1980) who observed more persistent
suppressive effects of Trichoderma spp. in moist soil than in drier soil. Trichoderma species
seem to be more prevalent under high moisture conditions (KLEIN and EVELEIGH, 1998),
although HUISSMAN (1988) reported that they were apparently not greatly affected by soil
moisture. In the Chapter 4, we discuss the effects of soil moisture on the survival of R. solani
and T. harzZianum and suggested that the antagonistic ability and survival of T. harzianum was
affected by soil moisture, but it apparently was dependent on temperature and inoculum
potential of both fungi in the soil.

LIU and BAKER (1980) suggested that the induction of suppressiveness to R. solani
might be enhanced by manipulating the frequency of irrigation in order to maintain the soil
moist and favour T. harzianum. However, at very high soil moisture conditions the
establishment of T. harzianum seems to be reduced (Chapter 4). The combined use of T.
harzianum and moderate soil moisture to reduce R. solani infection on beans under field
conditions is feasible, but recommendations of soil moisture levels may be done for each
situation in particular. Integration of water management with other cultural practices is
recommended. Water management combined with sub-soiling increased bean yield in soil
infested by R. solani and other soilborne pathogens (SILBERNAGEL, 1981).

Deep sowing did not reduce AUPEC (Tab. 2) and plant growth (Fig. 4) in the treatment
RT. At 1.5 cm, percentage of emerged plants and plant height were similar in the treatments
Rt and RT. However, differences between both treatments were dramatic at 3, 4.5 and 6 cm
(Figs. 3 and 4). Studying the effects of sowing depths on Rhizoctonia root rot on beans,
MANNING et al. (1967) suggested that cultural practices that hasten tissue maturity, such as

shallow sowing, might reduce the disease. We observed that T. harzianum increased the
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emergence of seedlings and plant growth in the presence of R. solani even if seeds were
placed at 6 cm deep. These results show that integration of T. harzianum with shallow sowing
may improve the root rot control in the field.

The antagonist raised the emergence rate of plants not inoculated with R. solani in the
moisture experiment. This effect was also observed in the Chapter 4 and could suggest a
direct effect of T. harzianum on the seedlings, which improves plant emergence. Plant growth
promotion by Trichoderma spp. has been reported (CHANG et al., 1986; HARMAN et al.,
1989; LYNCH et al., 1991), which is undoubtedly influenced by variations in the rhizosphere
environment (BAILEY and LUMSDEN, 1998). ELAD et al. (1980a) observed that a wheat
bran preparation of T. harzianum significantly increased weight of bean plants when applied
to non-infested soil, but non-inoculated wheat bran had no significant effect on plants.
Promotion of plant development by T. harzianum may be more relevant under stress
situations that delay emergence, like deep sowing. Plants not infected with R. solani emerged
more rapidly in the presence of T. harzianum, when seeds were sown at 6 cm (Fig. 3).

The results presented here demonstrate the potential of T. harzianum for use as a
component of an integrated disease management program to control Rhizoctonia root rot on
beans. It has been shown that the effectiveness of introduced antagonists can be enhanced by
cultural practices (SWEETINGHAM, 1996). The improved antagonism of T. harzianum
under conditions adverse for soilborne pathogens emphasizes the potential of integrating
various means of control (ELAD et al., 1980b). The reduction of Rhizoctonia fruit rot of
cucumber was greater with a combination Trichoderma-moldboard plowing (LEWIS and
PAPAVIZAS, 1980). In the same way, the integration of T. harzianum and solarization
(ELAD et al., 1980b, 1981b; CHET et al., 1982), sublethal doses of pentachloronitrobenzene
(PCNB) (CHET et al., 1979; HADAR et al., 1979) or methyl bromide (STRASHNOW et al.,
1985) had best results.

The commercial use of antagonists to control Rhizoctonia root rot on beans in Brazil,
where large areas are planted with this crop, could be feasible, for example, for fields with
high inoculum potential. However, the erratic and inconsistent results in fields due to climatic
and edaphic variables have limited the introduction and acceptance of commercial biocontrol
agents (LEWIS and KULIK, 1996). Moreover, Trichoderma species do not appear to be very
competitive in non-sterilized soil (ADAMS, 1990). For a successful application of these
fungi, it is essential to use highly efficient isolates and an inoculum carrier that permits the

antagonist to become established in the soil.
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The information presented here reinforces the concept of biocontrol as an alternative
strategy against Rhizoctonia root rot. In soils where R. solani has been detected, sowing
deeper than 3 cm is not recommended. Management practices may also include sowing of
high quality seeds and the adjustment of soil water content to permit a rapid emergence of

seedlings and to favour T. harzianum.
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4. Effect of soil moisture on the survival of Rhizoctonia solani and

Trichoderma harzianum

Abstract

The effect of soil moisture on the survival of the soilborne pathogen Rhizoctonia solani and of
its antagonist Trichoderma harzianum, as well as on the dynamics of both microorganisms in
the soil were studied under greenhouse conditions. Inoculum of R. solani was grown on rice
grains, that of T. harzianum on wheat bran. Both fungi were inoculated at the same time, and
the sowing of bean seeds to test the survival was carried out immediately after soil infestation
and 20, 60, 180 and 360 days after soil infestation (DAI), and 3, 6, 12 and 18 DAI in a
complementary experiment. Soil moisture was periodically monitored and kept at levels
varying from 15 to 57% (v/v). The pathogen survived in the soil and caused disease at all
tested dates. However, in the first survival tests (0, 20 and 60 DAI), severity of root rot
initially increased, but decreased later (180 and 360 DAI). On the other hand, dry weight of R.
solani-infected plants was reduced in the initial tests, but increased later so that at 360 DAI
values as in the treatment control were reached. Soil moisture did not affect the severity of
root rot. The pathogen could easily be recovered even from dryer soil, but in the presence of
T. harzianum this was hardly possible. The antagonist improved the emergence of seedlings
and led to higher weights of plants grown in R. solani-infested soil. However, when the
pathogen was well established in the soil, antagonistic protection was lower. Consistent
antagonistic effects were observed until 180 DAI, but at 360 DAI they were hardly detectable.
The antagonist improved plant growth until 60 DAI even on plants not infected by R. solani.
The antagonistic ability and the survival of T. harzianum were greater in soils held at
intermediate soil moisture levels than in wet or dry soils, but were also influenced by the

inoculum potential of both fungi in the soil.

4.1 Introduction

Rhizoctonia root rot caused by Rhizoctonia solani Kiihn is a very important disease occurring
throughout the bean-production areas of many countries of Latin America and Africa
(ABAWI and PASTOR-CORRALES, 1990; HALL, 1991). The pathogen survives in the soil

as sclerotia and melanized mycelium, free or embedded in soil organic debris (BOOSALIS
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and SCHAREN, 1959), originating from parasitized crops and weeds host and/or from
saprophytically colonized crop residues (HERR, 1976; SUMNER, 1996).

Environmental and edaphic factors may influence R. solani survival (SUMNER, 1996).
Incidence and severity of root rot and the resultant damage vary considerably among
plantings from one growing season to another, as a result from direct and indirect effects of
prevailing environmental and soil conditions on the pathogen (ABAWI and PASTOR-
CORRALES, 1990; SUMNER, 1996). Therefore, some cultural practices can be implemented
in order to reduce inoculum levels in the soil, but no single treatment provides satisfactory
results (SWEETINGHAM, 1996).

Manipulation of the frequency of irrigation to maintain a moderate soil moisture level
has been suggested as a component of an integrated management program to control
Rhizoctonia root rot (LIU and BAKER, 1980). High soil moisture levels and relative
humidity are known to increase disease severity on beans (GALINDO et al., 1982; ABAWI
and PASTOR-CORRALES, 1990), although contradictory results have been found depending
on soil chemical, physical and biological properties, moisture levels as well as on
experimental methodologies (VAN BRUGGEN et al., 1986; FENILLE and SOUZA, 1999).
Nevertheless, there is a general agreement in the literature stating that the survival of R. solani
in the soil is favoured by low soil moisture (PAPAVIZAS and DAVEY, 1962; BENSON and
BAKER, 1974b; PLOETZ and MITCHELL, 1985).

Integration of water management with other cultural practices or with biological control
measures has been recommended to reduce inoculum levels in the field (SILBERNAGEL,
1981; ABAWI and PASTOR-CORRALES, 1990; DE PAULA and ZAMBOLIM, 1998). The
effectiveness of the biological control of Rhizoctonia root rot with Trichoderma harzianum
seems to increase with soil moisture (Chapter 3). LIU and BAKER (1980) observed that
survival of Trichoderma spp. and induction of suppressiveness to R. solani generally were
enhanced by manipulating of frequency of irrigation to favour T. harzianum. Trichoderma
spp. are particularly prevalent in humid environments and relatively intolerant to low
moisture levels; however they can be isolated from all climatic zones, including desert soils
(KLEIN and EVELEIGH, 1998).

The purpose of this study was to investigate the influence of soil moisture on the
survival of both R. solani and T. harzianum and on the dynamic of both microorganisms in
the soil. In addition, the development of Rhizoctonia root rot on beans and the biological
control with T. harzianum were evaluated for a period of one year under different water

regimes.
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4.2 Material and methods

Two experiments were conducted under greenhouse conditions at Hanover, Germany, using
similar methods. A long-term experiment on survival was carried out for a period of one year.
A complementary short-term experiment was conducted only for 18 days focussing on the
establishment of the fungi in the soil. The isolates of R. solani and T. harzianum were taken
from the fungi collection of the Institute of Plant Diseases and Plant Protection, University of
Hanover. They were maintained at 4°C. The isolate of R. solani (AG-4) was originally
isolated from bean. R. solani was grown on rice grains and T. harzianum on wheat bran in 200
ml-Erlenmeyer flasks. Two 5 mm diameter mycelial-agar disks were transferred from the
margin of growing colonies to the flasks. After 6 days of incubation at 25°C in darkness, rice
grains were totally colonized by R. solani and wheat bran by T. harzianum. The mass of rice
grains was manually separated and the grains were dried on trays for 24 hours.

Soil (Fruhstorfer Erde Typ 1, Industrie-Erdenwerk Archut, Lauterbach) was sieved and
mixed with sand (2:1). The mixture was sterilized twice at 100°C for 24 hours. The content of
each pot (800 ml of soil-sand) was poured on a tray and carefully mixed with inoculum of
both fungi at 3% (w/w) in the long-term experiment and 1% (w/w) in the short-term
experiment, and put back in the pot. Treatments not infested with R. solani or T. harzianum
received non-colonized rice grains and wheat bran, respectively.

The long-term experiment began on November 2000. During the winter, the
temperature in the greenhouse was maintained at 18/23°C (night/day). The short-term
experiment was carried out on May 2001 and repeated on August 2001 under temperatures
varying from 18 to 32°C.

During the experiments, the pots were weighted to monitor water loss and irrigated once
a day. Soil moisture content was periodically monitored with a soil moisture sensor
(ThetaProbe, Delta-T Devices Ltd., Cambridge, U.K.) and kept at four levels in the long-term
experiment: 57, 42, 30 and 20% (v/v), and at three levels in the short-term experiment: 42, 27
and 15%.

The following combinations were tested for both experiments: without both fungi (rt),
without R. solani/with T. harzianum (rT), with R. solani/without T. harzianum (Rt) and with
both fungi (RT). To test the survival, ten seeds of bean cultivar ‘Dufrix’ were sown using a
sowing depth of 3 cm. In the long-term experiment, sowing was performed immediately after
the soil infestation and 20, 60, 180 and 360 days after the soil infestation (DAI), and in the

short-term experiment, immediately after the soil infestation, 3, 6, 12 and 18 DAI. Five
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replicates of each treatment were placed in a randomised complete block design. Each
replication consisted of a pot in which 10 seeds were sown.

After sowing, daily observations were made on plant emergence. Disease severity, plant
height and dry weight were evaluated about 22 days after sowing (DAS). Plants were
removed and hypocotyls were evaluated to determine the disease severity according to a 1 to
9 scale adapted from VAN SCHOONHOVEN and PASTOR-CORRALES (1987), with 1 - no
visible symptoms, 3 - light discoloration without necrotic lesions, 5 - < 25% of the hypocotyl
and root tissues covered with lesions but tissues remain firm, 7 - 25-50% of the hypocotyl and
root tissues covered with lesions combined with softening, rotting, and reduction of the root
system, 9 - > 75% of the hypocotyl and root tissues affected with advanced stages of rotting
combined with a severe reduction in the root system or dead plants. Determinations of
population density in number of colony-forming units (cfu)/g of soil were performed
according to KO and HORA (1971) for R. solani and according to ELAD et al. (1981a) for T.
harzianum.

Comparisons of emergence were done through area under plant emergence curve
(AUPEC). The non-parametric test of Kruskal-Wallis was used to compare root rot severities.
Analysis of variance (ANOVA) was calculated and multiple range tests (P = 0.05) were used
for mean separation with the Statistical Analysis System (SAS Institute, Cary, NC).

In the long-term experiment, the data of the survival test at different dates were
combined and non-linear functions of time (t) were fitted to the data of the treatments Rt and
RT for root rot severity (RRS), given as disease scores between 1 and 9, and relative dry
weight (RDW), expressed as percentage in relation to the treatments rt and rT, respectively.
As RRS increased initially, reached a maximum and decreased later, the following function

was used to describe the time course:
RR(t) = 1 + ¢ (t/c,)(®2 %) a2~ 1) (1)

In this function, (c; + 1) reflects the maximum value possible (< 9). The parameter C; is
the time when this maximum is reached and Cs is related to the decline of the disease later in
time. The relative dry weight declined in the time shortly after the soil infestation, reached a
minimum value (> 0) and increased then with time to approach 100% again. The following

function was therefore used for its description:
RDW(t) = 100 - (100 - ¢; (t/cp)C2 €3) L3(C2 - 1) )

The parameter C; is the minimum value of this function, which was restricted to values

above 0. The second parameter C; is the time when this minimum is reached, and Cz is related
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to the increase later in time. Both functions were fitted to the data of the individual soil

moisture levels as well as to combined data, using Sigma-Plot (SPSS Inc., Chicago).
4.3 Results

4.3.1 Long-term experiment on survival

Plant dry weight was positively correlated with plant height at all evaluations (r > 0.95;
P < 0.05) so that only data of plant dry weight are used in the further analyses. The pathogen
survived in the soil and caused disease at all tested dates. Emergence of seedlings and plant
growth was consistently reduced at soil moisture content of 57% in all treatments.

At the sowing done immediately after the soil infestation (0 DAI), T. harzianum
improved emergence and plant dry weight of plants not inoculated with R. solani at all soil
moisture levels (Fig. 1, Tab. 1). The emergence of seedlings and plant weight, except for the
highest moisture level, were reduced by R. solani, comparing treatments rt and Rt (Fig. 1,
Tab. 1). For a soil moisture content of 30 and 20%, the emergence and the weight of plants of
treatment RT were higher than of Rt, reflecting the antagonistic effect of T. harzianum on R.
solani; however, at 42% soil moisture, the antagonist had no effect on the emergence curve
and on the dry weight, while for 57% the emergence was even reduced in the presence of the
antagonist (Fig. 1, Tab. 1). Effects of soil moisture levels on AUPEC and plant weight for
each fungi combination are presented in the Table 1, indicating that, in general, plants
developed better at intermediate moisture levels.

The percentage of plants emerged as well as the dry weights were more drastically
reduced in the survival tests at 20 and 60 DAI (data not shown) than in the other tests. At 20
and 60 DAI, almost 100% damping-off was observed when plants were inoculated with R.
solani in the presence or absence of T. harzianum. The antagonist again improved emergence
of seedlings and raised dry weight of plants not inoculated with R. solani at both sowing dates
(data not shown), although not consistently as in the first test at 0 DAL

In the following survival test at 180 DAI, no effect of T. harzianum on emergence and
weight was observed on plants not inoculated with R. solani (Fig. 2, Tab. 2). The pathogen
consistently delayed emergence of seedlings, reduced final stand and plant weight at all soil
moisture levels (Fig. 2, Tab. 2). Emergence and weight of plants inoculated with R. solani
were increased in the presence of T. harzianum at soil moisture content of 42 and 30%,

comparing treatments RT and Rt (Fig. 2, Tab. 2). Effects of moisture levels on AUPEC and
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plant weight for each fungi combination (Tab. 2) had in general the same trends as observed

at 0 DAL
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Figure 1. Emergence of bean seedlings at four soil moisture levels and at different

combinations of presence and absence of R. solani and T. harzianum at O DAI (long-term
experiment)

Table 1. Effect of soil moisture levels on AUPEC and plant dry weight at different
combinations of presence and absence of R. solani and T. harzianum at O DAI (long-term
experiment)

Soil moisture AUPEC (%/Days)

Levels rt T Rt RT
57% 29.0b 57.2b 25.8b 14.6b
42% 90.4 a 1059 a 49.0 a 492 a
30% 82.6a 1059 a 36.7 ab 722 a
20% 72.2a 99.6 a 249b 558 a

Dry weight (mg)
57% 539.2b 1473.8 b 544.4 ab 3246b
42% 1746.8 a 2396.8 a 908.2 a 825.6 ab
30% 1565.2 a 2080.2 ab 807.0 ab 12222 a
20% 12322 a 2070.0 ab 391.8b 9544 a

* Values are means for five replicates. For each fungi combination, means followed by the
same letter in a column are not significantly different (P = 0.05). (rt = without both fungi;
T = without R. solani/with T. harzianum; Rt = with R. solani/without T. harzianum; and
RT = with both fungi)
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Figure 2. Emergence of bean seedlings at four soil moisture levels and at different
combinations of presence and absence of R. solani and T. harzianum at 180 DAI (long-term

experiment)

Table 2. Effect of soil moisture levels on AUPEC and plant dry weight at different
combinations of presence and absence of R. solani and T. harzianum at 180 DAI (long-term

experiment)

Soil moisture AUPEC (%/Days)
levels rt rT Rt RT
57% 36.5¢ 32.1c¢c 13.7 a 14.6 b
42% 703 Db 69.8b 17.4 a 444 a
30% 99.8 a 1024 a 16.5a 51.5a
20% 84.2 ab 86.0 ab 183 a 183D

Dry weight (mg)

57% 1450.4 b 1248.8 ¢ 313.0a 288.6 b
42% 2257.0 ab 21752 b 3984 a 937.8a
30% 2900.2 a 29472 a 207.6 a 1111.2 a
20% 2159.0 ab 2364.6 ab 407.6 a 418.6 b

* Values are means for five replicates. For each fungi combination, means followed by the
same letter in a column are not significantly different (P = 0.05). (rt = without both fungi;
rT = without R. solani/with T. harzianum; Rt = with R. solani/without T. harzianum; and

RT = with both fungi)

In the final survival test at 360 DAI, the emergence curves of all treatments in the

moisture levels 30% and 20% were very similar (Fig. 3). At 42% soil moisture, R. solani
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reduced the percentage of emerged plants and the plant weight, but T. harzianum could
compensate part of this reduction (Fig. 3, Tab. 3). Dry weight (Tab. 3) was very similar in all
treatments showing the same trend with respect to soil moisture: The values for the highest
and the lowest moisture levels were nearly identical and always reduced compared to the two
intermediate moisture levels.

A general trend was observed: In the highest moisture level, emergence and plant
weight in all treatments were lower compared to the other levels; here T. harzianum could not
compensate for the negative effect of R. solani, but even intensified the reducing effect (Figs.
1-3, Tabs. 1-3).

The data of the five survival tests were combined to show the dynamics over the whole
period of the long-term experiment. The severity of root rot (Fig. 4) increased initially, was
quite high at the second and third tests, but decreased thereafter. Generally the course of the
curves was rather similar in the treatments RT and Rt as well as in the four moisture levels.
Neglecting the moisture levels, function (1) was fitted to the combined data resulting in
reasonable fits (R2 =55.4% in RT and 63.1% in Rt). Based on the estimated parameter values
it can be concluded that under the influence of T. harzianum (treatment RT) the maximum
was reached slightly earlier (at day 88 compared to day 91 in Rt), and the decrease was a little
bit quicker (c3 = 0.0023 compared to 0.0020). Looking at the fitted curves in the different
moisture levels separately (Fig. 4), it is evident that in the highest and lowest level T.
harzianum did not influence the severity curves. In the intermediate levels, the antagonistic
effect is reflected by the lower maximum severity, which is also reached earlier in the
treatment RT compared to Rt. In both moisture levels, root rot severities were significantly
lower at 180 DAI and 360 DAI when T. harzianum was also inoculated.

The data for the relative dry weight (RDW) of the five observation dates were also
combined to conclude about the dynamics. In the treatments that received R. solani inoculum,
dry weight declined after the soil infestation to a minimum value (close to 0) and increased
then (Fig. 5). Equation (2) was fitted to the combined data (not considering the four moisture
levels) and resulted in coefficients of determination of 64.4% in treatment Rt and 76.8% in
RT. In the treatment including T. harzianum, the minimum was reached at day 80, in the other
treatment at day 95. Also the parameter value of cz was slightly higher in RT than in Rt, so
that the dry weight increased quicker later in the experiment. Again, the differences in the
curves at both intermediate moisture levels (Fig. 5) reflect the better conditions for the

biological control by T. harzianum. In treatment RT, the minimum value is reached earlier
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and the increase in dry weight is stronger than in treatment Rt. In the lowest moisture level,

no effect of the antagonist is detectable, while in the highest level the effect is not clear.
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Figure 3. Emergence of bean seedlings at four soil moisture levels and at different
combinations of presence and absence of R. solani and T. harzianum at 360 DAI (long-term
experiment)

Table 3. Effect of soil moisture levels on AUPEC and plant dry weight at different
combinations of presence and absence of R. solani and T. harzianum at 360 DAI (long-term
experiment)

Soil moisture AUPEC (%/Days)
levels rt rT Rt RT
57% 374 c¢ 294 ¢ 18.6 ¢ 10.5b
42% 70.1b 72.6 ab 51.7b 62.8 a
30% 83.6a 8l.3a 80.2 a 82.7a
20% 68.4b 67.5b 63.0b 68.2 a

Dry weight (mg)

57% 1061.9 b 1009.7 b 940.0b 960.0 b
42% 1740.8 a 2028.0 a 1489.0 a 1758.5a
30% 1761.6 a 1699.0 a 1563.3 a 1572.5a
20% 1084.1 b 1117.7b 1003.7 b 1006.9 b

* Values are means for five replicates. For each fungi combination, means followed by the
same letter in a column are not significantly different (P = 0.05). (rt = without both fungi;
rT = without R. solani/with T. harzianum; Rt = with R. solani/without T. harzianum; and
RT = with both fungi)
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Figure 4. Root rot severity in five survival tests in the treatments RT and Rt at four soil

moisture levels. The disease severities are assigned to the evaluation day, which was always
done at 22 DAS

Cam

Dry weight (%)

30%

0 100 200 300 4000 100 200 300 400
Time (days after soil infestation)
Figure 5. Relative plant dry weight (expressed as percentage in relation to the treatments rt

and T, respectively) in five survival tests in the treatments RT and Rt at four soil moisture
levels. The values are assigned to the evaluation day, which was always done at 22 DAS
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At the end of the last survival test, population density of both fungi was assessed (Tab.
4). Density of R. solani was significantly higher in the driest soil. In addition, it was
consistently lower in treatment RT than in treatment Rt, except for the soil moisture content
of 20% with identical values. The population density of T. harzianum was higher in the soil
containing R. solani than without the pathogen. In the absence of R. solani, the density of the

antagonist was significantly lower in the driest soil.

Table 4. Population density of R. solani and T. harzianum, expressed as cfu/g of soil,
determined at the end of the long-term experiment

Treatments Soil moisture Population density of R. solani Population density of
content (%, v/v) (cfu/g of soil) T. harzianum (cfu/g of soil)
RT 57 - 3.60x 10°a
42 - 446x10°a
30 - 3.82x10%a
20 - 128x10°b
RT 57 1.50 ¢* 6.00x 10°a
42 237b 10.40x 10° a
30 2.13 be 957x10%a
20 3.88a 8.80x 10° a
Rt 57 1.70 ¢ -
42 3.26b -
30 3.22b -
20 3.88a -

*Values are means of 10 replicates for R. solani and 5 replicates for T. harzianum. For each

fungi combination, means followed by the same letter are not significantly different
(P=0.05)

4.3.2 Short-term experiment on the establishment phase

As the tendencies in the experiments of May and August 2001 were similar, only the data
from the first run of the experiment are presented. The antagonist improved emergence of
seedlings and plant growth only in the presence of R. solani (data not shown). Disease
severity was lower in the treatment RT compared to the treatment Rt at all sowing dates (Fig.
6). No significant effects of soil moisture levels were observed on disease severity in both
treatments (Fig. 6). Density of R. solani was always lower in the treatment RT compared to
treatment Rt (Fig. 7). In both treatments it increased initially and decreased later at soil
moisture content of 42 and 27%, but remained relatively constant at 15% (Fig. 7). In the
treatment Rt, the density of R. solani was significantly higher at soil moisture content of 15%

at the end of the short-term experiment (Fig. 7).
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Figure 6. Root rot severity over time in treatments RT and Rt at three soil moisture levels.
The disease severities are assigned to the evaluation days of the tests, taking place always at
22 DAS (short-term experiment)
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Figure 7. Population density of R. solani, expressed as cfu/g of soil, over time at three soil
moisture levels in treatments RT and Rt. The first data were collected immediately after the
soil infestation, the other are assigned to the evaluation days of the tests, taking place always
at 22 DAS (short-term experiment)

Population density of T. harzianum was increased at 42% soil moisture (Fig. 8). In the
presence of R. solani, the density of T. harzianum continuously increased and the antagonist

could more easily be isolated from the soil in the treatment RT compared to rT; on the other

hand, in absence of R. solani, density of T. harzianum increased initially and decreased later
(Fig. 8).
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Figure 8. Population density of T. harzianum, expressed as cfu/g of soil, over time at three
soil moisture levels in treatments RT and rT. The first data were collected immediately after
the soil infestation, the other are assigned to the evaluation days of the tests, taking place
always at 22 DAS (short-term experiment)

4.4 Discussion

Our results indicated that R. solani effectively survived in the soil in absence of host tissue at
least one year after the soil infestation. However, after an initial increase, the severity of root
rot decreased over time (Fig. 4). On the other hand, the relative dry weight of R. solani-
infected plants was initially reduced, but increased later so that at 360 DAI values close to
100% were reached (Fig. 5), although the population density of the pathogen at the end of the
long-term experiment was relatively high (Tab. 4). It is known that R. solani can survive in
the soil for a long period (ABAWI and PASTOR-CORRALES, 1990). In the experiments of
the Chapter 2, the survival of the pathogen was only slightly reduced after 90 days in absence
of host tissue even when the inoculum was buried deeper than 15 cm. BELL and SUMNER
(1987) observed that several R. solani isolates of AG-4 survived more than 9.4 months in a
fallow soil.

We observed that R. solani became better established in the soil some time after the soil
infestation. Disease severity and damaging effects of R solani on plant development were
highest in the tests at 20 and 60 DAI in the long-term experiment (Figs. 4 and 5). Based on
the analysis of all survival tests, we predicted that the maximum values for the disease
severity would be reached around day 90 in the long-term experiment, while in the short-term
experiment the highest disease severity was already noticed at day 34 in treatment Rt. This
discrepancy is probably caused by the differences in the temperature regimes (cooler in the

long-term experiment) and in the inoculum levels (higher in the long-term experiment).
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Although the disease severity was consistently high on plants infected with R. solani
also in the presence of T. harzianum (Figs. 4 and 6), the antagonist frequently promoted
emergence of seedlings and growth of plants in the treatment RT. In the short-term
experiment, the antagonist changed the timing of R. solani establishment so that the highest
severity values were earlier observed in treatment RT than in treatment Rt (Fig. 6).
Antagonistic effects of T. harzianum on bean plants infected with R. solani have frequently
been described (CHET et al., 1979; ELAD et al., 1980a; HADAR et al., 1979; MARSHALL,
1982). ELAD et al. (1980a) reported that the antagonist significantly reduced disease severity,
delayed the progress and incidence of R. solani damping-off, and increased the yield of beans.

In both experiments, the population density of the pathogen recovered from soil was
lower in the presence of the antagonist (Tab. 4, Fig. 7), while the final population density of
T. harzianum was higher in the presence of R. solani (Tab. 4, Fig. 8). A comparison of the
densities of both fungi over time in the short-term experiment (Figs. 7 and 8) shows that after
the establishment phase an increase in density of T. harzianum propagules was accompanied
by a decrease in density of R. solani (Figs. 7 and 8), which confirms results obtained by LIU
and BAKER (1980).

In the survival tests at 20 and 60 DAI, no antagonistic effects of T. harzianum were
detected. ELAD et al. (1980a) observed that the efficiency of the biological control by T.
harzianum on R. solani was positively correlated with the inoculum level of the antagonist
prepared on wheat bran and negatively with the level of infestation by the pathogen. The high
R solani inoculum level used in the long-term experiment apparently increased the
establishment of the pathogen in the soil and then the antagonistic protection failed, although
the inoculum level of the antagonist was also high. After 6 months (180 DAI), antagonistic
effects could again be observed, apparently because the ability of R solani to survive
declined. These results are supported by HADAR et al. (1979), who affirmed that nutrient-
rich food base, like wheat bran, allows T. harzianum to continue its growth in the soil and to
attack soilborne pathogens. LO et al. (1996) found that an isolate of T. harzianum persisted at
elevated levels in creeping bentgrass for over 8 months. Although T. harzianum was isolated
from soil and disease severity was lower in the presence of the antagonist at the end of the
long-term experiment, the promotion of emergence and of the growth of R. solani-infected
plants was very slight in the last test at 360 DAI. Exhaustion of the suitable energy base
provided by wheat bran may account for this observation. PAPAVIZAS (1982) found that

without a food base, T. harzanum did not establish in the rhizosphere of beans and, in
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addition, the survival of the antagonist was considerably reduced after 12 days, although some
isolates could be recovered from soil even after 130 days.

In both experiments, different soil moisture levels did not affect substantially the
disease severity in the treatment Rt (Figs. 4 and 6). However, the pathogen could more easily
be recovered from drier soil at the end of the experiments (Tab. 4, Fig. 7). Soil moisture
affecting R. solani survival has been studied at different conditions. According to PLOETZ
and MITCHELL (1985), the pathogen is an active saprophyte within a wide range of water
potentials. However, they observed that the survival of R. solani AG-4 was greater in soils
held at intermediate water potentials of -2 to -15 bars than in moister or drier soils, and
suggested that the lethal loss of water probably occurred in soils held at -100 and 1500 bars
(air-dried soil). In the present study, population density of the pathogen was more reduced in
wet soil at the end of the long-term experiment (Tab. 4). A reduced availability of oxygen or
increased levels of CO,, volatiles, alcohols, or other compounds found in very moist or
flooded soil are normally indicated as causes of the reduction of the R. solani survival in wet
soils (PLOETZ and MITCHELL, 1985). Several authors have found that R. solani survival is
lower in moist than in drier soils (BAKER and MARTINSON, 1970; BENSON and BAKER,
1974b; PLOETZ and MITCHELL, 1895), which supports the results presented here.
BENSON and BAKER (1974b) investigated the survival of R. solani (AG-4) for 24 days at
water potentials of -0.7, -18 and -540 bars (air-died soil). At -0.7 and -18 bars, propagule
densities increased 2 to 8 days after infestation and then quickly decreased. However,
propagule densities remained relatively constant at -540 bars for the entire experiment. In the
short-term experiment, we also observed that R. solani population density remained relatively
constant at the soil moisture content of 15% (Fig. 7). PAPAVIZAS and DAVEY (1962)
reported that the saprophytic activity of R solani was significantly higher at lower soil
moisture levels (20 to 50% water holding capacity) than at high soil moisture (70 to 90%
WHC). Mycelium of R. solani grew best and produced most disease on lettuce, when the soil
moisture level was lower, about 40% of saturation (DAS and WESTERN, 1959). On the other
hand, LIU and BAKER (1980) found that inoculum density of R. solani remained relatively
constant during a 140-day period at water potentials varying from -1.35 to -7000 bars.

Although R. solani apparently survives better in drier soils, the growth rate of the
pathogen may decrease at very low moisture levels. BELL and SUMNER (1987) reported that
R. solani isolates of AG 2-1 and AG 2-2 may become quiescent during prolonged moisture
deficits. BENSON and BAKER (1974a) observed that at a given temperature, the growth rate
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of R. solani in the soil was not significantly different at matric potentials between -0.02 and
-5.4 bars, but decreased from -5.4 to -50 bars.

Different results have frequently been found when effects of soil moisture on R. solani
activities in the soil or on root rot development are investigated. The terminology used to
quantify soil water status (PLOETZ and MITCHELL, 1985) or to distinguish between effects
of moisture tension and aeration (SHEHATA et al., 1984) is often confusing. Different
experimental purposes and methodologies do not allow direct comparisons. Many other
factors may influence the response of R. solani to different soil moisture levels, for instance
the size of the propagule (PLOETZ and MITCHELL, 1985) or the anastomosis group (TEO et
al., 1988). In addition, a significant interaction between temperature and soil moisture has
been shown (BENSON and BAKER, 1974a; VAN BRUGGEN et al., 1986). Also chemical,
physical and biological characteristics of the soil may drastically influence the results of
experiments. In the Chapter 3, a soil moisture content varying from 15 to 42% did not affect
the severity of Rhizoctonia root rot on beans when plants were inoculated only with R. solani.
However, in the presence of the antagonist T. harzianum, the damage caused on plants was
higher at drier soils. The results presented here for the short-term experiment also indicated
that the presence of T. harzianum changed the shape of the curves of root rot severity over
time at different soil moisture levels, comparing treatments RT and Rt (Fig. 6).

The antagonistic ability and survival of T. harzianum were affected by soil moisture. At
57% soil moisture, emergence and plant dry weight were frequently lower in the treatment RT
than in Rt (Figs. 1-3, Tabs. 1-3), indicating that the excess of water can disturb the
establishment of the antagonist in the soil. KNUDSEN and BIN (1990) affirmed that reduced
availability of oxygen in wet soils might adversely affect hyphal proliferation of T.
harzianum. Moreover, the availability of nutrients may also be affected (HIELJORD and
TRONSMO, 1998). Our results presented evidence that T. harzianum better survived in soils
held at intermediate moisture levels than in wet or drier soils. Root rot was consistently less
severe at the soil moisture levels 42 and 30% in the treatment RT (Fig. 4). In the same way,
the curves of the relative dry weight over time indicated that the antagonistic effects were
more pronounced at the intermediate moisture levels (Fig. 5). We also observed that T.
harzianum population density was highest at 42% soil moisture at the end of both experiments
(Tab. 4, Fig. 8). According to KLEIN and EVELEIGH (1998), Trichoderma species are
particularly prevalent in humid environments and relatively intolerant of low moisture levels.
Several authors have studied survival and activities of Trichoderma spp. in the presence of R.

solani. LIU and BAKER (1980) found that survival of Trichoderma spp. generally was
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enhanced and suppressive effects were more persistent in moist soil than in drier soils.
NELSON and HOITINK (1983) reported that survival of R. solani AG-4 was reduced at high
water potentials (soil incubated at -0.022 bar) as a result of the activity of T. harzianum.
PLOETZ and MITCHELL (1985) suggested that the lower ability of R. solani to survive in
moist soils was due the enhancement of T. harzianum activities. According to HJELJORD
and TRONSMO (1998), reduction of activities of Trichoderma spp. under dry conditions is
apparently related to increased energy costs of osmoregulation.

Although the survival of T. harzianum seems to be increased at moist conditions, the
activities and growth of the antagonist were not negligible at the low soil moisture content of
20 or 15%. KNUDSEN and BIN (1990) observed that soil moisture between -0.3 and -5 bars
did not significantly affect radial growth rates of T. harzianum in the soil and hyphal density
was significantly higher at -5 bars.

As mentioned earlier for R. solani, several factors may also influence T. harzianum
activities at different soil moisture levels and explain different results in the literature.
Different temperatures and inoculum potentials of both fungi used in both experiments may
account for some dissimilarity in the observed effects of soil moisture on the disease
development and on the biological control in these experiments.

The antagonist improved emergence of seedlings and weight of plants non-inoculated
with R. solani (Fig.1, Tab. 1), but this effect did not persist more than two months after the
soil infestation. Plant growth promotion by Trichoderma species has been frequently
described in the literature (LINDSEY and BAKER, 1967; CHANG et al., 1986; WINDHAM
et al., 1986; INBAR et al., 1994; KLEIN and EVELEIGH, 1998) and can even result in
increasing yield (HARMAN et al., 1989; LYNCH et al., 1991). ELAD et al. (1980a) reported
that wheat bran preparation of T. harzianum increased bean plant development in the absence
of pathogens, while not inoculated wheat bran had no significant effect on the plants. Plant
growth promotion by T. harzianum has been explained as a result of the control of minor
pathogens (HARMAN et al., 1989; BAILEY and LUMSDEN, 1998) or of induced resistance
(ZIMAND et al., 1996). However, direct effects of Trichoderma on seeds and seedling vigour
have also been demonstrated (BJORKMAN et al., 1998). In the short-term experiment,
improvement of emergence and plant weight by T. harzianum in treatment rT (data not
shown) was not as expressive as in the long-term experiment. As the short-term experiment
was carried out at higher temperatures than the long-term experiment, seedlings in treatment
rt emerged so fast as seedlings in treatment 1T in that experiment. According to BAILEY and

LUMSDEN (1998), plant growth promotion by Trichoderma spp. may be influenced by



4. Soil moisture, survival of R, solani and T. harzianum 49

variations in the rhizosphere environment as well as by the many interactions that take place
in the soil between Trichoderma spp., other microorganisms, changes in the soil environment,
and the plant root.

The mechanisms of T. harzianum biocontrol on R. solani have not always been
elucidated, but competition for nutrients, mycoparasitism, and production of inhibitory
compounds and hydrolytic enzymes have frequently been described (ELAD, 1996;
HJELJORD and TRONSMO, 1998). In culture, T. harzianum is capable of directly attacking
and lysing R. solani (ELAD et al., 1980a). Chitinolytic enzymes and glucanases are produced
by T. harzanum in vitro (CHET and BAKER, 1981; LORITO et al., 1994) and in the
rhizosphere in the presence of both fungi (DAL SOGLIO et al., 1998).

The potential use of Trichoderma species as a biological control agent has been
reviewed (PAPAVIZAS, 1985; CHET, 1990; ADAMS, 1990; HIELJORD and TRONSMO,
1998). Although there is considerable information on the influence of antagonists of bean
soilborne pathogens, the availability and success of commercial preparations of biocontrol
agents are very limited. Available preparations are normally expensive and exhibit variable
results when used in naturally infested fields (ABAWI and PASTOR-CORRALES, 1990). It
is known that under sterile conditions, the propagation of T. harzianum in soil is much greater
and the biological control more efficient than under non-sterile conditions (ADAMS, 1990;
KOK et al., 1996), although control in naturally infested soil has been demonstrated (HADAR
et al., 1979). Many biocontrol agents including Trichoderma spp. are currently available in
commercial products for the control of Rhizoctonia-caused diseases (LEWIS and KULIK,
1996). The reliability of biological control systems can be improved by the use of
formulations that provide conducive environments for the antagonists and systems that
economically produce propagules of high quality (HARMAN, 1991).

Strategies to control bean rot pathogens include fallow fields (ABAWI and PASTOR-
CORRALES, 1990). In fact, BELL and SUMNER (1987) indicated that fallowing fields for
one summer would reduce R. solani inoculum density but would not eliminate the pathogen in
undisturbed soil. Cropping systems that favour the maintenance of T. harzianum may help
reduce the survival of R. solani and the crop losses due to root rot. Considering that R. solani
persists for the longest periods in soils with low matric potential, these observations suggest
that induction of suppressiveness to R. solani may be enhanced by manipulation of the
frequency of irrigation in order to maintain the soil moist (LIU and BAKER, 1980).
Conversely, keeping the soil continuously wet by irrigation may help to hasten propagule

decline (HADAR et al., 1982). According to ABAWI and PASTOR-CORRALES (1990),
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flooding the soil for 4-6 weeks is highly effective in controlling all root rot pathogens of
beans.

The results presented here are of importance in the elaboration of practical biological
control strategies of Rhizoctonia root rot on beans, involving water management. However, R.
solani, T. harzianum and bean plants may react differently to alternating soil moisture levels
compared to constant levels. Therefore, further research is needed to extrapolate our findings

to the field under the wide range of moisture conditions.
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5. Interactions between Rhizoctoniaroot rot and aerial diseases of common

beans

Abstract

The effects of the co-inoculation of the soilborne pathogen Rhizoctonia solani and the aerial
pathogens Colletotrichum lindemuthianum or Uromyces appendiculatus at different inoculum
levels were studied on the disease dynamics and on the growth of bean plants under
greenhouse conditions. Bean seeds were sown in soil infested with R. solani inoculum
produced on rice grains. Additional experiments in which bean seedlings were transplanted to
infested soil were also carried out. Conidial suspensions of C. lindemuthianum and
uredospores of U. appendiculatus were inoculated onto leaves at plant developmental stages
V2 and V3, respectively. Interactions between root rot and the aerial diseases were observed
depending on the inoculum levels and on the timing of R. solani inoculation. Anthracnose
severity tended to be higher on plants infected by R. solani. On the other hand, R. solani
infection significantly reduced diameter of pustules and rust severity. At R. solani low levels,
root rot severity and population density of the soilborne pathogen in the soil were magnified
at high levels of C. lindemuthianum or U. appendicul atus when seedlings were transplanted to
R. solani-infested soil. In these experiments, a synergistic interaction between root rot and
anthracnose was observed to affect the plant dry weight. Antagonistic effects on the plant dry
weight could be detected for the combination root rot/rust only when bean seeds were sown in

infested soil.

5.1 Introduction

Rhizoctonia root rot caused by Rhizoctonia solani Kiihn is a widely distributed disease of
common bean (Phaseolus vulgaris L.) occurring in the bean-production areas around the
world (ABAWI, 1994). The pathogen can singly attack and cause damage to beans, but also
in combination with other soilborne pathogens. These pathogens may interact with each other,
resulting in root-disease complexes (ABAWI and PASTOR-CORRALES, 1990). Interactions
involving R. solani and other bean soilborne pathogens, such as Fusarium oxysporum f. sp.
solani (HALL, 1991) and Pythium ultimum (ABAWI et al.,, 1985), or nematodes like
Meloidogyne incognita (REDDY et al., 1979) are frequently observed. Occasionally these
interactions are synergistic (ABAWI and PASTOR-CORRALES, 1990).
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Interactions among bean aerial diseases have also been studied (BASSANEZZI et al.,
1998; CARNEIRO et al.,, 2000; JESUS JUNIOR et al., 2001; LOPES, 2001), but their
importance has been demonstrated in only a few cases. Some of these interactions involving
anthracnose, caused by Colletotrichum lindemuthianum (Sacc. & Magn.) Scrib. and/or rust,
caused by Uromyces appendiculatus (Pers.) Unger var. appendiculatus, could alter disease
development (YARWOOD, 1977; DALLA PRIA et al., 1994; BASSANEZZI et al., 1998)
and cause reduction on yield (JESUS JUNIOR et al., 2001).

Although interacting diseases usually affect the same plant organ (WALLER and
BRIDGE, 1984), aerial and soilborne pathogens can simultaneously attack different parts of
the bean plant (BIRD, 1969; YARWOOD, 1977; BOOKBINDER and BLOOM, 1980;
GBAJA and CHANT, 1985). Interactions between diseases caused by aerial and soilborne
pathogens may have significant implications for assessing crop losses and selecting
appropriate management strategies. In addition, infection rates, maximum disease levels and
the shapes of the progress curves may be changed by interacting diseases (HAU, 2001).
Damage due R. solani on bean is commonly magnified if biological stresses such as other
pathogens are present (ABAWI and PASTOR-CORRALES, 1990). On other crops than
beans, for instance on cucumber and pepper, it has been reported that Rhizoctonia root rot
increases when plants are infected by virus (BATEMAN, 1961a; PIECZARKA and ZITTER,
1981). On the other hand, Alternaria leaf blight on sunflower was more severe if plants were
infected by R. solani (BHOWMIK and SINGH, 1977).

Although interactions involving Rhizoctonia root rot and diseases caused by aerial
pathogens may frequently occur on bean plants, their importance for disease assessment and
management is little investigated. The purpose of this study was to determine possible effects
of interactions between Rhizoctonia root rot and the aerial diseases anthracnose or rust on the

dynamics of the diseases occurring simultaneously and on the growth of bean plants.

5.2 Material and methods

The experiments with both disease combinations (root rot/anthracnose and root rot/rust) were
conducted under greenhouse conditions in the Institute of Plant Diseases and Plant Protection
(IPP), University of Hanover, Germany. Two kinds of experiments were carried out differing
in the time of the attack of the soilborne pathogen: For an early attack, bean seeds were sown
in R. solani-infested soil, while for a late attack, bean seedlings were transplanted to infested

soil.
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An isolate of R. solani (AG-4) maintained at 4°C was taken from the fungi collection of
the IPP and grown on rice grains. The rice grains (without hull) were washed and soaked
overnight, washed again and autoclaved in 200 ml-flasks. Mycelia were produced on PDA.
After 3 days of incubation at 25°C, three 5 mm diameter mycelial-agar disks were transferred
from the margin of growing colonies to flasks with rice grains. After 6 days of incubation at
25°C in darkness, the grains were totally colonized. The mass of grains was manually
separated and the grains were dried on trays for 24 hours.

In the experiments in which bean seeds were sown in infested soil, rice grains colonized
by R. solani were carefully mixed with soil previously sterilized (150-170°C for 24 hours) on
a tray. After putting back the soil in 800 ml pots, 5 seeds of cultivar ‘Dufrix’ were sown per
pot. Similarly, 14 and 25 days old-seedlings, respectively for the combinations root
rot/anthracnose and root rot/rust, were transplanted to pots containing soil, which was 5 days
previously infested with R. solani inoculum. Concentrations of R. solani of 0.2 (RS1), 0.6
(RS2) and 1.8% (w/w) (RS3) were used, corresponding to population densities of 0.5, 1.2 and
3.8 cfu/g of soil, respectively. Control treatments without R. solani inoculum (RS0) were used
in all experiments.

Conidia of C. lindemuthianum were grown on sterile bean pods. Mycelia were initially
produced on PDA. After 6 days of incubation at 25°C, 5 mm diameter mycelial-agar disks
were transferred from the margin of growing colonies to flasks with bean pods. After 12 days
of incubation at 25°C, inoculum was obtained by addition of distilled water and scraping the
surface of the pods with a spatula. The conidial concentration was adjusted to 1.2 x 10*
(CL1), 1.2 x 10° (CL2) and 1.2 x 10° conidia/ml (CL3). Primary leaves of plants at
developmental stage V2 (about 20 days old) were inoculated with suspensions of conidia.
Plants not inoculated with C. lindemuthianum received only water (CLO). Plants were
incubated for 72 hours in a mist chamber (20-22°C, high relative humidity) and disease
evaluation was done seven days after inoculation (DAI).

In the experiments with bean rust, bean plants at developmental stage V3 (about 30 days
old) were inoculated with uredospores suspensions of U. appendiculatus at concentrations of
4 x 10* (UA1), 4 x 10° (UA2) and 4 x 10* uredospores/ml (UA3). Plants not inoculated with
U. appendiculatus received only water (UAOQ). Plants were incubated for 24 hours in a mist
chamber (20-22°C, high relative humidity) and disease evaluation was done 14 DAI.

Each experiment consisted of 16 treatments and 4-6 replicates whereby a pot with 5
plants represented each replicate. The pots of each treatment were placed in a randomised

complete block design in the greenhouse and irrigated once a day to maintain the soil
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moisture approximately at 100% field capacity. Percentage of emerged plants was evaluated
daily. Plant height, plant dry weight and severity of diseases were evaluated at 27 days after
the sowing (DAS) for the combination root rot/anthracnose and at 40 DAS for the
combination root rot/rust. Evaluations of root rot severity were done on a 1-9 disease scale
adapted from VAN SCHOONHOVEN and PASTOR-CORRALES (1987), where 1 - no
visible symptoms, 3 - light discoloration without necrotic lesions, 5 - < 25% of the hypocotyl
and root tissues covered with lesions but tissues remain firm, 7 - 25-50% of the hypocotyl and
root tissues covered with lesions combined with softening, rotting, and reduction of the root
system, and 9 - 75% or more of the hypocotyl and root tissues affected with advanced stages
of rotting combined with a severe reduction in the root system or dead plants. Another 1-9
disease scale of VAN SCHOONHOVEN and PASTOR-CORRALES (1987) was used for
evaluations of anthracnose, where 1 = no visible symptoms; 3 = presence of very few and
small lesions on the primary vein of the lower leaf side, that cover approximately 1% of the
leaf surface area; 5 = presence of several small lesions on the primary and secondary veins; 7
= presence of numerous enlarged lesions on the lower side of the leaf, associated with
necrotic lesions observed on the upper leaf surface; 9 = severe necrosis on 25% or more of the
plant tissues which results in death of the infected tissues. Rust severity was assessed using a
diagrammatic scale (GODOY et al., 1997) to estimate the average severity in percentage. Rust
pustule diameter was additionally measured in the experiment in which seedlings were
transplanted to infested soil. Population density of R. solani, expressed as number of colony-
forming units (cfu)/g of soil, was determined according to KO and HORA (1971).

The disease and host parameters were determined as mean values per plant in each pot.
In case a plant died due to pre-emergence damping-off, a disease score of 9 for root rot was
assigned to this plant, while for the leaf diseases the mean value of all other plants in the same
pot was taken.

The effect of the inoculation with R. solani and C. lindemuthianum or U.
appendiculatus on the dry weight (DW) of plants (mean values per pot) was estimated using
the following multiple regression equations including a mixed term for the simultaneous
occurrence of both diseases:

DW= DW4 - brs (Yrs- 1) - ber (YL - 1) - brecr (Yrs- 1) (YeL - 1) (1)
DW= DW - brs (Yrs - 1) - bua Yua - brsua (Yrs - 1) Yua ()
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In these equations, DWy is an estimate of the dry weight of a healthy plant. The
regression coefficients brs, bcl and bya represent the reduction in dry weight due to root rot
(severity score Yrs), anthracnose (severity score Yc), and rust (disease severity in percentage
Yua), respectively. The parameters brgc. and brgua describe the combined effect of root
rot/anthracnose and root rot/rust, respectively.

The experiments were once repeated. Comparisons for anthracnose and root rot
severities were done with the non-parametric test of Kruskal-Wallis. Multiple regression
analyses and ANOVA were performed and multiple range tests (P = 0.05) used for mean
separation with Sigma Plot and SPSS (SPSS Inc., Chicago).

5.3 Results

The tendencies in each experiment and its repetition are similar, so that only the data from the
second run of experiments are presented. It should be noted that the experiments were carried
out at different times of the year so that plant growth parameters cannot be compared.
Generally, root rot increased by use of a mist chamber after the inoculation of the aerial
pathogens. Plant height was positively correlated with plant dry weight in all experiments

(r>0.95; P<0.01) so that only data of the plant dry weight are used in the further analyses.

5.3.1 Interaction root rot/anthracnose

5.3.1.1 Early attack of R. solani (bean seeds sown in infested soil)

Higher levels of C. lindemuthianum resulted in higher anthracnose severities for all R. solani
levels (Fig. 1). Anthracnose severity was always lowest on plants growing in the soil not
infested with R. solani (treatment RS0), but significantly only for the two highest C.
lindemuthianum levels (Fig. 1). Root rot severity was high for all inoculum levels of R.
solani, but no effect of inoculum level of C. lindemuthianum on root rot severity was
observed (Fig. 2).

The mean plant dry weight per pot showed a high variation, but was clearly negative
affected by root rot (Fig. 3). Accordingly, the stepwise fitting of equation (1) to this data
revealed a significant negative effect of root rot, while the effects of anthracnose and of the

interaction of both diseases were insignificant.
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Figure 1. Effects of different inoculum levels of C. lindemuthianum and R. solani
(RSO = non-infested control, RS1 = 0.2% (w/w), RS2 = 0.6%, and RS3 = 1.8%) on
anthracnose severity at 27 DAS when bean seeds were sown in R. solani-infested soil
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Figure 2. Effects of different inoculum levels of R. solani and C. lindemuthianum
(CLO = only water, CL1 = 1.2 x 10*, CL2 = 1.2 x 10°, and CL3 = 1.2 x 10° conidia/ml) on
root rot severity at 27 DAS when bean seeds were sown in R. solani-infested soil

5.3.1.2 Late attack of R. solani (bean seedlings transplanted in infested soil)

For anthracnose, the increasing relationship between inoculum concentration of C.
lindemuthianum and the resulting disease score was similar like in the experiment with the
early attack (Fig. 4). Again, the disease level of anthracnose tended to be lower in the
treatments without soil infestation with R. solani. At a R. solani inoculum level of 0.2%, root
rot severity was significantly higher at CL3 compared to CLO (Fig. 5); similarly, R. solani
population density was significantly increased at the highest C. lindemuthianum inoculum
level (Fig. 5).
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Figure 3. Effects of co-infection of R. solani and C. lindemuthianum on dry weight of bean
plants at 27 DAS when bean seeds were sown in R. solani-infested soil
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Figure 4. Effects of different inoculum levels of C. lindemuthianum and R. solani
(RSO = non-infested control, RS1 = 0.2% (w/w), RS2 = 0.6%, and RS3 = 1.8%) on
anthracnose severity at 27 DAS when 14 days old-seedlings were transplanted to R. solani-
infested soil

In this experiment, both diseases reduced plant dry weight (Fig. 6). In the stepwise
regression procedure using equation (1), a significant effect of root rot and of the disease

interaction was determined, while the effect of anthracnose alone could be neglected.
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Figure 5. Effects of different inoculum levels of R. solani and C. lindemuthianum (CLO =
only water, CL1 = 1.2 x 10*, CL2 =1.2 x 10°, and CL3 = 1.2 x 10° conidia/ml) on root rot
severity at 27 DAS when 14 days old-seedlings were transplanted to R. solani-infested soil

5.3.2 Interaction root rot/rust

5.3.2.1 Early attack of R. solani (bean seeds sown in infested soil)

As expected, higher concentrations of uredospores resulted in higher rust severities, which
tended to be lower in the presence of R. solani (Fig. 7). Root rot severity was high and similar
for all levels of R. solani and no effect of bean rust on root rot severity could be detected (Fig.
8).

Plant weight was obviously reduced by both diseases (Fig. 9). All three regression
coefficients of the regression equation (2) were significantly different from 0. The positive
sign of the interaction term indicated an antagonistic effect of the two diseases on plant dry

weight.

5.3.2.2 Late attack of R. solani (bean seedlings transplanted in infested soil)

Severity of bean rust and root rot increased at higher inoculum levels of U. appendiculatus
and R solani, respectively (Figs. 10 and 11). Pre-infection with R. solani significantly

reduced rust severity at the highest levels of U. appendiculatus and R. solani; similarly,
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diameter of rust pustules was consistently reduced at the highest R. solani levels (Fig. 10).
When the soilborne pathogen was inoculated at 0.2%, root rot severity was significantly
higher at UA3 compared to UAO (Fig. 11); in the same way, R. solani population density was
highest at UA3 (Fig. 11).
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Figure 6. Effects of co-infection of R. solani and C. lindemuthianum on dry weight of bean
plants at 27 DAS when 14 days old-seedlings were transplanted to R. solani-infested soil
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Figure 7. Effects of different inoculum levels of U. appendiculatus and R. solani (RSO = non-
infested control, RS1 = 0.2% (w/w), RS2 = 0.6%, and RS3 = 1.8%) on rust severity at 40
DAS when bean seeds were sown in R. solani-infested soil
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Figure 8. Effects of different inoculum levels of R. solani and U. appendiculatus
(UAO = only water, UA1 =4 x 10, UA2 =4 x 10°, and UA3 = 1.2 x 10" uredospores/ml) on
root rot severity at 40 DAS when bean seeds were sown in R. solani-infested soil
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Figure 9. Effects of co-infection of R. solani and U. appendiculatus on dry weight of bean
plants at 40 DAS when bean seeds were sown in R. solani-infested soil

Both root rot and rust reduced plant dry weight (Fig. 12). These effects are reflected in
the significant regression coefficients of equation (2) for both diseases, but no significant
interaction of root rot and rust was detected, which is in contrast to the situation when bean

seeds were sown in infested soil.
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Figure 10. Effects of different inoculum levels of U. appendiculatus and R. solani (RS0 =
non-infested control, RS1 = 0.2% (w/w), RS2 = 0.6%, and RS3 = 1.8%) on rust severity at 40
DAS when 25 days old-seedlings were transplanted to R. solani-infested soil
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Figure 11. Effects of different inoculum levels of R. solani and U. appendiculatus (UAO =
only water, UA1 =4 x 10%, UA2 =4 x 10°, and UA3 = 1.2 x 10* uredospores/ml) on root rot
severity at 40 DAS when 25 days old-seedlings were transplanted to R. solani-infested soil
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Figure 12. Effects of co-infection of R. solani and U. appendiculatus on dry weight of bean
plants at 40 DAS when 25 days old-seedlings were transplanted to R. solani-infested soil

5.4 Discussion

In our experiments, severities of anthracnose and rust were altered when bean plants were pre-
inoculated with R. solani, but in different ways. In the presence of the soilborne pathogen,
anthracnose severity tended to be higher (Figs. 1 and 4). This is in accordance with the rather
general statement of WALLER and BRIDGE (1984) that many leaf spot diseases are more
severe under stress caused by root diseases. Several mechanisms have been proposed to
explain the increase in host susceptibility and enhancement of the activity of interacting
soilborne and aerial pathogens. These mechanisms include transmission of signals by the host
(that causes metabolic or systemic changes) and changes of the nutritional status (POWELL,
1971; EVANS and HAYDOCK, 1993). Some authors have found that diseases caused by
non-obligate pathogens like C. lindemuthianum increase when the host is infected with a
destructive pathogen like R. solani: NICHOLSON et al. (1985) found that corn plants infected
by Pratylenchus hexincisus developed significantly more leaf blight, caused by
Colletotrichum graminicola, and proposed that leaf senescence hastened by the nematode
infection favoured anthracnose leaf blight. BHOWMIK and SINGH (1977) also observed that
Alternaria leaf blight on sunflower was more severe on plants infected with R. solani.

Similarly, Verticilium wilt reduced plant vigour and caused premature senescence on potato
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plants, which increased early blight severity, caused by Alternaria solani (HARRISON,
1974). Our results suggested that during the process of colonization of plant tissues by C.
lindemuthianum, the phase of slow senescence and of eventual death of infected cells
(BAILEY et al., 1992) was apparently accelerated in R. solani-infected plants. Thus root rot
should be recognized as a potential stress factor that can increase anthracnose severity on
beans.

On the other hand, rust severity and diameter of pustules tended to be lower on R.
solani-infected plants (Figs. 7 and 10). Antagonistic effects involving U. appendiculatus and
the nematode M. incognita were reported by BOOKBINDER and BLOOM (1980). These
authors observed that rust severity was lower on bean plants attacked by the nematode.
Moreover, nematode infection significantly reduced uredial diameters, which was reflected in
a lower sporulation capacity of uredia on leaves of nematode-infected plants. The most
important mechanisms that explain antagonism among pathogens infecting simultaneously
different parts of the plant are competition (HARRISON, 1974; JOHNSON et al., 1986),
antibiosis (BOOKBINDER and BLOOM, 1980) and induced host plant resistance
(McINTYRE and DODDS, 1979; GESSLER and KUC, 1982). We assume that physiological
functions were modified in R. solani-infected plants, consequently altering the host response
to the subsequent U. appendiculatus infection. Suppressed host photosynthesis reduced U.
appendiculatus sporulation on beans (COHEN and ROTEM, 1970) and could be involved in
the observed response to the R. solani infection. In the absence of R. solani, the diameter of
pustules was also reduced on plants more severely infected by U. appendiculatus (Fig. 10),
possibly as a result of competition and reduction of the photosynthetic surface. Moreover,
senescence caused by R. solani may also affect the rust infection, since appressoria formation,
infection frequency and diameter of uredia decrease considerably on adult leaves (VON
ALTEN, 1983; STAVELY and PASTOR-CORRALES, 1984).

Root rot severity was affected neither by C. lindemuthianum nor by U. appendicul atus
infection in the experiments in which seeds were sown in R. solani-infested soil (Figs. 2 and
8). However, when bean seedlings were transplanted to infested soil, the highest level of C.
lindemuthianum (Fig. 5) or U. appendiculatus (Fig. 11) enhanced root rot severity and the
population density of the soilborne pathogen at R. solani inoculum level of 0.2%. According
to ABAWI and PASTOR-CORRALES (1990), damage due R. solani may be magnified if
biological stresses, such as other pathogens, are present. Although effects of interactions
involving root and aerial diseases cannot be anticipated, it has been demonstrated that stem,

stalk, and root rots caused by less specialized fungi are commonly more severe on plants
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infected by virus (BEUTE and LOCKWOOD, 1968; BIRD, 1969; DIAZ-POLANCO et al.,
1969; TU and FORD, 1971; NITZANY et al.,, 1973; PRATT et al., 1982; CHANT and
GBAJA, 1986; EVANS and STEPHENS, 1989). The susceptibility of cucumber seedlings to
Rhizoctonia damping-off increased on CMV infected plants, maybe due to the increased
transport of materials from the roots to the cotyledons (BATEMAN, 1961a). PIECZARKA
and ZITTER (1981) observed similar effects for the combination R. solani and tobacco
mosaic virus (TMV-P) or pepper mottle virus (PeMV) on pepper. Conversely, McCARTER
and HALPIN (1961) observed no significant increase in pathogenicity when white clover
plants were infected by R. solani and bean yellow mosaic virus (BYMYV). We assume that the
increased root rot severity in the presence of the aerial pathogens operated probably through
changes in the host physiology involving mechanisms such as reduction of photosynthesis,
increased plant respiration and reduced translocation of photosynthates. Several researchers
have demonstrated that the photosynthetic competence of plants is reduced in the presence of
C. lindemuthianum (BASSANEZI et al., 1997; LOPES and BERGER, 2001) or U.
appendiculatus (LIVNE and DALY, 1966; RAGGI, 1980; LOPES and BERGER, 2001). An
increase of plant respiration has been reported for both pathogens (LIVNE and DALY, 1966;
WONG and THROWER, 1978). Moreover, reduced translocation of photosynthates (ZAKI
and DURBIN, 1965) and lower growth of the root system (SO and THROWER, 1976) have
been described for rust. In the experiments in which seedlings were transplanted to infested
soil, the period of possible contact between host tissue and R. solani was shorter compared to
the experiments in which seeds were sown in infested soil. In these experiments, soil was
infested with R. solani inoculum immediately before planting. The long time gap between the
inoculation of R. solani and of the aerial pathogens and the drastic effect of R. solani in
causing seedling pre- and postemergence damping-off and reducing plant growth could
explain why root rot severity was not affected by the aerial diseases. On the other hand, when
seedlings were transplanted to infested soil, the weakness in the root system caused by
anthracnose or rust apparently favoured the root rot development and the increase of the R.
solani population in the soil, at least at low R. solani inoculum levels. Some mechanisms have
been proposed to explain how aerial pathogens contribute to increase severity of diseases
caused by soilborne pathogens. EVANS and STEPHENS (1989) observed a reduced ability of
virus-infected asparagus plants to wall-off and lignify infection courts of Fusarium spp. BIRD
(1969) suggested that the reduction of the amount of nitrogen available caused by tobacco
mosaic virus indirectly increases the growth rate of M. javanica. It is known that increased

root exudations of virus-infected plants may change nutrients utilizable by fungi and alter the
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soil microflora (BEUTE and LOCKWOQOD, 1968; DIAZ-POLANCO et al., 1969; TU and
FORD, 1971; PIECZARKA and ZITTER, 1981; PRATT et al., 1982; EVANS and
STEPHENS, 1989).

Effects of rust on other bean diseases have been described (YARWOOD, 1969;
YARWOOD, 1977; STAVELY and PASTOR-CORRALES, 1984). It is known that rust
predisposes bean plants to infection of the soil inhabitants pathogens Thielaviopsis basicola
(YARWOOD, 1977) and Pseudomonas syringae pv. phaseolicola (YARWOOD, 1969), but
the mechanisms were not determined. BOOKBINDER and BLOOM (1980) observed that the
mean number of root galls of M. incognita per gram of root was reduced by U.
appendiculatus infection on bean when both pathogens were applied simultaneously and
when the fungus was applied first. According to them, this response may be related to a
reduced root growth, which caused less egg production.

Our results were observed depending on the inoculum levels. Reduction of rust severity
and diameter of pustules was significant only when R. solani was inoculated at 0.6 and 1.8%,
when the seedlings were transplanted to infested soil (Fig. 10). On the other hand,
enhancement of root rot severity and population density of the soilborne pathogen at the
highest level of C. lindemuthianum or U. appendiculatus was not observed at all R. solani
inoculum levels (Fig. 11). YARWOOD (1969) also found that the interaction between rust
and halo blight, caused by P. syringae pv. phaseolicola, was dependent on disease levels; halo
blight was increased in the presence of U. appendiculatus, but heavy rust infection suppressed
the occurrence of halo blight lesions. The results presented here were also dependent on
timing of R. solani infection, so that the effects of the aerial diseases on root rot could be
observed only when the seedlings were transplanted to infested soil (Figs. 5 and 11). Methods
of experimentation and assessment affecting results of interactions studies have been
discussed by HYDE (1981) and SIKORA and CARTER (1987).

The combined effect of root rot and anthracnose on plant dry weight was not significant
when seeds were sown in R. solani-infested soil (Fig. 3). However, a significant synergistic
effect was observed when the seedlings were transplanted to infested soil (Fig. 6), indicating
that the damage caused by both diseases was more than the sum of the damage caused by
each disease alone. On the other hand, a significant antagonistic effect between root rot and
rust was observed on plant dry weight only when beans seeds were sown in infested soil (Fig.
9), suggesting that the damage caused by the diseases in combination was less than the sum of
the damage caused by each disease individually. Although anthracnose severity tended to

increase and rust to decrease in the presence of R. solani, the effects of combined diseases on
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plant dry weight were not always synergistic for the combination root rot/anthracnose or
antagonistic for the combination root rot/rust. For the same disease combinations and
conditions, different effects can be observed on dynamic of diseases and crop loss.
BOOKBINDER and BLOOM (1980) observed an additive effect on plant weight when bean
plants were simultaneously infected with U. appendiculatus and M. incognita, but fungal
uredia were reduced in diameter and sporulation capacity and M. incognita produced fewer
root galls, and fewer eggs per egg mass.

Interactions involving Rhizoctonia root rot and aerial diseases may frequently occur in
many production systems. It is evident that the results presented here may not be promptly
extrapolated to field situations. However, it seems reasonable to suppose that strategies of
disease assessment and/or management may be altered, since these interactions can occur in
the field. The assessment of plant susceptibility to aerial pathogens can be limited by
interactions with soilborne pathogens, particularly in interactions involving low levels of root
infection (JENKINS and JONES, 1980). Moreover, root diseases reduce the capacity of plants
for compensatory growth that they normally show when infected by aerial pathogens
(WALLER and BRIDGE, 1984). Interactions between root rot and aerial diseases are very
complex phenomena. This work emphasizes the necessity of more studies to investigate the
real importance of these interactions at field conditions and to develop adequate management

strategies for combined diseases.
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6. Final conclusion

The control of Rhizoctonia root rot caused by Rhizoctonia solani on beans was investigated in
different greenhouse experiments. Strategies like burial of the inoculum, shallow sowing and
biological control using the antagonist Trichoderma harzianum were effective in controlling
the disease.

The effects of inoculum depth on root rot progression and on survival of R. solani were
investigated in Chapter 2. The sowing was carried out immediately after soil infestation and
15, 30, 60 and 90 days after soil infestation (DAI). Disease incidence and severity were high,
but emergence of seedlings and plant weight were consistently reduced at all evaluation dates
when R. solani inoculum was confined in the upper 10 cm of soil. Damaging effects of R.
solani on plant development were less severe with deeper placement of inoculum. Emergence
of seedlings and plant weight were not reduced when the inoculum was buried deeper than 15
cm, but infected plants were frequently observed. This has a significant epidemiological
implication as diseased plants can be a source of inoculum for the next season. In PVC
cylinders with removable rings, where the sowing was performed directly on infested soil,
high disease severities were observed at all evaluation dates. Emergence and plant weight
were reduced by R. solani independently of the depth in which the inoculum was originally
buried. Pathogen survival was not consistently reduced after 90 days in the absence of host
tissue in both experiments. Our results showed that inoculum depth affected the vertical
growth of R. solani. Although the pathogen survived when the inoculum was placed deeper
than 15 cm, it could hardly be recovered from soil samples collected above the layer
originally infested in this treatment in the cylinder-experiment at 60 DAI. This poor ability for
vertical growth and colonisation demonstrates the benefit of plowing to reduce inoculum
density. Considering the results presented here, plowing in short time intervals or other soil
movements may enable a contact between viable inoculum of the pathogen and bean seeds or
seedlings in the next season. This has to be considered especially in tropical countries, where
beans are frequently planted three times a year in the same field.

In Chapter 3, we observed that deep sowing significantly reduced the emergence rate
and growth of plants inoculated only with R. solani. Effects on preemergence damping-off
were dramatic at 3.0, 4.5 and particularly at 6.0 cm. However, we observed that the
effectiveness of T. harzianum was enhanced in association with shallow sowing, since the
effect of sowing depth was not significant in the presence of the antagonist. Therefore, the

associated use of both strategies of disease control is recommended.
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We observed in the Chapter 3 that T. harzZianum protected bean seedlings from
preemergence damping-off, reduced disease severity and increased plant growth in the
presence of R. solani, especially in moist soil. Soil moisture levels varying from 15 to 42%
(v/v) did not affect emergence rate and growth of plants infected only with R. solani. We
concluded that the control of the disease could be enhanced by manipulating the frequency of
irrigation to maintain a moist soil and to favour T. harzianum. The combined use of T.
harzianum and moderate soil moisture to reduce R. solani infection on beans under field
conditions is feasible, but recommendations of soil moisture levels must be done for each
situation individually. Observations from the Chapter 5 revealed that the disease was severe
when plants were in the mist chamber under high relative humidity. This may also be
important for disease management, because high relative humidity caused by excessive
irrigation should be avoided in areas with high inoculum potential of R. solani.

The survival of R. solani and T. harzianum and the dynamics of the microorganisms in
the soil were affected by soil moisture levels varying from 15 to 57% (v/v) (Chapter 4). In
experiments where both fungi were inoculated at the same time, and the sowing was carried
out immediately after soil infestation and 20, 60, 180 and 360 DALI, the pathogen survived in
the soil at least one year and caused root rot at all tested dates. However, in the first survival
tests (0, 20 and 60 DAI), severity of root rot initially increased, but decreased later (180 and
360 DAI). On the other hand, dry weight of R. solani-infected plants was reduced in the initial
tests, but increased later so that at 360 DAI values as in the treatment control were reached.
Although soil moisture did not affect severity of root rot, the pathogen could easily be
recovered from dryer soil. It could hardly be recovered from soil in the presence of T.
harzianum. Consistent antagonistic effects were observed until 180 DAI. However, when the
pathogen was well established in the soil, antagonistic protection was lower. Although T.
harzianum was isolated from the soil, and disease severity was lower in the presence of the
antagonist at 360 DAI, the promoting effects on emergence and growth of R. solani-infected
plants were very slight. Exhaustion of a suitable energy base provided by wheat bran may
account for this observation. The antagonist improved plant growth even on plants not
infected with R. solani, but this effect was observed only until 60 DAI. In an additional
experiment carried out at higher temperatures, this effect was less pronounced because higher
temperatures promoted the emergence of seedlings. The antagonistic ability and survival of T.
harzianum were greater in soils with an intermediate moisture level than in wet or dry soils,
but depended on the inoculum potential of both fungi in the soil. Although the survival of T.

harzianum seems to be increased in moist conditions, we observed that the activities and
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growth of the antagonist were not negligible even at soil moistures of 20 or 15%. A
deleterious effect of wet soil on the survival of R. solani and on the establishment of T.
harzianum was observed. We concluded that an elaboration of practical biological control
strategies of Rhizoctonia root rot on beans involving water management is feasible.
Nevertheless, bean plants and both fungi may react differently to alternating soil moisture
levels compared to constant levels. Therefore, additional research should be done before our
findings are extrapolated to the field under the wide range of moisture conditions.
Additionally, we investigated the effects of the co-inoculation of R. solani and C.
lindemuthianum or U. appendiculatus on the disease dynamics and on the growth of bean
plants. Interactions between root rot and the aerial diseases were observed depending on the
inoculum levels. Anthracnose severity tended to be higher on plants infected by R. solani. We
concluded that root rot should be recognized as a potential stress factor that can increase
anthracnose severity on beans. Our results suggested that during the process of colonisation of
plant tissues, the phase of slow senescence and of eventual death of infected cells was
apparently accelerated in R. solani infected plants. On the other hand, R. solani infections
significantly reduced the diameter of rust pustules and subsequently the rust severity. We
assume that physiological functions were modified in R. solani infected plants, altering
consequently the host response to the subsequent U. appendiculatus infection. Suppressed
host photosynthesis reducing U. appendiculatus sporulation on beans could be involved in the
observed response to R. solani infection. Moreover, we observed that, in the absence of R.
solani, the diameter of pustules was also reduced on plants more severely infected by U.
appendiculatus, possibly as a result of competition and reduction of the photosynthetic
surface. Senescence caused by R. solani may also affect the rust infection. At low levels of R.
solani, the root rot severity and population density of the soilborne pathogen in the soil were
magnified at high levels of C. lindemuthianum or U. appendiculatus when seedlings were
transplanted to R. solani infested soil. We suggest that the increased root rot severity in the
presence of the aerial pathogens operated probably through changes in the host physiology,
involving mechanisms like reduction of photosynthetic competence of plants, increased plant
respiration, reduced translocation of photosynthates, and lower growth of the root system. We
concluded that the weakness in the root system development caused by anthracnose or rust
apparently favoured the root rot development and increased R. solani population in the soil, at
least at low R. solani inoculum levels. In these experiments, a synergistic interaction between
root rot and anthracnose was observed with respect to the plant dry weight. Antagonistic

effects on the plant dry weight were seen for the combination root rot - rust but only when
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bean seeds were sown in infested soil. Our results were dependent on the timing of R. solani
infection, so that the effects of the aerial diseases on root rot could be observed only when the
seedlings were transplanted into infested soil. Interactions involving Rhizoctonia root rot and
aerial diseases may frequently occur in many production systems, which may alter strategies
of disease assessment and/or management. We emphasise the need for more studies on the
actual importance of these interactions at field conditions and for the development of adequate

management strategies to control simultaneously occurring diseases.
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