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Abstract

Rhizoctonia solani AG-3PT causes stem canker and black scurf disease of potato which results
in economic yield loss of up to 35-50% around the world. Until now, progress in the
management of these diseases has been slow. This study looked at the effects of biological
control strategies for stem canker and black scurf of potato caused by R. solani AG-3PT using
soil organisms alone or in combination with resistant potato varieties or fertilizers or

intercropping systems with Brassica plants.

Trichoderma species were studied because they have a known role in minimising the impacts
of pathogens and improving plant growth. Eight isolates of Trichoderma obtained from healthy
tubers and soil reduced the severity of disease and promoted growth of potato plants in
laboratory and glasshouse experiments. T. harzianum strain T5 and T. hamatum strain T8 had

the best performance in prevention of disease and enhancing the plant growth and potato yield.

The information on comparative sensitivity of varieties of potato will assist farmers to make
informed decisions in terms of black scurf disease management. Six potato varieties utilized in
this study showed a range of sensitivity reactions to R. solani AG-3PT, but none of these
varieties were completely resistant to the disease. The Sapphire and Royal Blue varieties
showed the lowest level of infection of tubers by sclerotia of R. solani AG-3PT at harvest,

whereas Sebago and Desiree varieties showed the highest level of sclerotia on tubers.

Laboratory experiments showed that Sebago sprouts contained materials that reduced the
pathogen growth and prevented the growth of biocontrol agents compared with other potato
varieties. The interaction between two Trichoderma isolates (T5 and T8) and the pathogen in
glasshouse experiments with three potato varieties (Sebago, Desiree and Sapphire) showed the
same disease reduction and plant growth promotion for all varieties. There was therefore no

interaction between plant resistance and biocontrol.

In culture experiments, there were small but significant effects of seven nutrients (N, P, K, Ca,
Mg, Fe and Mn) on the interactions between Trichoderma species and the pathogen. One series
of pot trials on the effects of N, K and Mn on biocontrol did not detect an interaction between
the nutrients and disease control or growth promotion. However, a field trial did show that the

effect of T. hamatum T8 on growth promotion of potato in the presence of the pathogen was



greater at low levels of NPK fertilizer. As a result, farmers may reduce fertilizer level when the

biocontrol agent is applied.

Biofumigation has been used as an alternative method for controlling soilborne plant
pathogens. Biocontrol agents T5 and T8 were not pathogenic to broccoli or cabbage and
promoted their growth. R. solani was sensitive to compounds from the root tissues of broccoli
and cabbage, whereas Trichoderma isolates, especially T8, were tolerant to compounds from
root tissues. In a glasshouse experiment either intercropping with cabbage or broccoli, or
inoculation with T8, prevented disease symptoms on potatoes. In a field trial, intercropping
with cabbage or treatment with T8 controlled the stem canker and black scurf disease caused
by R. solani AG-3PT. Isolate T8 also greatly increased the growth rate of the cabbages. The
growth of potato plants was reduced by competition with the cabbage, indicating the need for

further work on refining the intercropping system.

Overall this study provides insight on the efficacy of Trichoderma isolates for biological
control, and the effect of Trichoderma isolates on potato varieties resistance, fertilizers and

cropping system to control stem canker and black scurf of potato caused by R. solani AG-3PT.
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Chapter 1. General Introduction

1.1. Project overview

The tubers of potato plants (Solanum tuberosum L.) are a vital vegetable crop, and are
known as a healthy food rich in vitamins A, B and C. Also, the potato is high in carbohydrates,
primarily starch, minerals, fiber, and protein and is low in fat (Rodriguez-Falcon et al., 2006).
Potato plants belong to the order Solanales and the family Solanaceae. Potato plants are the
fourth most important world food crop after rice, maize and wheat in terms of cultivated area,

production and consumption (Marfil et al., 2015; Rahman et al., 2012).

Many papers have shown that different microbes can cause diseases on potato plants.
Several possible causes of potato diseases include viruses, bacteria, nematodes and fungi. There
are many types of fungi that can cause diseases of potatoes, but Rhizoctonia solani Kuhn
anastomosis group 3 (AG-3PT) is one of the most significant disease-causing organisms in
potato (Demirci et al., 2009), responsible for both stem canker on the plant and black scurf on
the tuber. This fungus has different types and strains, is prevalent world-wide, and is found in
all kinds of soil (Bains et al., 2002). The loss of yield caused by stem canker and black scurf
disease of potato can be approximately 35-50%, resulting in high economic loss for growers
(Rahman et al., 2012; Virgen-Calleros et al., 2000; Zhang et al., 2014). In recent years, the
potato sowing area has been increasing due to increasing population which leads to the spread
of soilborne fungal diseases, including Rhizoctonia diseases of potato (Fiers, 2010).
Rhizoctonia solani has become a serious problem in countries including China, India, Great
Britain, France, Finland, Australia, New Zealand, South Africa, Mexico, Canada and Uruguay
(Balali et al., 1995; Campion et al., 2003; Das et al., 2014; Lehtonen et al., 2008a; Platt et al.,
1993; Truter and Wehner, 2004; Virgen-Calleros et al., 2000; Woodhall et al., 2007; Zhang et
al., 2014). Rhizoctonia solani can increase to high levels as a result of poor management
activities, such as not growing resistant varieties, not using crop-rotation for a long time and
overuse of chemical control (Dekker, 1976; Lehtonen et al., 2008b; Tsror, 2010).

In Iraq, growers have utilized pesticides, fungicides and herbicides very intensively in
agriculture, so there has been increased pollution of the soil and chemical resistance in
pathogens, which leads to plant diseases and productivity losses. In addition, there has been a

lack of interest in using biological control agents (Personal observations). There is a need to



develop new technologies which reduce Rhizoctonia inoculum in soils and crops through the
using of crop-rotations with cereal crops and biologically safe options like biocontrol agents to

diminish the harmful impacts on potato plants.

The use of Trichoderma strains as biocontrol agents to reduce or eliminate symptoms of
Rhizoctonia stem canker and black scurf disease of potatoes is a possible alternative to
conventional methods of management. Strains of Trichoderma are known for many effects on
plants and soil organisms, including inducing root branching and increasing shoot biomass
through the colonization of roots of plants, antibiotic activity, parasitizing other fungi,
competition with harmful plant microorganisms, endophytic competence, and enhancing plant
nutrient uptake (Contreras-Cornejo et al., 2016; Li et al., 2015). Trichoderma added to the soil
can improve soil fertility and soil structure (Ellouze et al., 2014). There are several studies on
Trichoderma as biological control agents that can reduce soilborne diseases, including stem
canker and black scurf disease caused by R. solani AG-3PT. However, some researchers have
suggested that the interactions between Trichoderma isolates with cropping system or fertilizer
management or use of resistant potato varieties may have a role in increasing inhibition of
soilborne plant pathogens and at the same time promoting plant growth and increasing yield
(Beagle-Ristaino and Papavizas, 1985; Ellouze et al., 2014; Guchi, 2015; Naz et al., 2008; Rauf
et al., 2015). For this reason, the interactions between Trichoderma isolates as biological
control agents with variety resistance, fertilizers and intercropping with brassicas were

examined in this study.

1.2. Objectives

The objective of this work was to examine the efficacy of Trichoderma isolates for
biological control as well as the interactions between Trichoderma and different aspects of the
cropping system in order to improve management of R. solani AG-3PT in potato. The aims

were to answer the following questions:
Does resistance to disease alter the effect of biological control agents?
Do fertilizers influence the effect of biocontrol agents?

Do other plants in the cropping system have an effect on biological control?



1.3. Structure of the thesis

The Literature Review in Chapter 2 provides information on the disease, beneficial
Trichoderma isolates in disease management and their mechanisms, resistance of potato
varieties to the pathogen, application of fertilizers and their effects on microorganisms and

impacts of biofumigation on soilborne fungal disease.

The trials in Chapter 3 isolated and identified Trichoderma fungi as biocontrol agents.
These isolates were tested for antagonism in dual culture, antibiotic production and reduction
of symptoms in infested soils. In addition, uniform potato seedlings were produced in tissue

culture for use in experiments.

The trials in Chapter 4 evaluated six potato varieties for disease resistance against
Rhizoctonia solani AG-3PT and the interaction of resistance with the effect of Trichoderma
isolates on these varieties. Furthermore, it included a comparison of the effects of compounds
in potato tissues on radial growth and dual culture interaction between pathogen and biocontrol

agent, and tested induced resistance in a variety with moderate susceptibility.

Chapter 5 describes experiments on the effect of nutrients on antagonism by using dual
culture and antibiotic production tests. The interaction between fertilizers and biocontrol agents
on disease and plant growth was tested in pot trials with different nutrients. Finally, a field trial
tested the interactions between different formulations of NPK fertilizer and the effects of

Trichoderma species.

Chapter 6 describes the first part of a test of the hypothesis that biofumigant crops can alter
the balance between pathogens and their antagonists. The effects of R. solani AG-3PT and
Trichoderma isolates on Brassica species were examined. Growth and dual culture
experiments tested the effects of volatile and non-volatile compounds of Brassica plants on
growth and interaction between the pathogen and biocontrol agents. The effect of root exudates
of potato, cabbage and broccoli on the interaction between pathogen and biocontrol agents was

also tested.

The second part (Chapter 7) tested the effects of Trichoderma species in an intercropping

system between potato and Brassica plants in a glasshouse trial and a field trial.



Chapter 8 (General Discussion) integrates the key discoveries for each chapter and specifies

the gaps in knowledge with suggestions for future research arising from this study.



Chapter 2. Literature Review

2.1. Introduction

The soil fungus Rhizoctonia solani is widespread throughout the world, and consists of
both saprophytic and plant-pathogenic strains. Specific strains or sub-groups can cause disease
on a wide variety of different plant species and types, with some forms able to cause black
scurf and stem canker disease of potato (Ritchie et al., 2013). Abundant experiments have
utilized various techniques of control to mitigate the harmful effects of this pathogen.
Biological control strategies are one of these processes which utilize soil microbes or natural
materials (Hicks et al., 2014).

The interaction of biocontrol Trichoderma species with different aspects such as
fertilizers, resistance of varieties and intercropping system (Brassica species) can reduce or
eliminate Rhizoctonia diseases in potato plants. This chapter will review previous work on the
pathogen, disease and biological control which is relevant to all aspects that are related to the

research.
2.2. Description of disease

2.2.1. Pathogen

Stem canker of potato and black scurf diseases are caused by Rhizoctonia solani AG-
3PT (synonym: Thanatephorus cucumeris (Frank) Donk), and can be found on almost all
underground portions of plants at different times during the season (Kumar et al., 2017a).
Generally, Rhizoctonia solani has been divided into subgroups called anastomosis groups
(Chand and Logan, 1983), labelled from AG-1 to AG-13. Isolates of AG-2, AG-3, AG-4, AG-
5, AG-7 and AG-8 have been reported as causal agents of potato diseases (Baijnath, 2012), as
well as AG-9 that was identified by Ferrucho et al. (2012). However, AG-3 is the most common
of these on potatoes (Carling et al., 2002). Two reproductively isolated groups have been found
in AG-3, one of which is restricted to tobacco (Kuninaga et al., 2000). Consequently, the strains
that are pathogenic to potato are referred to as AG-3PT. The fungus is a basidiomycete, but the

basidiospore stage is extremely rare. R. solani is not known to produce asexual spores, but it



has an asexual life cycle, where it produces mycelium and black sclerotia on infected potato
tubers (Kirk et al., 2007; Ogoshi, 1987).

2.2.2. Symptoms

Symptoms are responses expressed by the host plant as a result of injury by the
pathogen, or exterior or interior changes that appear on the plant after an infection by any type
of disease. Symptoms depend on the sort of pathogen and the type of plant. Potato plants are
infected by Rhizoctonia solani AG-3PT on underground and aboveground parts of plants in
two phases, infection of growing plants (stem canker) and infection of tubers with sclerotia
(black scurf) (Atkinson et al., 2010; Kumar et al., 2017a; Tsror, 2010).

The disease affects the plant at all stages of growth and even small seedlings are
infected by the pathogen. Tsror (2010) stated that symptoms appear in the form of stem canker
(cankers on sprouts, underground stems and stolons which limit the plant growth). Also, brown
cankers on sprouts that may become necrotic can prevent or postpone emergence. Furthermore,
it causes desiccated, gummy and stunted parts of plants that include stems, stolons and roots.
The disease causes chlorosis and purpling of leaves. Thus, it stops the flow of sucrose solution
from the leaves to the tubers. As a result, potato plants produce a small amount and poor quality
of tubers when attacked by the pathogen R. solani AG-3PT under suitable environmental
conditions in early stages of plant development (Campion et al., 2003; Tsror, 2010).

Infection by the pathogen will cause cracks and distortions of tubers. Black scurf makes
tubers distorted by forming sclerotia on different portions of tubers in the early season.
Sclerotia are an irregularly shaped mass of hyphae with dark to black colours which serve as

survival and reproductive bodies (Wharton et al., 2007).

2.2.3. Disease cycle

Rhizoctonia solani AG-3PT overwinters as sclerotia which can remain under
environmental extremes in field soil for at least 18 months (Ritchie et al., 2013), and as mycelia
on infected tubers in plant residue or in infected soil (Kirk et al., 2007). The fungus infects the
roots, stolons, buds, tubers and stems of all sizes under suitable conditions, including cold
weather when both the temperature of air and soil are between 5 and 25°C, high soil moisture,

high organic matter, and a neutral to acid soil pH 7 or less (Kirk et al., 2007).



Initially, symptoms in the early season appear in the crown zone of plant. Sometimes
symptoms do not appear on stems, only on tubers. During the growing season stolons and roots
can be attacked at any time. In addition, late-season damage may result in formation of aerial
tubers. After that, sclerotia start to form on tubers while still attached to a mother plant, and

formation of sclerotia continues into storage (Wharton et al., 2007).

2.2.4. Disease assessment

Disease assessment involves the measurement and quantification of plant disease,
which is of essential importance in the study and analysis of plant disease epidemics which can
lead to yield loss caused by pathogens (Cooke, 2006). Several different methods of assessment
have been used for Rhizoctonia diseases on potatoes, depending on the growth stage, the
symptoms being expressed, and the purpose for assessment. Emergence is the percentage of
germinated tubers which is generally assessed from first emergence to 21 to 40 days after
planting. The percentage of seed germination can be reduced by seed piece decay due to the
pathogen (Larkin, 2016; Muzhinji et al., 2018). The pathogen can also affect the tips of sprouts
and either kill the sprouts or delay their emergence (Larkin, 2016). In general, reduced
emergence due to the effect of the pathogen can reduce the plant stand densities and yield.
However, compensation by the plants may mean that lower density gives more stems and
tubers per plant, so the relationship between plant number and yield can be weak (Bussan et
al., 2007). However, emergence is still useful as an early indicator of disease.

Canker severity is the amount of disease which is expressed on the different parts of
potato plants including stems, stolons and roots. In field trials, canker severity rating can be
based on the disease incidence such as proportion of stems, stolons and roots with lesions
(Atkinson et al., 2010; Tsror and Peretz-Alon, 2005). Most papers calculate the proportion of
length or area of the tissue covered with lesions. This can be given as a mean percentage
(Atkinson et al., 2010; Muzhinji et al., 2018). Commonly severity is evaluated by placing stems
or stolons into a small number of categories with different disease levels. For example, a 0-4
scale can be used with categories of no lesions, < 10% area covered, 10-25% area covered, 26-
50% area covered and > 50% area covered. The number of stems or stolons in each class is
used to calculate a disease index, often on a 0-100 scale (Wilson et al., 2008a). When disease
index is calculated out of 100, it usually gives a higher numerical score than the mean percent

severity, because the categories usually give greater weight to low disease severities.



If canker severity is severe, the stem might be girdled, interfering with the normal
movement of water and carbohydrates throughout the potato plants (Wharton et al., 2007).
Canker severity is usually related to reduced marketable yields of tubers (Khandaker et al.,
2011; Larkin, 2016). However Tsror (2010) claimed that disease severity is not always
associated with yield reduction. It is difficult to find the evidence on which this claim is based,
but Tsror and Peretz-Alon (2005) said that in areas with high temperatures the major damage
is to quality of tubers, and rarely to the total yield. Because tuber quality is affected more by
scurf than canker, assessing canker symptoms may be less useful in some situations. There is
also a problem with using cankers because they do not always appear on the plant; however,

the relationship between pathogen effects and plant growth is important.

Black scurf is caused by R. solani AG-3PT and can be found on all underground parts
of plants, particularly progeny tubers (Tsror and Peretz-Alon, 2005). In field trials, black scurf
rating can be based on the disease incidence such as proportion of roots and tubers with
sclerotia (Tsror and Peretz-Alon, 2005). Most papers calculate the proportion of number or
area of the tuber covered with sclerotia. This can be given as a mean percentage (Muzhinji et
al., 2018). Generally, black scurf severity is evaluated by placing roots or tubers into a small
number of categories with different disease levels. For example, a scale of 0-6 can be used with
different categories of no sclerotia, < 5% are covered, 6-10% area covered, 11-25% covered,
26-50% area covered, 51-75% covered and 76-100% area covered (Atkinson et al., 2010). The
number of roots or tubers in each class is used to calculate a disease index, often on a 0-100
scale (Atkinson et al., 2010; Ritchie et al., 2013).

Black scurf sclerotia causes economic loss and affects the quality of tubers (Kumar et
al., 2017a). Sclerotia can survive in soil for many years under different conditions. Therefore,
measuring scurf severity index helps to know the carryover of sclerotia inoculum in the field

and predict future epidemic disease occurrence (Tsror and Peretz-Alon, 2005).

Rhizoctonia canker reduces the shoot and root dry weight, and the number of stolons
and stems (Bienkowski, 2012; Hicks et al., 2014). The pathogen can penetrate the tips of
sprouts before they emerge from the soil and then attacks the stolons after growing later.
Cankers can stop or slow the growth of the infected stem or stolon. Cankers can sever the stolon
or shoot from the plant or kill the growing point (Wharton et al., 2007). This research has
shown that the pathogen can affect plant growth without obvious or severe canker symptoms.

Plant growth parameters, such as shoot dry weight, can be used as a measure of the effect of



the pathogen on the plant. Canker has greatest effects on total yield and scurf has greatest
effects on marketable yield (quality) (Hicks et al., 2014; Larkin, 2016). Maximising yield is
the ultimate goal of disease management, but yield is affected by more than just disease.

Therefore, almost all papers give data on symptoms on potato plants, either stem canker
or black scurf disease severity and incidence, but not on plant growth. They are based on the
visual appearance of the plant, rather than the effects of disease on growth and yield. In field
experiments for two years, Hide et al. (1992) used three varieties of potato (Desiree, Maris
Piper and Pentland Squire) with and without inoculum of Rhizoctonia solani grown on wheat
to assess the effect of R. solani on plant growth and yield at Rothamsted Experimental Station,
UK. In all varieties, plant emergence was delayed by inoculating with R. solani, and also
decreased significantly the plant growth parameters such as weights of shoot, number of tubers
and yield, compared with the uninoculated treatments. Also, Daami-Remadi et al. (2008a)
showed the effect of Rhizoctonia solani sclerotia on the growth of potato plants (cv. Spunta)
and yield. They used five levels of infection by R. solani based on a scale (1-5) to measure the
disease severity on potato plants that were grew into plastic pots. They found that high levels
of infection reduced significantly the stem fresh weight, stem dry weight, root fresh weight,

root dry weight, and tuber fresh weight, compared with the other levels.

There is a shortage of studies that have been done on the relationship between infection
with R. solani AG-3PT and potato plant growth parameters such as shoot and root dry weight,
plant height, number of stolons, number of tubers and tuber fresh weight. Diseases are
considered important because of their effects on plant growth and yield. Therefore this study
was focused on the relationship between pathogen and plant growth parameters in different

areas.

2.2.5. Management

There are several methods to manage disease caused by the pathogen Rhizoctonia
solani AG-3PT in potato. Cultural control which means alterations to cropping practices is very
important to control soilborne diseases. Cultural control practices include use of disease-free
propagation material, pathogen-free soil, crop-rotation, intercrops, tillage, timing of harvest
and haulm and soil management and irrigation (Brierley et al., 2009; Tsror, 2010). For example,
tillage management can change the availability of different nutrients in the soil, and affect

pathogen survival, where tillage or burial systems can reduce pathogens directly through the



placement of plant residues in the soil (Ritchie et al., 2013), or indirectly by the intensity of the
activity of soil microbial and competition effects (Bailey and Lazarovits, 2003). In addition,
tillage management immediately affects the chemical and physical soil properties like soil
temperature and humidity, root growth and nutrient absorption and populations of plant
pathogens. These factors may affect the variability and viability of pathogens and the

sensitivity or resistance of the plants (Blok et al., 2000).

Chemical control with fungicides have been used to control R. solani AG-3PT disease
on potato by different methods like potato seed treatment and in-furrow fungicide application
(Kirk et al., 2007; Tsror, 2010). In seed treatment, there are many types of chemical materials
used to control the pathogen such as Tops MZ (thiophanate-methyl 2.5% and mancozeb 6%),
Moncoat MZ (flutolanil 1.5% and mancozeb 6%), Maxim MZ (fluioxinil 0.5% and mancozeb
6%), Nubark Maxim (fluioxinil 0.5%) and Maxim 4FS (fluioxinil 40.3%), while Quadris
(azoxystrobin 22.9%) and Moncut 70DF (flutolanil 70%) were utilized in-furrow (Kirk et al.,
2007). Although chemical control might be efficient in the short term, the long term effects are
less profitable. Fungicides can kill beneficial microorganisms along with the pathogens in the
soil (Cook and Baker, 1983), which can diminish the productivity and quality of the soil,
basically affecting plant health and productivity. Moreover, pathogens might develop
resistance to the chemical substances utilized for their control (Dekker, 1976). Fungicides are
extra inputs and expenses for the farmer, and may negatively impact on the environment and
human health through surface flow, persistence, residues and leaching. Many pathogenic
microbes in plants have developed resistance against fungicides. There is a need to find
sustainable alternatives with low cost for the combat of plant pathogens. Biological control is
a solution that works within the microbial ecology, and is likely to give long-term control of
the pathogens, is environmentally friendly and does not have any type of pollution (Larkin et
al., 1998).

The use of resistant varieties would obviously improve the control of R. solani AG-3PT
disease in the field (Mohsan et al., 2016). Many studies have shown that different varieties of
potato were more resistant or susceptible to the Rhizoctonia disease and other soilborne
pathogens. Examples of resistance to disease are discussed in detail later in the literature

review.

Biological control is the use of antagonistic organisms to inhibit the pathogen. An

example is using seed treatment with the biocontrol agent Trichoderma harzianum which can
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reduce stem canker and black scurf disease of potato caused by R. solani (Beagle-Ristaino and
Papavizas, 1985). Interactions between microorganisms and plants are necessary for plant
health; nevertheless, the effect of the interactions with plants range from positive (symbionts
which support fertilizer acquisition), to negative (pathogens which cause plant diseases)
(Cripps-Guazzone, 2014; Lal et al., 2016). Many previous studies have used Trichoderma
strains for biological control because they are generally rhizosphere competent, have antibiotic
and mycoparasitic effects, induce resistance, and show endophytic colonization and
competition for nutrients (Cripps-Guazzone, 2014). Biocontrol could be used to control the
Rhizoctonia disease in potato in combination with other methods as an integrated management
process. This aims to emphasise involvement of different techniques (such as cultural control,
more resistance of varieties, fertilizers and intercropping system) for managing the effect of
Rhizoctonia disease and increasing yield. Biological control of Rhizoctonia on potatoes will

now be discussed in detail.
2.3. Biological control of Rhizoctonia on potatoes
2.3.1.  Definition

The main goal of the use of biological control is the reduction or mitigation of
pathogens and the disease they cause by using other non-pathogenic organisms. Biocontrol
organisms can be bacteria, fungi, nematodes or viruses (Lal et al., 2016; Pal and Gardener,
2006). Biological control mainly relies on the use of organisms which are antagonistic to the

target plant pathogens (Arora and Dwivedi, 1980; Larkin, 2016).
2.3.2. Biological control of Rhizoctonia disease of potato

The effect of isolates of Trichoderma as biocontrol agents was recognized in the 1930s,
and since then isolates of Trichoderma have been confirmed to control several plant diseases
of vegetable crops and fruit (Lal et al., 2016; Weinding, 1932). Many attempts have been
conducted to use different biocontrol agents to control stem canker and black scurf disease on
potato. For instance, when seed tubers of potato were treated with Trichoderma viride and
Bacillus cereus strain B4 to control disease, incidence of scurf was reduced by up to 42%
(Somani and Arora, 2010).
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Some bacteria strains (Pseudomonas spp.) associated with the plant rhizosphere have
also been used to control black scurf disease and showed significant ability to reduce the
incidence and severity of this important disease in addition to enhancing plant growth (Mrabet
etal., 2013; Tariq et al., 2010). Tariq et al. (2010) tested 28 isolates of bacteria recovered from
infected and healthy potato plants in Pakistan for their inhibition level and found nine of these
isolates that reduced the fungal growth in vitro (Tariq et al., 2010). Grosch et al. (2005) also
reported that three isolates of bacteria (Pseudomonas fluorescens B1l, Pseudomonas
fluorescens B2, and Serratia plymuthica B4) from potato-associated bacterial communities,
were tested as biocontrol agents against Rhizoctonia solani in potato. In growth chamber trials,
all BCAs significantly decreased potato disease severity caused by R. solani, but Pseudomonas
fluorescens B1 showed the greatest effect. In field experiments, the disease severity was
significantly reduced. The highest scurf-disease-reduction effect on potato was accomplished
by strain B1, followed by B2 and then B4 at the rate of 37, 33 and 31%, respectively, while the
potato tuber yield increased by 12% for strain B1, 6% for B2 and 17% for B4 compared with
the control treatment (R. solani). Further, Berg et al. (2005) examined endophytic and
ectophytic bacterial isolates from potato by using dual cultural method against soilborne
diseases (potato early dying disease and stem canker) caused by Verticillium dahliae and
Rhizoctonia solani, respectively. The isolates of Pseudomonas putida and Serratia plymuthica
3Re4-18 as biological control agents were effective to inhibit the plant pathogens, and at the

same time were shown to improve plant growth.

El Khaldi et al. (2016) used two date palm composts with their associated fungi and
found that the severity and incidence of black scurf and stem canker were significantly reduced
in greenhouse trials, however, using the extract of date compost after heating or filtration had
no effect on R. solani in vitro. The interaction type between R. solani hyphae and tested
antagonistic fungi was compared by light microscopy and showed different mechanisms of

actions such as mycoparasitism, mycelia lyses and formation of mycelia cords via anastomosis.

The use of some isolates of Trichoderma effectively diminished the viability of R.
solani sclerotia in greenhouse tests (Beagle-Ristaino and Papavizas, 1985), when fermentor
biomass containing chlamydospores of T. harzianum and T. virens was added to soil prior to
planting. This resulted in an increase in the viable populations of antagonists in soil and on
roots to control disease. Trichoderma harzianum (Tri4 fermentation biomass) and Trichoderma
virens (GL-21) reduced germination of R. solani sclerotia by 83 and 86%, respectively. The
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best inhibition percent of disease were 49 and 45%, respectively, for T. viride and Trichoderma
virens (Beagle-Ristaino and Papavizas, 1985). Also, Trichoderma viride and Trichoderma
virens reduced disease incidence significantly in the field between 50% for T. viride and 55%
for T. virens compared with pentachloronitrobenzene (PCNB). The biocontrol agents were
more effective than chemical treatment of PCNB fungicide (Beagle-Ristaino and Papavizas,
1985). Moreover, stem canker disease incidence and severity were reduced by 37-75% using
four different biocontrol agents including Trichoderma virens GI-21, and Trichoderma
harzianum strain T-22 was applied to the soil in two seasons in a field trial (Larkin, 2016). In
this trial, biocontrol formulations of two fungi and two bacteria were separately applied in the
field with a combination chemical/ biological treatment and chemical seed treatment. The
biological treatment controlled the disease and increased the productivity and quality of potato
in the two studied seasons.

The use of Trichoderma harzianum, non-pathogenic R. solani and cattle manure
compost amendment (CMC-H) in field trials diminished black scurf disease under organic
cultivation of potatoes (Barak and Sneh, 2001). The application of non-pathogenic binucleate
R. solani (RS 521 and RU 56-8-AG-P) significantly diminished disease incidence and severity,
while T. harzianum reduced disease incidence by 97% in furrow application, and also
diminished the severity of stem canker disease in potato plants (Barak and Sneh, 2001; Wilson
et al., 2008b). Also, Wilson et al. (2008a) showed that the combination of flutolanil fungicide
as a seed treatment and biocontrol agent T. harzianum can protect potato plants from stem
canker and black scurf diseases caused by R. solani AG-3PT. It reduced the disease level from
31 to 11%, and at the same time increased the size of potato tubers from 35 to 60%, while
Streptomyces griseoviridis and Gliocladium catenulatum did not give any protection against
the pathogen (R. solani) in potato plants. Bernard et al. (2014) claimed that soil management
practices may promote potato production and disease control. Three different methods to
suppress soilborne diseases, (rapeseed rotation crop, compost amendment, biological control
amendments Trichoderma virens, Bacillus subtilis, and Rhizoctonia solani hypovirulent isolate
Rhs1A1), when applied in a rapeseed rotation crop diminished the incidence and severity of
stem canker, black scurf, common scab, and silver scurf, while compost amendment increased
disease incidence and severity. The combination of biocontrol agents and soil managements
significantly reduced potato diseases, while the combination between compost and

hypovirulent isolate R. solani 1Al led to reduce black scurf of potato incidence.

13



Three isolates of Trichoderma were obtained from Rhizoctonia solani sclerotia
(Trichoderma reesei G1/8 which was reclassified recently as Trichoderma parareesei
(Atanasova et al., 2010), and T. viride G3/2 and G1/9). They were identified by using PCR
fingerprints, and tested as biological control agents against R. solani AG-3PT (Grosch et al.,
2006). In this study, the ability to parasitise and reduce sclerotia germination was tested at
different temperatures between 12 and 20°C in a growth chamber and on PDA medium.
Trichoderma parareesei and T. viride significantly reduced the germination of Rhizoctonia
sclerotia at the rate of 10.4% at 20°C and 21.9% at 12°C. Consequently, the strains of

Trichoderma were able to suppress the pathogen (R. solani) under different conditions.

In New Zealand, the applications of Trichoderma strains (T. virens, T. harzianum, T.
barbatum, T. harzianum, T. rossicum and T. crassum) significantly reduced the Rhizoctonia
stem canker disease of potato plants and increased plant yield and biomass production under
glasshouse conditions. They used a combination of conidial suspensions of biocontrol agents
against R. solani AG-1, 2 in a glasshouse trial and AG-3PT in a field trial, with inoculum on

barley seeds in pot trials (Hicks et al., 2014).

Morris et al. (1995) reported that Verticillium biguttatum produced antifungal
hydroxymethyl-phenols as metabolites with strong antibiotic activity during biocontrol in
addition to enzymes which dissolve and penetrate R. solani AG-3PT cell walls. Likewise, Van
den Boogert and Luttikholt (2004) tested the interaction between non-pathogenic Verticillium
biguttatum and synthetic fungicides to control black scurf disease caused by R. solani AG-3PT
and other potato diseases. They found that some fungicides such as azoxystrobin,
chlorothalonil and thiabendazole were fungitoxic to the biocontrol agent V. biguttatum in vitro
and in field trials. The combinations between the biological control agent V. biguttatum and
cymoxanil or propamocarb were examined with unripe potato tubers, where these
combinations diminished black scurf disease and tuber rot disease caused by Pythium sp. and

Phytophthora sp.

Demirci et al. (2009) found that the hyphae of V. biguttatum coiled around R. solani
hyphae (AG-3PT), with the hyphae penetrating the fungal host cell walls. According to
McQuilken and Gemmell (2004) V. biguttatum produced chitinase, p-1, 3-glucanase and
protease. So, these enzymes may play a role in dissolving and penetrating R. solani hyphae
(Demirci et al., 2009). In addition, V. biguttatum isolates decreased the viability of R. solani

hyphae on PDA, where all treatments of V. biguttatum penetrated R. solani hyphae and infected
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the cells of host, resulting in death. Also, the isolates of V. biguttatum decreased germination
of R. solani sclerotia. The percentages of germination with V. biguttatum (ME-3 and MC-7)
were 18 and 2%, respectively, whereas the viability of non-inoculated sclerotia was 83.5%
(control) (Demirci et al., 2009).

Some microbial endophytes are also reported to have significant antibiotic activity
against the pathogen (R. solani). This was tested in the laboratory and glasshouse (Lahlali and
Hijri, 2010), when six microbial endophytes were isolated and identified by morphology and
PCR as Alternaria longipes, Epicoccum nigrum, Phomopsis sp., and Trichoderma harzianum.
The ability of these microbial endophytes to suppress the pathogen was tested and the biggest
inhibition zone against R. solani was 82% for biocontrol agent T. harzianum, followed by 39%
for Phomopsis sp., 21% for A. longipes, 21% for E. nigrum E18, 11% for E. nigrum E1 and
10% for E. nigrum E8. Also, they found that biological control agent T. harzianum works as a
mycoparasite and competitor to penetrate hyphae and obtain nutrients from it. However, E.
nigrum and A. longipes create secondary metabolites to inhibit R. solani, whereas Phomospsis

sp. compete for nutrients with the pathogen.

Carisse et al. (2001) showed that strain P130A of Microsphaeropsis sp. was used to
treat potato tubers to control Rhizoctonia stem canker and black scurf diseases.
Microsphaeropsis sp. significantly decreased the percentage of sclerotia germination from 82
to 5.8%. The fungal antagonist colonized hyphae of R. solani AG-3PT and inhibited mycelial
growth through the induction of toxins and a rupture of the pathogen plasma membrane and
then the penetration of pathogen. Therefore, it caused cytoplasmic disruption and collapse of
plasma membranes of the pathogen (Carisse et al., 2001; Jager and Velvis, 1988; Wicks et al.,
1995).

Yao et al. (2003) demonstrated that the use of mycorrhization (Glomus etunicatum) at
a low level from 5 to 7% decreased the infection of R. solani in potato plantlets (Yao et al.,
2002). The mycorrhizal fungus encouraged phytoalexins in the potato roots to inhibit the
growth of Botrytis cinerea, Pectobacterium atrosepticum and Phytophthora infestans, while
the accumulation of solavetivone or rishitin was not detected in the potato shoots (Morandi,
1996; Wyss et al., 1991). However, in vitro, the bioassays of rishitin and solavetivone reduced
R. solani growth at high concentrations (Engstrom et al., 1999; Glazener and Wouters, 1981;
Yao et al., 2003).
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Brewer and Larkin (2005) used biocontrol agents (Bacillus subtilis, Cladorrhinum
foecundissimum, Laetisaria arvalis, Paenibacillus polymyxa, Pseudomonas fluorescens,
Penicillium sp., Rhizoctonia zeae, Stilbella aciculosa, Verticillium biguttatum, Trichoderma
virens, T. harzianum and Trichoderma sp.) in glasshouse pot trials with field soil (silt loam) to
inhibit R. solani AG-3PT. This study showed that the black scurf severity was reduced by 40-
49% by Rhizoctonia zeae, Stilbella aciculosa, chemical control and Bacillus subtilis, whereas
the lowest percentage of inhibition was just over 20% for Pseudomonas fluorescens. In this
experiment, all the fungi and bacteria were used in a suspension of spores or in a suspension
of bacteria cells. This resulted in inhibition of potato stem canker and black scurf disease in the

greenhouse (Brewer and Larkin, 2005).

Ultimately, biological control is one of the most important components of integrated
pest management (IPM) programs which concentrate strongly on the protection of plant
pathogens. So, the present study will work on Trichoderma species as biocontrol agents for
stem canker of potato disease. There are several ways for biocontrol agents to work, but this
study will focus on Trichoderma isolates ability to protect potato plants from stem canker
disease and the integration of these isolates with other factors to reduce the pathogen and

enhance plant growth.
2.4. Modes of action of biocontrol agents

2.4.1. Antibiosis and secondary metabolites

Antibiosis is inhibition of one organism by metabolites of another. The metabolites
which have the ability to inhibit or kill another organism are called toxins. Most Trichoderma
species produce volatile and non-volatile toxic compounds such as harzianic acid, tricholin,
peptaibols, alamethicins, antibiotics, 6-penthyl 1-a-pyrone, viridian, gliovirin, massoilactone,
glisoprenins, heptelidic acid, koningic acid and others (Benitez et al., 2004; Howell, 2003;
Kumar et al., 2016). Benitez et al. (2004) reported that Trichoderma has the ability to secrete
metabolites which either hinder germination of spores (fungistasis) or adjust the rhizosphere
by acidifying the soil or kill the pathogens by damaging cells, so that soilborne fungi cannot
grow. These authors found that T. harzianum strains were the most effective at inhibiting R.
solani growth compared with other Trichoderma strains. Trichoderma species produce

secondary metabolites with antifungal or antibacterial activity when the interaction occurs with
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other organisms which are causing plant disease (Benitez et al., 2004; Sivasithamparam and
Ghisalberti, 1998).

The production of volatile and non-volatile compounds by Trichoderma isolates which
were isolated from chickpea suppressed the growth of soilborne pathogens such as Fusarium
oxysporum f. sp. cicerci, Rhizoctonia solani and Sclerotium rolfsii on PDA plates (Nagamani
etal., 2017). Howell (2003) mentioned that Trichoderma virens as a biocontrol agent produces
antibiotics such as gliovirin and gliotoxin which strongly inhibited the growth of Pythium
ultimum, Phytophthora species and Rhizoctonia solani. Also, Tariq et al. (2010) demonstrated
for a Pseudomonas strain (StS3) that the effect of diffusible antibiotic and volatile antibiotics
as fungistatic metabolites were similar in inhibiting R. solani AG-3PT growth. The isolates of
Pseudomonas StT2 and StS3 had biocontrol efficacy against R. solani growth of 65 and 74%,
respectively, and they gave a significant increase in the yield of tubers. In addition, the
mycelium growth of R. solani was inhibited by antifungal activity of Trichoderma harzianum
through the enhancing of enzyme production (protease, -1,3-glucanase and chitinase), where
the rate of disease incidence was one third of the control of R. solani, while the percentage of
yield increase of potatoes was 95.2% (Tariq et al., 2010). Trichoderma species produce
antibiotics that play a role in inhibiting the pathogen growth on different culture media. While
the effect of Trichoderma and their secondary metabolites are not visible on roots in the soil,
they have been demonstrated in vitro (Contreras-Cornejo et al., 2016).

2.4.2. Mycoparasitism

Trichoderma can parasitise other fungi. It has been shown to include four steps:
chemotropism, recognition, attachment and coiling, penetration of cell wall and digestion of
host cell content (Steyaert et al., 2003). Chemotropism of an antagonists means direct growth
towards the host, commonly along a chemical gradient of sugars and/or amino acids. It
commonly precedes recognition and is possibly non-host specific, however, the two processes
might be related. Recognition is being mediated by lectin-carbohydrate binding between
Trichoderma strains and host. Then Trichoderma isolates coils around the host hyphae and
penetrate the hyphae by appressoria (Barak et al., 1985; Steyaert et al., 2003). There has been
a wealth of protein and molecular studies on genes that are involved in mycoparasitism by
Trichoderma species, including nitrogen and carbon. Trichoderma strains produce cell wall

Iytic enzymes. The cell wall enzymes may also have an effect without necessarily involving
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parasitism. The fungal cell wall contains proteins (3-20%), polysaccharides (80%), with
pigments, lipids and inorganic salts in lower amounts. The cell wall lysis of the host is
performed by the action of glucanases, chitinases, and proteinases which are produced by
Trichoderma, and might be combined with antibiotics (Schirmbdck et al., 1994; Steyaert et al.,
2003). For example, the first apparent physical contact between T. harzianum and its host, R.
solani, occurrs from 2 to 3 days after inoculation, followed by growth inhibition. After that, T.
harzianum hyphae coil around R. solani hyphae and penetrate the host to use the nutrients. The
host hypha then dissolves and dies (Cumagun, 2012; dos Reis Almeida et al., 2007).

A previous study has shown three Trichoderma harzianum isolates differed in their
ability to attack Sclerotium rolfsii, Rhizoctonia solani and Pythium aphanidermatum, based on
B-1, 3-glucanase, cellulase and chitinase production (Elad et al., 1982). Also, parasitism of R.
solani sclerotia was proved in culture, but this situation has been in doubt in natural
environments in soil (Cumagun and llag, 1997). Rudakov (1978) mentioned that mycoparasitic
activity by Trichoderma spp. often occurs in nutrient-rich media; however, species of
Trichoderma are perhaps not parasitic in nature. T. hamatum as a parasite on Pythium spp. or
R. solani AG-3PT grew directly on the host hypha by producing appressoria on PDA medium
in culture. After contact by the biocontrol agent, the hypha coiled around the pathogen and
eventually collapsed the hyphae (Chet and Baker, 1981; Chet et al., 1981). A previous study
found that the genes of endochitinase of Trichoderma spp. when cloned into potato plants
resulted in an augmentation of their property of resistance against pathogenic fungal growth
(Kumar et al., 2016).

2.4.3. Induced resistance

The meaning of induced resistance is stimulating the plant to produce compounds or
form barriers locally or systemically that can protect the plant against pathogens, by using
organisms or chemicals that are applied to the plants (Bailey and Lumsden, 1998). When
Trichoderma species colonize the plant this can lead to lower reduction in disease efficiency
which is caused by various plant pathogens and induced systemic resistance at the site of
inoculation (Kumar et al., 2016). Trichoderma strains protect plants against root soilborne
pathogens including viral, fungal and bacterial pathogens through the colonization on the roots
and also stimulate plant defense mechanisms, which indicates the induction of resistance
similar to hypersensitive response (HR), induced systemic resistance (ISR) and systemic
acquired resistance (SAR) in plants (Benitez et al., 2004). The plant resistance can result from
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the increasing concentration of enzymes and metabolites such as chalcone synthase (CHS) and
phenyl-alanine ammonio-lyase (PAL), involved in the biosynthesis of phytoalexins (HR
response), chitinases and glucanases. These comprise pathogenesis-related proteins (PR) and
enzymes involved in the response to oxidative stress (Benitez et al., 2004). For example,
Harman et al. (2004) claimed that there are three ways to recognize induced resistance. The
first includes pathogenesis-related proteins produced due to attack by other phytopathogenic
organisms. The second is when necrosis or wounding of the plant induces production of
pathogenesis-related proteins. The third is when beneficial microbes induce systemic resistance
in plants. A previous research illustrated that the efficacy of T. harzianum to protect potato
plants from infection by R. solani at the first stages of growth (7 days of growth). T. harzianum

colonies induced plant defense responses against the pathogen (Gallou et al., 2009).

Gallou et al. (2009) used gRT-PCR to compare the expression of defense response
genes in potato roots in laboratory plants inoculated with R. solani AG-3PT and/or T.
harzianum. The effect of T. harzianum against R. solani was illustrated by the induction of
lipoxygenase expression at 24 hours post-inoculation (hpi) and glutathione-S-transferase 1
expression at 72 hpi in plantlets inoculated with T. harzianum and R. solani at the same time.
The studies showed that the addition of metabolites of T. harzianum can work as elicitors to
induce plant resistance against the pathogens. Thus, T. harzianum works on defense responses
of potato plants against R. solani, and is dependent on signalling by the molecules salicylic
acid and jasmonic acid (Gallou et al., 2009; Viterbo et al., 2002). A previous study indicated
that treating plants with Trichoderma spp. stimulated systemic resistance through production

of jasmonic acid and ethylene which are effective against pathogens (Yadav et al., 2015).

2.4.4. Competition for nutrients

Competition for nutrients can be defined as an indirect interaction between organisms.
This could be particularly important, where a resource is in very limited supply, and one fungus
has a high demand for the resource such as nitrogen, carbon, potassium or iron. One of the
competitors may be more efficient than others in sequestering the nutrients, without apparent
interaction. Competition for nutrients is a mechanism used by Trichoderma species to control
or suppress soilborne plant pathogens (Cripps-Guazzone, 2014; Vinale et al., 2008).
Trichoderma species have a high ability to mobilize and take up soil nutrients in comparison
to other organisms (Chet et al., 1997).
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A previous study indicated that competition for nutrients could play an important role
in the biological control of Rhizoctonia solani by Trichoderma lignorum in the culture media
(Howell, 2003). Populations of microbes compete for nutritional elements and other
environmental resources. Therefore, some microbes exude compounds into the environment
that are toxic or inhibitory to their rivals in order to eliminate other species (Fredrickson and
Stephanopoulos, 1981). Nelson (1991); Kloepper et al. (1980) reported that biological control
agents absorb micro nutrients from the soil more effectively than the pathogens, such as
through the production of siderophores as in the interaction between Pectobacterium
atrosepticum and Pseudomonas fluorescens. Almost all filamentous fungi need essential
elements like iron for survival. Most fungi secrete low-molecular weight ferric iron chelators,
called siderophores to acquire environmental iron (Eisendle et al., 2004). Chet and Inbar (1994)
illustrated that some strains of Trichoderma spp. produce effective siderophores which chelate

iron and prevent other fungal infections.

2.4.5. Competition for space

One of the biological control methods depends on the ability of Trichoderma as a biocontrol
agent to colonize the root system and prevent soilborne pathogens from infecting the plant.
Colonization by Trichoderma strains on the plant roots can be affected by various factors such
as nutrients, plant species, environment and others. Trichoderma species can be established
easily in any rhizosphere soils and also can persist for a long time on plants up to many months
(Kumar et al., 2016). Trichoderma strains are able to colonize plant roots and stimulate plant
growth in addition to protection against infectious plant diseases. There are some strains of
Trichoderma that can establish for a long time through plant root colonization and penetrate
into the epidermis, and then they release or produce compounds which induce localized and

systemic acquired resistance and plant defense against pathogens (Benitez et al., 2004).

Rhizosphere competence means the efficiency of microorganism to colonise, grow and
develop in the rhizosphere soil under different conditions as symbiotic associations with plant
roots. Trichoderma strains have shown rhizosphere competence and colonization of various
plant species (Cripps-Guazzone, 2014). T. hamatum LU593 isolate had greater colonization
than other isolates in the rhizosphere of lettuce plants in potting mix and protected the roots
from infection by Sclerotinia minor (Rabeendran et al., 2006). A previous study indicated that
two isolates of Trichoderma (T. atroviride LU132 and T. hamatum LU592) colonized pine
roots grown in potting mix. They found that T. hamatum was a better colonizer than T.
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atroviride which was reclassified recently as Trichoderma harzianum (Mach et al., 1999), and
had a strong rhizosphere competence and root penetration. T. hamatum was shown to improve
plant health and increase growth parameters (shoots and roots) (Hohmann et al., 2011). Also,
T. hamatum LU592 was shown to increase the activity zone beyond the rhizosphere up to 1 cm

away from pine roots grown in unsterile potting mix (Hohmann et al., 2012).

Endophytic colonization is the ability of organisms to inhabit plant organs and colonize
internal plant tissues without causing any visible effects or apparent damage to the plant tissues
(Bailey and Melnick, 2013). Trichoderma species are known to show endophytic colonization
for several plant species roots (Harman et al., 2004). Also, Chow et al. (2018) tested the
interaction between endophytic biocontrol agent (Trichoderma asperellum) and pathogen
(Ganoderma boninense), with and without interaction in oil palm plants to determine their co-
existence in root, stem and leaf tissues by quantitative PCR. Inoculation of oil palm plants was
by soil drenching using 100 mL (6 logio cfuml™) of fungal inoculum. The trial was done under
semi controlled glasshouse conditions for 7 weeks and samples sterilized carefully. The results
showed that T. asperellum reduced the amount of pathogen in all tissues (Chow et al., 2018).
The endophytic colonization of cucumber plants (roots and stems tissues by two isolates of
Trichoderma harzianum (T-E5 and SQR-T037) enhanced the indole acetic acid production and
increased the plant growth parameters in glasshouse soil and hydroponic trials (Zhang et al.,
2013). They found that colonization numbers of T-E5 and SQR-T037 in the rhizosphere soil
were nearly similar at the beginning of sampling (about 10° ITS copies gt soil) by using
quantitative real-time PCR (Zhang et al., 2013).

2.4.6. Growth promotion

Trichoderma isolates play an important role to increase plant growth parameters.
Trichoderma spp. can even exert positive effects on plants with an enhance in plant growth
(biofertilization) and the stimulation of plant-defence mechanisms (Benitez et al., 2004). Also,
strains of Trichoderma species such as T. viride, T. harzianum, T. koningii, T. hamatum, T.
reesi are being utilized as biofertilizers, but T. viride and T. harzianum are most commonly
used biofertilizer. These Trichoderma strains increased the plant growth promotion when
applied as seed treatment or spraying through the use of spore suspensions or grown on bran
to treat the soil (Kamal et al., 2018).
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A previous study indicated that some Trichoderma species can interact directly with
plant roots, augmenting plant growth potential, tolerance to abiotic stresses and resistance to
disease (Hermosa et al., 2012). Lo and Lin (2002) tested some Trichoderma species which
were isolated from rhizosphere soil and root zone in Taiwan. In a glasshouse trial, Trichoderma
species increased significantly the bitter gourd seedling height from 26 to 61%, root exploration
of 85-209%, leaf area of 27 to 38%, and root dry weight of 38-62%. Similarly, they also found
that Trichoderma species increased significantly the growth of loofah and cucumber plants.
Furthermore, the dry root weights and height for tomato plants were enhanced when isolate of
Trichoderma harzianum P52 was applied compared with the control treatment (Mwangi et al.,
2011). T. harzianum has the ability to solubilize insoluble or sparingly soluble minerals
(Altomare et al., 1999). Applying Trichoderma strain N47 significantly increased the pea plant
growth by 15% in wet shoot weight, 8% in root weight, and 14.66 cm in root length, compared
with the untreated control plants (Naseby et al., 2000).

In plant growth promotion pot experiments, Trichoderma harzianum LU1491 increased
number of potato tubers, T. barbatum LU1489 increased total tuber weight, and Trichoderma
sp. 792 LU1483 increased average tuber weight, compared with the untreated plants (Hicks et
al., 2014). They also found that Trichoderma virens LU544 increased the tuber weight by
210%, and T. harzianum LU144 by 146%, compared with the Rhizoctonia solani control.
Moreover, in vitro, Murali et al. (2012) demonstrated that seed treatment with spore
suspensions of Trichoderma sp. as plant growth promoting fungi gave maximum germination
of pearl millet of 91% in the Petri-dishes, compared with the untreated control seeds. Benitez
et al. (2004) showed that crop productivity can be promoted up to 300% after the addition of
biocontrol agents Trichoderma hamatum or T. koningii in the field trials.

Trichoderma viride VKF3 isolate promoted the growth of Vigna radiata, Vigna mungo
and Sesamum indicum in vitro conditions by produced a high indole acetic acid (IAA), that
increased the fresh and dry weights of three plants compared with the untreated control plants
(Kumar et al., 2017b).

In addition, in hydroponic trials, the antagonism of Trichoderma harzianum SQR-T037
has been shown to improve the nutrients uptake (Mn, Fe, Zn, Cu and P) by tomato plantlets in
the field, which led to an increase in the biomass of tomato plantlets grown in a nutrient-
limiting soil (Li et al., 2015). Also, applying Trichoderma asperellum strain T34, in hydroponic
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grown tomato plants, allowed the use of ammonium sources at different ratios without an

excessive risk of increased severity of Fusarium wilt disease (Borrero et al., 2012).

Generally, Trichoderma strains are well known to increase plant growth promotion and
decrease pathogens, as well as create positive environment with symbiotic relationship with

plants by releasing growth hormones, proteolytic enzymes and endochitinase.

2.5. Susceptibility of potato varieties to Rhizoctonia
solani AG-3PT

There are many ways to determine the resistance or susceptibility to Rhizoctonia
disease in potatoes either in glasshouse or field trials. Advantages of glasshouse trials can be
controlled conditions, especially temperature and soil moisture. For example, Carling and
Leiner (1990) showed that R. solani AG-3PT caused more damage at 10°C than at 15.5 or 21°C
on sprouts and roots of emerging potato plants. On the other hand, there is some disadvantages
of glasshouse trials. There may be less opportunity to get symptoms due to pot size limiting
the growth, so it is difficult to grow to full maturity to get scurf. On the other hand, field trials
will show what happens in actual production. However disadvantages with the field are that it
needs the space and time to do this, and also requires infested soil. Field trials can also be
affected by other pathogens present in the soil.

Previous studies showed that there was a different effect between sterilized potting mix
and unsterilized potting mix, and also between sterilized soil and unsterilized soil on the
pathogenic severity on the plants. Sterilized potting mix or soil can show the pathogen effect
without other organisms/pathogens (El-Aziz et al., 2013), while unsterile soil has many
organisms such as bacteria, fungi, mycorrhiza and others (Olanya et al., 2009). Therefore, the
disease is more severe in sterilized soil or potting mix and may over-estimate virulence

compared with unsterile soil or potting mix.

Different methods of inoculation by pathogen have been studied. The inoculum of
pathogen grown on grain or a similar substrate, and added to soil media can obtain uniform
inoculation at a known rate which is similar to sowing into infested soil (EI-Aziz et al., 2013).
When natural infestation of soil by pathogen is used as inoculum method, the amount of
pathogen inoculum cannot be controlled (Mohsan et al., 2016). Coating tubers by slurry of

sclerotia is also one of the inoculum methods which is not commonly used, but it is easy to
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control, and has little environmental influence (Olanya et al., 2009). Furthermore, the
inoculation of tubers with mycelium of R. solani after sterilizing the tubers can be used to
assess sclerotial production in the laboratory trials. It leads to the formation of sclerotia only
without the presence of other pathogens (Buskila et al., 2011).

Most papers measure the black scurf to determine the resistance to disease (Atiq et al.,
2013; Djébali and Belhassen, 2010; Mohsan et al., 2016; Zhang et al., 2014). However, a few
researchers measure both the stem canker and black scurf to determine the resistance to disease
(El-Aziz et al., 2013; Olanya et al., 2009). The correlation between severity of stem canker and
scurf between varieties may be low (Olanya et al., 2009). The use of one method either stem
canker or black scurf severity is not enough to give a reliable indicator to determine the

resistance to Rhizoctonia disease in potatoes.

There have been many papers on testing of resistance of potato varieties to R. solani
(El-Aziz et al., 2013; EI-Naggar et al., 2013; Khandaker et al., 2011). For example, Pietkiewicz
and Chorozewski (1983) tested the sensitivity of 44 potato varieties and discovered that seven
varieties were more resistant to formation of sclerotia of Rhizoctonia solani than other varieties,
but Odra, Poprad and Reda had the highest resistance to the pathogen. Zhang et al. (2014)
studied a simple method to evaluate potato resistance to black scurf caused by Rhizoctonia
solani AG-3PT, by inoculated tuber pieces with R. solani AG-3PT in the laboratory. Potatoes
susceptible to R. solani AG-3PT were removed quickly while potato varieties resistant to R.
solani AG-3PT were used in the field for screening which led to savings in money and time.
Also, in the field condition, Mohsan et al. (2016) evaluated eighteen potato varieties against
black scurf disease. Four varieties were found to be resistant and one of them showed moderate
resistance while six varieties were susceptible and eight varieties were moderately susceptible
to R. solani AG-3PT (Mohsan et al., 2016). The reaction of nine potato varieties against R.
solani AG-3PT was tested under greenhouse conditions. Potato varieties were divided into
three groups and each group was different in their susceptibility to disease caused by R. solani
AG-3PT. The highest amount of free, conjugated and total phenols, fraction of phenolic
compound, oxidative enzymes and the amino acid were found in the resistant variety group

compared with the highly susceptible group (EI-Naggar et al., 2013).

Yanar et al. (2005) tested the sensitivity of 22 local and commercial varieties of potato
against Rhizoctonia solani AG-3PT under glasshouse conditions in Turkey. They found that

five varieties of potato (Alleddian-sarisi, Victoria, Aybasti-beyazi, Romanya-beyazi and
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Golkoy) had significantly higher resistance to Rhizoctonia stem canker disease than other

varieties which showed the same susceptibility to the pathogen.

Daami-Remadi et al. (2008b) assessed the reaction of nine potato varieties under
artificial and natural infection by Rhizoctonia solani by the quantification of symptoms (black
scurf and stem canker), parameters of plant growth and expected effect on yield. The data
showed that Spunta and to a lower degree Elodie were more sensitive to the pathogen than
other varieties, while Daisy and Alaska were the most resistant or tolerant to disease. In spite
of its high sensitivity to the pathogen and lower growth rate in comparison to the other potato
varieties examined, Spunta variety showed the largest tuber fresh weight, but with an obvious
black scurf incidence.

Previous studies have tested 20 isolates of Rhizoctonia solani AG-3PT on nine varieties
of potato under glasshouse conditions in pot trials to assess their pathogenicity. The data
indicated that there were significant interactions between the R. solani AG-3PT isolates and
potato varieties. Therefore, this study proposed the occurrence of physiological specialization
among the isolates of R. solani AG-3PT for pathogenicity on potato plants. Hence, potato
varieties must be checked by utilizing many R. solani AG-3PT isolates, which will increase the
opportunity of identifying varieties of potato that have tolerance or resistance to many R. solani
AG-3PT isolates (El-Aziz et al., 2013).

Ozgonen and Erkilic (2013) examined the susceptibility of 11 varieties of potato against
Rhizoctonia solani, Fusarium solani, Phytophthora erythroseptica and Pythium deliense
inoculated artificially into sterilized soil in polyethylene bags under glasshouse conditions.
More sensitive varieties were Jearla and Satina, while Agria and Hermes varieties were highly

resistant to all potato diseases.

In conclusion, there are levels of resistance available to R. solani in potato, but it is not
known how resistance interacts with biological control either in the laboratory or glasshouse

trials or field trials.
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2.6. Effects of fertilizers on control of Rhizoctonia

diseases in potato

2.6.1. The vital importance of nutrients to the potato plants

The nutrients in fertilizers play a vital role in increasing plant resistance to some
pathogens in addition to promote the non-pathogenic organism’s activity. The target of using
plant nutrients is keeping high potato yields with low nutrient losses to the environment in the
potato fields (Huber, 1980).

Previous study showed that adding moderate levels of nitrate nutrition (NO™) to the
potato plants promoted plant growth (shoot and root), but at the same time the high supply of
nitrate decreased plant growth due to increased nitrate toxicity in the leaf and root tissues
(Ulrich and Fong, 1973). Also, Jonsson and Asp (2013) showed that the nutrients Mg, Ca, Cd
and K increased significantly in the potato plants (shoot and root tissues) when potato plants
were grown in nitrate fertilization (NO), while NH4" decreased the above nutrients in the
potato plants. In addition, Ros et al. (2008) demonstrated that the addition of nitrogen
fertilization can induce resistance in potato plants against late blight disease caused by
Phytophthora infestans. A previous study indicated that adding Ca and N to the soil according
to recommended rates for potatoes, will increase resistance to soft rot disease and blackleg
disease which are caused by Pectobacterium spp. (Czajkowski et al., 2011; Ngadze et al.,
2014). Moreover, McGuire and Kelman (1986) demonstrated that the addition of high calcium
fertilization (Ca) to potato plants diminished soft rot disease caused by Pectobacterium
atrosepticum, and at the same time, it improved root and foliage growth, and reduced the

susceptibility to diseases.

The use of different nutrients (Ca, Fe, K, N, Mg and S) with two kinds of soilborne
pathogens (Rhizoctonia solani and Fusarium oxysporum f. sp. lycopersici) led to changes in
the dry weight for both fungi growing in nutrient solution. The elements Mg, S, and K
significantly increased Fusarium dry weight. The elements Fe, K and Mg significantly

increased dry weights of Rhizoctonia (Cruz and Russo, 1985).

Klikocka et al. (2005) reported that sulfur nutrition (S and K2SOgs) significantly
reduced common scab and stem canker diseases on potato plants caused by Streptomyces

scabies and R. solani, respectively. In addition, elemental sulfur fertilization can reduce soil
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pH which is more effective at controlling infections with Streptomyces scabies. Sulfur nutrition
decreased the infection rate by R. solani. Thus, sulfur will promote plant growth and induce

resistance against the pathogens (Klikocka et al., 2005).

A previous study has stated that maintaining healthy potato roots is a requirement for
high yields in potato crops. For example, in China, high yields for long periods of crop planting
were obtained with the use of organic sources of nutrients or waste products (Cook, 1986).
Also, Davis et al. (2001) demonstrated that the factors most relevant to soil integrity were
organic nitrogen, organic matter and available nutrients, and were accompanied by reduced

risk of Verticillium wilt and higher potato tuber yield.

Panique et al. (1997) claimed that there is no effect on the pathogen Rhizoctonia solani
by using different concentrations of potassium (K) rates in potato fields, but at the same time
the addition of potassium significantly increased tuber size from 170 to 370 g. While
Chaudhary et al. (2015) indicated that application of a proprietary biological potassium
fertilizer significantly reduced stem canker of Desiree potato caused by R. solani AG-3PT but
had no significant effect on scurf or yield loss in a glasshouse experiment. Also, Klikocka et
al. (2005) reported that the application of sulfur (S) and potassium sulfate (K2SQOjs) significantly
increased tuber yield and decreased the severity of infection of R. solani which causes stem

canker of potato in a field experiment by adding 0, 25 and 50 kg/ha of each element to the soil.
2.6.2. Combination of fertilizers with biocontrol agents

The interaction of different concentrations of fertilizers with antagonistic microbes can
control many plant diseases and promote plant growth characteristics. Some biological control
agents such as Pseudomonas spp., T. hamatum and T. harzianum play a crucial role in
competition for important micronutrients, where they absorb Fe to increase their growth, and
they deprive the pathogen (R. solani) of this vital element; therefore, the pathogen will be
inhibited (Tariq et al., 2010).

Bio-fertilization with biocontrol agent Trichoderma could improve the root
colonization to enhance root development and growth, production, resistance to the stress and
nutrients use. Hence, the addition of Trichoderma to the soil with nutrients has been reported
to increase crop production and shoot and root growth in plants (Benitez et al., 2004; Kavoo-
Mwangi et al., 2013).
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Cohen et al. (2005) showed that calcium fertilization (Ca) plays an important role in
the production of extracellular proteases of the biological control agent Trichoderma viride;

therefore, it may increase the production of fungistatic metabolites to inhibit pathogens.

Previous study reported that in presence of nitrogen sources, the antagonism of
Trichoderma species was stimulated on solid culture media through the release of enzymes
against soilborne pathogens (Khattabi et al., 2004; Simkovi¢ et al., 2008). Production of
enzymes by Trichoderma species was affected by using different nitrogen sources such as
potassium nitrate, urea and ammonium sulfate (Donzelli and Harman, 2001). Lakhesar et al.
(2010) showed that adding nitrogen fertilization (N) with Trichoderma harzianum as
biocontrol agent to straw medium inhibited a pathogenic fungus (Fusarium
pseudograminearum), while carbon nutrition had no effect to reduce the pathogen on straw

medium.

In antagonism trial, Orddfiez-Valencia et al. (2009) tested eight concentrations of
KHCOs3 (0, 2, 4, 6, 8, 10, 25 and 50 mM) in PDA medium. The outcomes demonstrated that
KHCOs concentrations higher than 8 mM inhibited significantly the growth of Trichoderma
sp. as antagonistic fungus and Sclerotinia sclerotiorum in the Petri-dishes. Also, in radial
growth experiment, Erper et al. (2011) used ten concentrations of KHCOs (0, 2, 4, 6, 8, 10, 25,
50, 75 and 100 mM) in PDA medium. The results showed that the use of high concentrations
of KHCOs in amended PDA effectively suppressed the mycelial growth of R. solani AG-4 and
Sclerotinia sclerotiorum, and also have negative effect on the Trichoderma sp. as a biocontrol
agent which dramatically decreased the growth with increasing concentration of potassium
bicarbonate. Moreover, adding fertilizer sources to the soil such as ammonium sulphate,
potassium, nitrate, urea or manure showed increased antagonistic activity of Trichoderma
harzianum against Sclerotium rolfsii (Khattabi et al., 2004). Therefore, all nutrients have
different effects on biological control. For example, competition for potassium in culture media
and in the nutrient solution between Trichoderma sp. and Sclerotium cepivorum was studied

by Ortega-Aguilar et al. (2011), as one of the mechanisms of biological control.

Huang et al. (2011) demonstrated that utilizing individual application of composts
decreased the pathogen growth (Rhizoctonia solani) by 20%, which causes damping off disease
on cucumber, while the combination between biological control agent Trichoderma harzianum
SQR-T37 and organic nutrition was more effective to inhibit the pathogen than utilizing the

biocontrol agent alone.
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To summarize, fertilizers have a crucial role in inhibition of the pathogen, and
promotion of biocontrol agents. Therefore, fertilizers and non-pathogenic isolates may reduce

the severity of a number of vital potato diseases such as stem canker and black scurf disease.

2.7. Effects of Brassica plants on control of soilborne

potato diseases

Potato grown continuously increases the pests and diseases, and as a result of this
decreases the potato yields and potato quality. Therefore, rotation crops can improve soil
structure and fertility and reduce soilborne pathogens. For example, potatoes can be rotated
every year with Brassica green manure crops to decrease soilborne diseases and production
costs and increase yields and quality in the markets. The big challenge for potato growers is
soilborne disease control so that for some of these diseases, seed treatments and bio-fumigation
can inhibit or reduce the pathogens, but they are not consistently practical or effective, and

integrated management for disease control is in demand (Larkin and Griffin, 2007).

2.7.1. Soil biofumigation

Biofumigation is defined as suppression of soilborne pests and pathogens by the use of
plants that contain inhibitory chemicals (Fan et al., 2008). It is well known as an environment-
friendly alternative to methyl bromide to improve sustainable agriculture production systems
(Mihajlovi¢ et al., 2017). Glucosinolates and biofumigation utilizing Brassica plants are
promising alternative to chemical materials for controlling potato plant disease caused by R.
solani. Aparna and Girija (2018) showed that some plant extracts including cabbage, cassava,
garlic creeper, radish, moringa, neem and mustard to be highly effective biofumigants on
Rhizoctonia solani that causes collar rot and web blight disease on cowpea in vitro by
suppressing the growth of the mycelium and sclerotial germination. Complete suppression of
the pathogen on PDA was obtained on treatment with cabbage, cassava, garlic creeper and
mustard (Aparna and Girija, 2018).

Brassica crops are any plant of the genus Brassica such as turnip, cabbage, mustard,
broccoli, cauliflower, kale and rape, in the Brassicaceae family. Almost all Brassica plants
produce glucosinolates and release isothiocyanate (ITC) to different degrees to inhibit
pathogens of potatoes. For example, mustard plants produce high concentrations of

isothiocyanate that work as fungistatic volatiles to inhibit pathogens such as Helminthosporium
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solani and Verticillium dahliae on potato plants (Olivier et al., 1999). Brassica crops have been
used as green manures to inhibit soilborne pathogens including Rhizoctonia solani, Pythium
ultimum, Fusarium sambucinam and Sclerotinia sclerotiorum on potato plants (Larkin and
Griffin, 2007).

The plants can be used as rotation crops or for intercropping or ploughed back into the
soil as green manure (Bernard et al., 2014; Thornton et al., 1993). For instance, Larkin et al.
(2017) studied the effect of long-term specific cropping system by establishing a rotation of
barley with some red cover followed by two years of growing potato and found that this system
significantly promoted the production of potato. Larkin and Halloran (2014) tested four
different kinds of production management which are cover crops through the use of Brassica
spp. (mustard and rapeseed), as green manure, incorporated of harvested crop-residue, and
harvested crop-residue not incorporated, in rotation of potato crop, and their effects on disease
and yield. They found that combination of mustard blend managed as a green manure was most
effective, decreasing black scurf disease by 54% and increasing yield by 25% (Larkin and
Halloran, 2014). They also found that only mustard blend consistently decreased common scab
by 11%. All studied rotation crops managed as green manures lowered disease by 15-26% and

increased yield by 6-13% compared with other management practices.

The use of different concentrations of isothiocyanates (methyl, propenyl, butenyl,
pentenyl, benzyl and phenylethyl ITC) released by Brassica crops inhibited soilborne
pathogens like Gaeumannomyces, Rhizoctonia, Fusarium, Pythium and Bipolaris by 50% of
radial growth (Morra and Kirkegaard, 2002; Sarwar et al., 1998; Villalta et al., 2016).

Also, soil fumigation by using mustard green manure, metam sodium and 1,3
dichloropropene in different soil types increased the population of the biocontrol agent
Pseudomonas spp. effectively, and at the same time decreased the fungal populations in five
soil types significantly for Pythium spp. by 97%, Fusarium spp. by 84%, and V. dahliae by
56%. However, soil fumigation with metam sodium significantly decreased soilborne

pathogens and vital soil processes such as C and N mineralization (Collins et al., 2006).

Brassica crops contain different levels of glucosinolates that differ in their biocidal
activity on soilborne diseases. Some oilseed Brassicas including turnip, swede, white mustard
and brown mustard have been shown in the laboratory to suppress Rhizoctonia stem canker

disease of potato. The activity of Brassica shoot and root materials significantly reduced the
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radial growth of R. solani that was grown in Petri-dishes and exposed to biofumigation from
the various Brassica dried materials. Root from turnip oilseed rape had the biggest impact,
depressing the Rhizoctonia colonies by 32% followed by 47% for swede oilseed rape and
brown mustard (Booth et al., 2002). Bhandari et al. (2015) determined the glucosinolates GSL
contents in different tissues (shoot, root, sprouts and seeds) of Brassica crops such as cabbage,
broccoli, cauliflower, radish, pak choi, leaf mustard, kale and Chinese cabbage. They found
that glucosinolates varied significantly among plants, tissues and stages of growth, where GSL
concentrations were the highest in seeds for most plants, and were the lowest in the shoots of

most plants.

In a field trial for two years, Cochran and Rothrock (2015) studied the applications of
Brassica napus ‘Jetton’ and Brassica juncea ‘Fumus’ and ‘Bionute’ at the levels of 700, 1400,
and 4200 g/m? fresh biomass weight as a green manure cover crops for management of R.
solani on petunia and impatiens. The results showed that a high level of Brassica green manure
crops decreased root discoloration by 7% and 9%, crown lesions by 24% and 21%, and R.
solani isolation by 8% and 15% for petunia and impatiens, respectively, through the releasing
high rates of glucosinolates into soil.

Handiseni et al. (2016) showed that nine Brassica plants significantly inhibited R.
solani AG-1 mycelium growth which causes sheath blight disease on rice through the growth
with PDA in vitro and also when used as soil amendment. The results indicate that mustard (B.
juncea) had the highest mycelium inhibition by 90% compared with other Brassica plants due

to release of high levels of glucosinolates.

Yasumoto et al. (2011) reported that the effect of rapeseed root exudates at 48 hr after
sowing greatly reduced the percentage of germination of rapeseed by approximately 57% in
the river sand when supplied with root exudates of rapeseed compared without root exudates
by the stair-step method (a type of sand culture with a Hoagland hydroponic medium
recirculating through a staircase bed). When applying rapeseed root exudates, root length and
plant length of rapeseed had also decreased by 8.5 and 5.6 cm in comparison to the control
without root exudates by 11.8 and 7.8 cm, respectively (Yasumoto et al., 2011).

Therefore, when using living Brassicas with potato crop as an intercropping system, it
is more likely to be root exudates than ITCs from tissue breakdown that have an effect either

on potato growth or on fungi growth.
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2.7.2. Combination of Brassica crops with biocontrol agent

The purpose of this section is to provide a general overview of the important concepts
that are fundamental for understanding the interaction between Brassica crops and biological

control agents.

Trichoderma species can promote growth of Brassica species. Rabeendran et al. (2000)
found that the applications of Trichoderma tomentosum (5Sr2-2) and T. longipile (6Sr4 and
3Sr4-2) significantly increased leaf area, shoot and root dry weight of cabbage (Brassica
oleracea L.) by dipping transplant roots in conidial suspension in a glasshouse trial.

A previous study showed that biofumigation volatiles may be lethal for a few days only
and need to be combined with fumigation, heating and biocontrol agents to prevent pathogens
effectively in the soil (Larkin and Griffin, 2007; Stapleton and Duncan, 1998). Also, Cohen et
al. (2005) found that adding the residues of Brassica green manures or growing it as a mixed
crops with potato plants, increased the biocontrol agent (Streptomyces spp.) population in the
soil which led to increase nitric oxide-producing bacteria and the induction of plant defense

responses.

Biocontrol Trichoderma showed less sensitivity to ITCs than pathogens, including R.
solani AG-3PT. Smith and Kirkegaard (2002) demonstrated that biological control agents
(Trichoderma spp. and Penicillium chrysogenum) were less sensitive to inhibitory compounds
from Indian mustard such as isothiocyanate than any of the potato pathogens. Similarly, Larkin
and Griffin (2007) also reported that the combination between non-pathogenic fungi as
biological control agents (Trichoderma virens and Penicillium chrysogenum) and Brassica
crops significantly diminished some plant pathogens, where they isolated biocontrol agents
from soil. They showed that growth inhibition zone by leaf tissue of Indian mustard was
between 73 and 100% for F. oxysporum and R. solani on potatoes, respectively, while root
tissue of canola inhibited R. solani growth by 26%.

Galletti et al. (2008) claimed that the combination of Trichoderma and biofumigation
by Brassica crops seed meal (BCSM) was more effective to suppress soilborne pathogens
(Rhizoctonia solani, Pythium ultimum and Fusarium oxysporum), where BCSM contains
glucosinolates which break-down to release isothiocyanates. They examined forty

Trichoderma spp. isolates in the laboratory with toxic volatile organic compounds released
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from Brassica crops for their tolerance to volatile and non-volatile compounds. Generally, the

Trichoderma isolates were more tolerant than the pathogens.

Montfort et al. (2011) discovered that using Indian mustard as a biofumigation crop
incorporated into the soil with the biocontrol agent Trichoderma harzianum prevented or
highly inhibited the pathogens (Pythium sulcatum and Rhizoctonia solani) on carrot crops and

reduced the incidence of brown rot disease.

Two isolates of Trichoderma (T. harzianum and T. viride) were selected from thirty
isolates of Trichoderma based on their high reduction of pathogen growth of Sclerotinia
sclerotiorum (Alkooranee et al., 2015). 100 mL of spore suspensions of each Trichoderma was
sprayed on leaves and stems of Brassica plants (Brassica napus and Raphanus oleracea), and
the outcomes revealed that biocontrol agents cause induced acquired resistance in the plants
and reduced disease incidence of Sclerotinia stem rot disease.

To sum up, Brassica plants can be used as a crop-rotation or intercropping or mixture
crops to reduce potato diseases. Biocontrol Trichoderma is less sensitive to ITCs than R. solani.
The effect of Trichoderma in combination with cover crops or green manures of Brassica
species has been tested against Rhizoctonia diseases of potatoes. However, the combination
between Brassica plants and Trichoderma has not been tested against R. solani in potato by
intercropping between Brassica crops and potato plants inoculated with Trichoderma sp. at the

same time as mature plants for each crop in the field.

2.8. Conclusion

Rhizoctonia solani remains a big problem in potato production in most countries. It
affects many growth stages and can cause different diseases and yield and quality losses.
Biological control is one way to make management more environmentally safe and clean. To
utilize this kind of biological control there is a need to find better management and secure
material with low cost to reduce the pathogen effects on the plant. Many studies show
biocontrol is feasible. Trichoderma spp. are commonly found to be the best BCAs. Potatoes
differ in resistance to the pathogen, but it is not known how these potato varieties interact with
biocontrol agents. Different tests reported an influence of nutrients (fertilizers) to promote plant
growth and reduce pathogen growth, but they are also very likely to be important in effects on
biocontrol agents. Numerous papers show that Brassica green manures reduced soilborne
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pathogens when it used as residues, incorporated or rotation crop with other plants. Brassica
could also be used in combination with biocontrol agents, but Brassica crops have not been

tested yet in intercropping with potatoes to alleviate or diminish the activity of R. solani in soil.
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Chapter 3. Isolation and screening of antagonists
3.1. Introduction

Potato losses have been nearly 22% per year due to bacteria, fungi, viruses and pests,
which attack potato tubers and potato plants. Estimated losses annually of potato are more than
65 million tons and stem canker disease of potato alone accounts for 35-50% of this (Rahman
et al., 2012; Virgen-Calleros et al., 2000; Zhang et al., 2014). Rhizoctonia solani AG-3PT is a
fungal pathogen which causes stem canker and black scurf of potato. R. solani causes brown
cankers on underground stolons and stems in addition to black sclerotia on the tubers. Infected
potato seeds and soilborne inoculum are the initial sources for stem canker and black scurf of
potato (Bains et al., 2002). The pathogen is carried over to the next season as black sclerotia
on the potato tubers and in the soil. It is prevalent in all potato growing areas of the world
(Demirci et al., 2009).

Trichoderma species have been shown to reduce disease in potato caused by R. solani
in pot and field trials. A large number of Trichoderma species have been shown to be effective
on pathogen growth and increased plant growth (Hicks et al., 2014; Larkin, 2016; Somani and
Arora, 2010). In order to do trials that may improve the efficiency of this method, it is
necessary to obtain suitable non-pathogen isolates. Although many strains of Trichoderma and
other biocontrol agents have shown an effect against stem canker and black scurf disease, it is
likely that non-pathogens isolated from soil or root zone of potato plants will be well adapted

to potato cropping systems.

Trichoderma species are saprotrophic fungi that are well known to be one of the best
candidates of biological control agents to manage soilborne pathogens. Modes of action of this
fungus include antibiosis, mycoparasitism, competition for nutrients and space, tolerance to
stress through enhanced root and plant development, and induced systemic resistance (Devi et
al., 2017). Likewise Trichoderma isolates produce volatile and non-volatile compounds that
inhibited the percentage of mycelial growth of pathogens (Rhizoctonia bataticola, Fusarium
oxysporum ciceri and Sclerotium rolfsii) in Petri-dishes (Nagamani et al., 2017). Traditionally,
fungal biocontrol agents have first been tested in dual culture assays. However, as pointed out
by Waghunde et al. (2016), the best and most reliable method for testing antagonists of
Rhizoctonia disease is in bioassays with the plant and pathogen. Trichoderma strains stimulate
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growth of plant and increase yield by inhibiting soilborne fungal plant pathogens (Devi et al.,
2017; Hermosa et al., 2012; Van Wees et al., 2008; Waghunde et al., 2016).

Currently, there have been increasing numbers of biological control case studies of
Rhizoctonia solani to protect the potatoes from the infections. Some organisms have been
proven to diminish or inhibit the disease severity and incidence of R. solani, including
Trichoderma viride, T. harzianum, T. hamatum, Verticillium biguttatum, Trichoderma virens
and Bacillus subtilis (Mayo et al., 2015; Virgen-Calleros et al., 2000). In most published papers
numerous strains and isolates of Trichoderma have been confirmed to be rhizosphere
competent on various plants and under various biotic and abiotic conditions, an additional
feature that contributes to biological control potential for many plant diseases (Devi et al.,
2017; Harman et al., 2004; Nawrocka et al., 2018; Yadav et al., 2015).

The objective of this study was to isolate the strains of Trichoderma that were suitable
for more detailed trials on antagonism of stem canker and black scurf of potato caused by R.
solani AG-3PT. Fungi were isolated from potato soil, identified using morphological and
molecular methods, screened for dual culture, antibiosis tests and antagonistic ability in
bioassays, and tested for their effect on growth.

3.2. Materials and Methods

Inoculum preparation of the pathogen and pathogenicity

test

Rhizoctonia solani AG-3PT isolate DAR 40050 from potato was supplied by the
Agricultural Scientific Collections Trust, Orange Agricultural Institute, NSW Australia. It was
maintained on slant medium which contained potato dextrose agar (PDA). Inoculum was
prepared by adding 100 g of wheat grain to 200 mL of distilled water which were mixed well
in 500 mL flasks and left overnight. The grain was then autoclaved for 1 hr at 121°C on each
of two successive days. The flasks were cooled and inoculated with 12 discs of 0.5 cm diameter
from cultures of the pathogen grown for 5 days on PDA at 25°C. The fungus was allowed to
colonize the wheat grain for 3 weeks at 20°C in the dark. The contents of the flasks were mixed

every 2 days by shaking to enhance the colonization of the seeds.
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Pathogenicity tests were performed to confirm the virulence of the isolate. Potato cv.
Desiree seed tubers were sterilized by using 1% sodium hypochlorite (NaOCI) with two drops
of Triton X-100 detergent (Sigma-Aldrich) as a mix for 2 minutes, and then washing with
sterilized distilled water. They were planted in 2:1 sand:potting mix (Searles Premium potting
mix, Searles, Kilcoy QLD) in 20 cm diameter plastic pots. There were four replicates for each
treatment. The pathogenicity of the isolate was confirmed in glasshouse tests by inoculating
potato tubers with the pathogen (R. solani AG-3PT) grown on wheat bran and also R. solani
was grown on sterilized toothpicks for 7 days on PDA at 25°C to wound the stem tissue with
the toothpicks to inoculate the pathogen inside the stem of potato plants, and comparing with
untreated control (sterilized toothpicks only) for visible symptoms of stem canker on stems and
black scurf on tubers after 12 weeks of growth. The isolate of R. solani AG-3PT caused stem
canker and black scurf diseases of potato.

Isolation and identification of Trichoderma isolates

Tubers and soil containing roots were collected from two potato farms at Dorrigo, New
South Wales, Australia in February 2015. At Beaumont Farm it was just before harvest, and at
Plateau Farm just after harvest but with some roots and tubers still in the soil. Around 2 kg soil
and 5-8 tubers with roots were collected from each farm. One Trichoderma isolate was
collected from soil in which potatoes were growing at Armidale Community Garden, New
South Wales, Australia in February 2015.

All strains of Trichoderma were isolated on modified potato dextrose agar (mPDA) and
Trichoderma selective media (TSM). mPDA medium pH 6 was prepared by adding 19.5 g of
powdered PDA to 500 mL of distilled water. After autoclaving for 25 minutes at 121°C, 0.015
g Rose Bengal in 10 mL sterilized distilled water was added to the medium before pouring into
Petri-dishes (Dhingra and Sinclair, 1985). TSM medium was prepared by adding
MgS04.7H20, 0.1 g; KoHPO4, 0.45 g; KCL, 0.075 g; NH4NOs3, 0.5 g; glucose, 1.5 g and agar,
10 g in 500 mL of distilled water and autoclaving for 25 minutes at 121°C. The medium was
allowed to cool to 45°C. After that, chloramphenicol, 0.125 g; captan, 0.1 g; Fongarid, 0.16 ¢
and Terraclor, 0.1 g in 25 mL sterilized distilled water were added to the medium, and then
poured into Petri-dishes (Martin, 1950).

Trichoderma strains were isolated from the tubers after washing in tap-water and

sterilizing with 1% NaOCI for 30 seconds and washing three times with sterilized distilled
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water. Then four pieces of skin of tubers were placed on mPDA and TSM, and incubated at
25°C. Trichoderma strains were isolated from soil by serial dilution with distilled water and 1
mL from a 10** dilution was poured onto TSM and mPDA media. The root zone was washed
in tap water to remove all visible soil and then surface sterilized with 1% NaOCI for 30 seconds
and washed three times with sterilized distilled water. The roots were cut into pieces that were
1 cm long using a sterile blade. The pieces were then placed on the TSM and mPDA media.
Then emerging colonies were transferred onto fresh potato dextrose agar (PDA). Cultures were
incubated for 7 days at 25°C, and then colonies were purified and determined to be
Trichoderma species by morphological characters. The isolates of Trichoderma were isolated

from different parts (soil, root zone and skin of tubers) (Table 3-1).

Identities of Trichoderma isolates were confirmed by ITS sequencing (Shahid et al.,
2014). The fungi were grown for 3 to 4 days on PDA. Approximately 100 mg of mycelium
was scraped off the plates with a sterile scalpel blade and placed into a microcentrifuge tube
containing a small quantity of 0.5 mm diameter glass beads. DNA was extracted using the
Isolate 11 Plant DNA Kit (Bioline). Lysis buffer PA1 was added to the tubes and then they were
shaken for 30 seconds at 30 Hz on a Retsch MM300 Mixer Mill. The manufacturer’s protocol

was then followed for the remainder of the extraction procedure.

PCR was done using ITS 1 (TCCGTAGGTGAACCTGCGG) and ITS 4
(TCCTCCGCTTATTGATATGC) primers with MyTaq master mix (Bioline) (White et al.,
1990). The PCR conditions were an initial denaturation at 95°C for 1 min, 30 cycles of 95°C
for 155, 55°C for 15 s, 72°C for 10 s, and a final extension step at 72°C for 5 min. PCR products
were sequenced by the Australian Genome Research Facility using the same primers as for
PCR. Sequences were edited in MEGA 6 and submitted to TrichoKEY

(http://www.isth.info/tools/molkey/) for identification.

Table 3-1 Trichoderma isolates collected from different areas and plant parts.

Isolate Farm Isolated part
T1 Plateau Soil

T2 Beaumont Soil

T3 Plateau Root zone
T4 Community garden Skin of tubers
T5 Beaumont Soil

T6 Beaumont Sail

T7 Plateau Skin of tubers
T8 Plateau Root zone
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Antagonistic activity of Trichoderma spp. against R. solani

in dual culture

Eight isolates of Trichoderma spp. were tested in a dual culture assay against R. solani
AG-3PT on PDA medium in 9 cm Petri-dishes. The medium was inoculated with a 5 mm
diameter disc of antagonist positioned diametrically opposite a 5 mm diameter disc of the
pathogen. In controls the pathogen was inoculated alone near one edge of the Petri-dishes. The
distance between the discs was 7 cm. All pairings were inoculated on the same day and each
combination was replicated three times. The plates were incubated at 22°C for 7 days. The
growth of the pathogen was measured from 4 to 7 days. The inhibition was calculated on the
day before the colonies came into contact. The growth in control was the furthest radial distance
grown by the pathogen in the absence of the antagonist and growth in treatment was the
distance grown on a line between inoculation positions of the pathogen and antagonist (Chand
and Logan, 1984; Sivakumar et al., 2000). The percentage inhibition of growth was calculated
by using the following equation:

o Growth in control — Growth in treatment
Inhibition = 100 X

Growth in control

Dual culture Petri-dishes were visually inspected to determine the presence or absence
of brown colour after 7 days of incubation at 22°C (brown colour indicates lysis of pathogen
hyphae by the antagonist) (Shalini and Kotasthane, 2007; Sivakumar et al., 2000).

Antagonistic activity of culture filtrates of Trichoderma
Spp. against R. solani

Trichoderma isolates were grown in 250 mL plastic tubes, each containing 50 mL of
sterilized liquid potato dextrose broth (PDB), in a rotary shaker at 150 rpm and 22°C for 7
days. Cultures of the pathogen in PDB were used as the control. The supernatants were
sterilized with 0.45 um filters. After that, 5 mL of culture filtrate was placed in sterile Petri-
dishes and then 15 mL of PDA with low sugar (2 g/L of glucose) was cooled and poured into
the plates with gentle mixing. The plates were inoculated with 5 mm diameter agar plugs from
a 5 day old culture of R. solani AG-3PT at the centre of the Petri-dishes. There were three
replicates for each treatment. These plates were incubated at 22°C for 5 days. Radial growth of

the pathogen was measured and compared to control growth (Elad et al., 1983; Tariq et al.,
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2010; Whipps, 1987). This test was used as an indicator of potential antibiotic production by

the Trichoderma spp.

Screening isolates in pot trials

There were 10 treatments in this trial: no inoculation as the negative control, R. solani
alone as the positive control and R. solani AG-3PT plus each of the eight isolates of
Trichoderma. Two experiments were done separately, in vermiculite and also 2:1 sand:potting
mix (Searles Premium potting mix, Searles, Kilcoy QLD) in 20 cm diameter plastic pots (Hicks
et al., 2014). Inoculum of the pathogen was prepared as in section 3.2.1, and 16 g of inoculum
was mixed in the growth medium in each pot (Abd-El-Khair et al., 2010; Singleton et al., 1992).
Potato cv. Desiree seed tubers were sterilized by using 1% sodium hypochlorite (NaOCI) with
two drops of Triton X-100 detergent (Sigma-Aldrich) as a mix for 2 minutes, and then washing
with sterilized distilled water. Conidial suspensions of each Trichoderma strain (10°
conidia/mL water) were used to treat the potato tubers. The suspensions of Trichoderma
conidia were prepared from 7-day-old cultures on PDA in 9-cm Petri-dishes which were
covered with 10 mL of sterilized distilled water and shaken for a few minutes. The resulting
suspension was filtered through sterilized Miracloth. The concentration of spores was
determined with a haemocytometer, and was adjusted to 10° conidia/mL water by using
sterilized distilled water (Jegathambigai et al., 2009). The tubers were soaked in conidial
suspensions for 1 h, and dried for 3 h at room temperature (Sivan and Chet, 1989) before
sowing one tuber in each pot. The plants were irrigated with 300 mL of water every second
day. There were 3 replicates for each treatment laid out in a completely randomized design.
This experiment was done under controlled conditions in a glasshouse at 20°C (Ramsay and
Bawden, 1983). Potato plants were harvested 7 weeks after emergence. The stem canker
disease severity was measured at the time of harvest by measuring the length of lesion on stems
based on a scale (0-4): 0 = no disease, 1 = less than 10% of stem area covered with lesions, 2
= 10-25% of stem area covered with lesions, 3 = 26-50% of stem area covered with lesions and
4 = stem girdled with lesions (Atkinson et al., 2010). Plant growth was measured by assaying
the number of stolons, the number of tubers, tuber fresh weight and the shoot and root dry
weight. The shoots and roots were dried in an oven at 60°C until constant weight (Hicks et al.,
2014).
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Tissue culture propagation

Certified seed tubers of potato cv. Desiree were washed under tap-water to remove soil,
and surface-sterilized with a solution of 1% NaOCI in 10% ethanol for 5 min (Saker et al.,
2012a; Zhang et al., 2005a; Zhang et al., 2005b). Small pieces were taken carefully from inside
the tuber with a sterile scalpel after peeling the surface and placed on 20 mL of M3 medium
(Saker et al., 2012b) in Petri-dishes. M3 contained vitamins (inositol 0.1 g, glycine 0.02 g,
thiamine HCI 0.01 g, pyridoxine HCI 0.05 g, nicotinic acid 0.05 g, D-biotin 0.005 g and folic
acid 0.05 g), and growth regulators (1-naphthalene acetic acid 0.003 g, gibberellic acid 0.05 g
and N6-benzyladenine 0.03 g), and other supplements (casein hydrolysate 1 g, sucrose 25 g
and agar 7 g) per litre added to MS Basal Salts (Sigma-Aldrich) (Murashige and Skoog, 1962).
The Petri-dishes were incubated in a growth chamber at 25 £ 2°C and after four weeks shoots
grew from the tuber pieces. They were used as a source of nodal cuttings for micro-propagation.
The nodes were cut under aseptic conditions and subcultured onto modified MS medium B to
multiply the plantlets (Espinoza et al., 1984). The culture medium contained basal MS salt
mixture (Sigma-Aldrich), sucrose 30 g, agar 8 g, gibberellic acid 0.25 ppm, thiamine 1 mL of
40 g/100 mL solution and Ca pantothenate (vitamin Bs) 2.00 ppm, per litre. The cultures were
incubated at 25°C with 16 h day length under white fluorescent lamps. Shoots were used as
cuttings for transfer to MS solid basal medium without growth regulators for root production
and complete plantlet development at 25°C and 16 h photoperiod to use as a source of seedlings
for different experiments (Esna-Ashari and Villiers, 1998).

Effect of Trichoderma on stem canker in plantlets from

tissue culture

The effect of selected Trichoderma isolates on stem canker in tissue culture plantlets
was assessed in glasshouse trials. Potato plantlets (cv. Desiree) were obtained from the tissue
culture system after 8 weeks after plating nodal cuttings. Potato plantlets were sterilized with
sodium hypochlorite 1% for 30 second and then washed with sterilized distilled water for four
times and then placed, 1 plantlet per pot, in plastic pots 10 x 10 cm diameter with sand-potting
mix for this test. The treatments were: no inoculation as the control, R. solani as the control
and R. solani AG-3PT plus each of 2 isolates of Trichoderma (T. harzianum T5 and T. hamatum
T8). Inoculum of R. solani prepared as described in section 3.2.1 was added into the pots by
mixing thoroughly about 8 g around the plantlets (Singleton et al., 1992). T. harzianum (T5)
and T. hamatum (T8) were grown on PDA and incubated for 7 days at 25°C. Spore suspensions

41



(100 mL, 10° conidia/mL water) of each isolate were added around the seedlings into pots
immediately after pathogen inoculation. 100 mL of sterilized distilled water was used to irrigate
the control treatments. There were three replicates for each treatment. This test was carried out
under controlled conditions in a glasshouse at 20°C for 3 weeks. Lesion length of stem canker
was measured in centimetres. Plant growth was measured by assaying the shoot and root dry

weight. The shoots and roots were dried in an oven at 60°C until constant weight.

Effect of Trichoderma on growth of plantlets from tissue

culture

T. harzianum T5 and T. hamatum T8 were grown on PDA in Petri-dishes and incubated
for 7 days at 25°C. Conidial suspensions (100 mL) of each isolate were gained by flooding
plates with sterilized distilled water and conidial concentration was adjusted to 108 conidia/mL
water based on haemocytometer counts (Jegathambigai et al., 2009). Potato plantlets (cv.
Desiree) with 7-10 leaves were obtained from tissue culture. They were sterilized with 1%
NaOCI for 30 second and then washed with sterile distilled water for four times, and dipped in
conidial suspensions of each isolate (100 mL) for 30 minutes before planting, 1 plantlet per
pot, into 15 x 15 cm diameter pots containing sand-potting mix (2:1). Three seedlings used as
control plants were dipped in 100 mL SDW for 30 min. There were three replicates for each
treatment. Measurements were taken after growth for 4 weeks. Roots and shoots were washed
and then dried in an oven at 60°C until constant weight (Rabeendran et al., 2000; Windham et
al., 1986).

Induction of systemic resistance

Potato seedlings (cv. Desiree) were obtained from tissue culture as in section 3.2.6. The
treatments were uninoculated as the control, R. solani only as the control, spore suspension of
T. harzianum T5 + plus stem inoculation of R. solani and spore suspension of T. hamatum T8
+ plus stem inoculation of R. solani. The plantlets were transferred, 1 plantlet per jar, to 100
mL Hoagland solution in glass jars. The lid was pierced in the centre to allow the shoot to grow
outside the jar. A small amount of sterilized cotton wool was put around the stem to hold the
plantlet and prevent contamination. The spore suspension of T5 or T8 was added as 1 mL to
each glass jar in order to allow successful root colonization (Chinta et al., 2015). Rhizoctonia
solani was grown on sterilized toothpicks for 7 days on PDA at 25°C, and then the plantlets

were inoculated 2 days after adding the spore suspensions of biocontrol agents by wounding
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the stem tissue with the toothpicks to penetrate the pathogen inside the stem of potato plantlets.
1 mL sterilized distilled water was added to the Hoagland solution and one sterilized toothpick
to the stem as the control treatment. This test was carried out under controlled conditions in a
glasshouse at 20°C for 16 days. There were three replicates for each treatment. The potato
seedlings were assessed for length lesion on stems by centimetre. The effect of the treatments
was estimated by determining shoot and root dry weight. The shoots and roots were dried in an

oven at 60°C until constant weight.

Data analysis

All results were expressed as means and treatment effects were tested by one way
ANOVA (analysis of variance) with statistical program SPSS version 22. Logio transformation
was used when necessary to correct for non-homogeneity of variance. Tukey’s multiple range
test was used for mean separation at the 5% level. ANOVA tables are presented in the

Appendix.

3.3. Results

Trichoderma isolates

Eight isolates of Trichoderma spp. were obtained from healthy potato tubers and soil
containing roots. ITS sequences from DNA extracts of 7 isolates were obtained for
identification of Trichoderma isolates. The isolates were identified as Trichoderma harzianum
(T1, T2, T4 and T5) and Trichoderma hamatum (T3, T6 and T8). The sequence obtained for
T7 was too low in quality for identification, but because this isolate did not give strong
biocontrol activity in subsequent experiments it was not further identified. The GenBank
accession numbers for nucleotide sequences is TS5 MH675469 and T8 MH675470. Sequences
obtained for other isolates of T. harzianum and T. hamatum were identical to those of T5 and

T8 respectively.

Dual culture

All fungal antagonists significantly inhibited the growth of the pathogen (Rhizoctonia
solani) compared to the control. The highest percentages of growth inhibition were 51% and
48% by T8 and T2; respectively, whereas T4 and T5 gave the lowest inhibition of 43% and
38%, respectively (Table 3-2).
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The initial physical contact between Trichoderma spp. and R. solani occurred within 4
days after inoculation, followed by the inhibition of pathogen growth. By 7 days after
inoculation in dual cultures, there was parasitism of hyphae of R. solani by the Trichoderma
hyphae, including overgrowth of hyphae of the pathogen and brown colour at the contact zone.
All Trichoderma isolates caused brown colour of the colonies of R. solani at the contact zone
except T3, T6 and T8 (Table 3-2; Figure 3-1). The Trichoderma species overgrew the pathogen
to varying degrees. All isolates of Trichoderma harzianum overgrew the R. solani AG-3PT
with high degree, whereas T. hamatum overgrowth on the edge of the R. solani AG-3PT colony

was low, especially T8 and T6.

T. hamatum T8 with R. solani
AG-3PT

T. harzianum T5 with R. solani
AG-3PT ‘

Figure 3-1 Dual culture between two isolates of Trichoderma (T5 and T8) against Rhizoctonia solani AG-3PT showing brown
colour and overgrowth of the pathogen by Trichoderma isolates, especially T5.
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Table 3-2 Colony interactions between Rhizoctonia solani and isolates of Trichoderma in dual culture method on potato dextrose
agar

Antagonists Growth inhibition (%)A Brown colour®
T1 T. harzianum 45.82abc +
T2 T. harzianum 48.35%® +
T3 T. hamatum 46.86 -
T4 T. harzianum 43.28kc +
T5 T. harzianum 37.91¢ +
T6 T. hamatum 45.374bc -
T7 Trichoderma sp. 47.763 +
T8 T. hamatum 51.342 -

ANumbers followed by the same letter within a column are not significantly different at P=0.05 (Tukey HSD). B + Brown colour
of R. solani AG-3PT, - No brown colour.

Antagonistic activity of culture filtrates

Culture filtrates of T5, T1, T7 and T8 significantly inhibited the growth of the pathogen
compared with the controls (Figure 3-2). There were no significant differences in inhibition of
pathogen growth between culture filtrates of T2, T3, T4 and T6, and the culture filtrate of R.
solani (Figure 3-2).
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Figure 3-2 Growth of R. solani hyphae (Rs) in response to culture filtrate produced by Trichoderma spp. isolates (T1-T8) and R.
solani on potato dextrose agar at 20°C. Error bars show standard errors (n=3). Columns labelled with the same letter are not
significantly different at P=0.05 (Tukey test).
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Screening isolates in pot trials

The effect of R. solani on potato plants significantly reduced biomass and yield
parameters in sand-potting mix and vermiculite under glasshouse conditions (Table 3-3 and
Table 3-4; Figure 3-3). Stem canker symptoms occurred in sand-potting mix in R. solani only
treatment at 0-10% severity with just a small number of sclerotia on tubers. There were no stem
canker symptoms or sclerotia in Trichoderma treatments in sand-potting mix, or in any

treatment in vermiculite.

In sand-potting mix, R. solani significantly reduced shoot dry weight by half compared
with uninoculated plants (Table 3-3). Although all other growth and yield parameters were low
in the R. solani treatment, the differences from the uninoculated control were not significant.
There were no symptoms of disease in plants treated with any of the Trichoderma isolates. All
isolates of Trichoderma gave significantly greater shoot dry weights than the R. solani
treatment, and isolates T6, T7 and T8 gave significantly greater shoot dry weight than the
uninoculated control (Table 3-3).

Most isolates of Trichoderma gave significantly greater shoot dry weight, number of
stolons and tuber fresh weight than the plants inoculated with R. solani only when grown in

sand-potting mix (Table 3-3).
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Figure 3-3 Potafo plant growth inoculated with isolates of Trichoderma on Desiree variety and R. solani AG-3PT in sand-potting
mix in a glasshouse experiment at 20°C.
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Table 3-3 Effects of eight Trichoderma isolates (T1-T8) for suppression of Rhizoctonia disease (Rs) on Desiree tubers grown in
sand-potting mix in a glasshouse experiment at 20°C

Treatment ShQOt ary Root dry weight No. of stolons  No. of tubers Tuper fresh
weight(g)  (g) weight (g)

Control 3.40 1.762 11.0e0 6.0e0 179.72
Rs 1.72 1.42 5.72 3.08 110.62
T1+Rs 5.50c 2.8bc 14.0b 8.7° 21410
T2 +Rs 4. 1be 2.5abc 14.7° 7.33® 201.1°
T3+Rs 5.44bc 3.2 11.0e0 7.02 220.96°
T4 +Rs 4 9pe 2.60c 11.7°0 6.720 171.82
T5+Rs 5.44bc 3.3¢ 12.3 7.7% 228.9°

T6 + Rs 6.3¢ 2.950¢ 14.0b 8.7 236.2°

T7 +Rs 6.3¢ 3.3 14.0b 7.0ab 190.10

T8 +Rs 6.2¢ 3.6° 16.3v 9.7v 247.2°

Numbers followed by the same letter within a column are not significantly different at P=0.05 (Tukey HSD).

In vermiculite, inoculation with R. solani significantly reduced root dry weight, number
of stolons and tuber fresh weight compared with the uninoculated control (Table 3-4). In
vermiculite, only T7 and T8 significantly increased shoot dry weight compared with the R.
solani control (Table 3-4). T1, T2, T3, T7 and T8 significantly increased the root dry weight
compared with the pathogen-only control (Table 3-4). All isolates of Trichoderma significantly
increased the number of stolons, number of tubers and tuber fresh weight compared with R.
solani alone (Table 3-4).

Table 3-4 Effects of eight Trichoderma isolates (T1-T8) for suppression of Rhizoctonia disease (Rs) on Desiree tubers grown in
vermiculite in a glasshouse experiment at 20°C

Treatment Sh.OOt dry RO.Ot ry No. of stolons No. of tubers Tuper fresh
weight (g) weight (g) weight (g)
Control 1.9 1.59p 6.3° 2.7 122.20
Rs 0.952 0.582 2.0 1.3 43.42
T1+Rs 2.402 2.1° 11.7° 4.7 131.030
T2+Rs 2.242b 1.50 13.30 4.0pe 135.150
T3+Rs 2.0620 1.50 7.3 3.7be 116.65°
T4 +Rs 1.972 1.4ab 7.3 3.30c 114.34°
T5+Rs 2.0820 1.4ab 9.3 5.0be 128.57°
T6 +Rs 1.98ab 1.58 7.7° 3.30c 107.6°
T7 +Rs 2.73b 1.6° 12.7° 6.7¢ 146.33°
T8 +Rs 2.80p 1.7° 13.7° 6.7¢ 210.3b

Numbers followed by the same letter within a column are not significantly different at P=0.05 (Tukey HSD).
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3.3.8; Effect of Trichoderma on stem canker in plantlets from

tissue culture

The pathogen significantly reduced the shoot and root dry weight compared with other
treatments. lesions were present on the stems of potato plantlets in the R. solani only treatment.
The area of stem covered by lesions in this treatment was 0.17 cm. There were no symptoms

of disease in plants treated with any of the Trichoderma 1solates or untreated control.

T. hamatum T8 was significantly more effective than 7. harzianum TS5 in the growth
promoting activity which included shoot and root dry weight in comparison to the control.
Plants inoculated with R. so/ani and either TS or T8 had significantly greater shoot dry weight
than the uninoculated control (Figure 3-4).
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Figure 3-4 . Mean dry weight of potato plants (cv. Desiree) inoculated with Trichoderma strains (T5 + T8) and R. solani (Rs) in the
sand-potting mix in a glasshouse trial at 20°C. T5: T. harzianum; T8: T. hamatum; Rs: R. solani only; control: uninfested soil

(plant only). Error bars show standard errors (n=3). Columns labelled with the same letter are not significantly different at P=
0.05 (Tukey test).
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3.3.6. Effect of Trichoderma on growth of plantlets from tissue

culture

This experiment was done to test for growth promotion effects in the absence of
pathogen. Application of conidial suspensions of 7richoderma through the colonization of
roots significantly increased biomass production in comparison to the untreated control in pots
with sand-potting mix under glasshouse conditions (Figure 3-5). Compared with untreated
control treatment, 7. hamatum T8 and 7. harzianum T5 increased shoot dry weight by 4.4 and
2.5 times; respectively, and for root dry weight, by 3.1 and 2.5 times, respectively (Figure 3-
5);
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Figure 3-5 Dry weight of potato plantlets inoculated with Trichoderma strains (T5 + T8) at 20°C. T5: T. harzianum; T8: T.
hamatum; control: uninfested soil (plant only). Error bars show standard errors (n=3). Columns labelled with the same letter
are not significantly different at P= 0.05 (Tukey test).

3.3.7. Induction of systemic resistance

The experiment was carried out to evaluate the systemic protection against R. solani
induced by 7. harzianum T5 and T. hamatum T8 in cv. Desiree, by inoculating the roots with
the antagonists and the stem with the pathogen. At 7 days after inoculation, lesions had
appeared on the stems treated with the pathogen only by 0.43 cm covered area with lesions,

and potato plantlets growth was significantly reduced (Figure 3-6).
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Treatment of plants with 7richoderma strains prevented the appearance of symptoms
and at the same time significantly promoted plant growth (Figure 3-6). 7. hamatum strain T8
provided significantly higher biomass production of potato (shoot and root dry weights) than
T. harzianum strain T5. Compared with the R. solani only treatment, T8 and T3 increased shoot
dry weight by 6.2 and 3.3 times; respectively, and for root dry weight, by 4.2 and 3.2 times,
respectively (Figure 3-6). While relative to untreated control, T8 and T5 increased shoot dry

weight by 2.8 and 1.5 times; respectively, and for root dry weight, by 1.8 and 1.3 times,
respectively (Figure 3-6).
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Figure 3-6 Dry weight of potato (cv. Desiree) after root inoculation with two isolates of Trichoderma (T5 + T8) and stem
inoculation with R. solani (Rs) in the hydroponic growth system under glasshouse conditions at 20°C. Error bars show standard
errors (n=3). Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).

3.4. Discussion

The aim of this chapter was to isolate Trichoderma strains that are suitable for more
experiments on antagonism of stem canker and black scurf of potato caused by R. solani AG-
3PT. The study resulted in the selection of two antagonistic fungi, which belonged to the
species T. harzianum and T. hamatum. These 1solates were chosen for further experiments. 7.

hamatum T8 was the most effective in dual culture and increased growth parameters, while T5
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gave the highest inhibition of pathogen growth in the antibiosis test and also increased potato
plant growth. Most studies have screened larger numbers of isolates. For example, Hicks et al.
(2014) tested 53 isolates of Trichoderma as biocontrol agents to reduce stem canker disease of
potato caused by R. solani under glasshouse and field trials. They found that some isolates
significantly reduced the stem canker disease and increased the plant growth. Durak (2016)
tested 81 Trichoderma strains which were isolated from soil samples as biocontrol agents to
reduce R. solani on potato plants in vitro and in vivo trials. Also, Brewer and Larkin (2005)
tested 28 isolates of fungi as biocontrol agents to inhibit stem canker disease caused by R.
solani AG-3PT in a glasshouse and field trials. They found that some isolates inhibited the
pathogen growth, and one isolate (Rhizoctonia zeae) prevented the pathogen from causing more
severe disease. It was originally intended to screen a larger number of isolates in this study.
But because isolates with high biocontrol effect and strong growth promotion were found
among the first eight isolates tested, no further screening was conducted, with one

representative of each of T. harzianum T5 and T. hamatum T8 chosen for further experiments.

All Trichoderma isolates inhibited the growth of R. solani AG-3PT, both in dual culture
and by culture filtrates. Isolates of both species T. hamatum and T. harzianum have been shown
to produce toxic secondary metabolites, and secreted cell wall degrading enzymes, which could
affect growth of R. solani AG-3PT. Trichoderma strains are well known to produce many
enzymes that lead to cell-wall dissolution of pathogens such as protease, -1,3-glucanase and
chitinase, compete positively with plant pathogens for nutrients and space (Whipps, 2001), and
also produce appressoria in contact with the host then coil around the hyphae and attack them
leading to the death of the parasitized fungus. The ability of Trichoderma isolates to suppress
R. solani makes them potential biocontrol agents (Benitez et al., 2004; Chet et al., 1981; Kumar
et al., 2016; Mihuta-Grimm and Rowe, 1986; Mishra et al., 2011; Papavizas, 1985; Sivakumar
et al., 2000).

In the glasshouse, R. solani AG-3PT decreased shoot and root growth, reduced the
number of stolons and tubers, and reduced tuber fresh weight. It also caused canker lesions on
stems and stolons, and sclerotia (scurf) on tubers. Canker disease on potato plants was
obviously occurring because of reduction of stolon number through killing growing tips, but
the appearance of lesions on surviving stems was inconsistent. Treatment with Trichoderma
spp. prevented the appearance of symptoms and also increased tuber fresh weight and biomass

production in comparison to the pathogen control treatment in both sand-potting mix and

51



vermiculite in the pot assays. Trichoderma spore suspensions prevented sclerotium formation
on the plants in all glasshouse experiments, and the treatments with Trichoderma isolates
significantly increased potato biomass production, number of stolons and tuber yield. The
results indicated that T. hamatum T8 had the best effect on growth against R. solani stem canker
disease compared to the other isolates. So, this isolate should be considered for further

assessment as a biocontrol agent.

In tissue culture plantlets, T. hamatum T8 and T. harzianum T5 significantly increased
the biomass weight of Desiree potato plantlets inoculated with R. solani AG-3PT compared
with control treatments in sand-potting mix. Stem canker was obviously occurring in the R.
solani only treatment, but no canker was seen with Trichoderma treatments or untreated
control. Some isolates of Trichoderma can reduce or eliminate the growth of R. solani and
promote plant growth by different mechanisms such as antagonism, hyperparasitism,
antibiotics, competition for nutrients and space, induced systemic resistance, endophytic

competence, and biofertilization and stimulation of plant defence (Kumar et al., 2016).

Trichoderma isolates also promoted the growth of potato plantlets in the absence of
disease. The literature suggests that Trichoderma species play a crucial role in plant growth
through the colonization of root systems which changes plant metabolism, alters the content of
phenolic compounds, hormones, amino acids and soluble sugars; and also rate of
photosynthesis; transpiration and water content (Contreras-Cornejo et al., 2016; Martinez-
Medina et al., 2014). At the same time, they have been reported to release secondary
metabolites in the rhizosphere area, which can enhance shoot and root dry weight (Kavoo-
Mwangi et al., 2013; Rubio et al., 2012). The increase in plant growth by inoculation with
Trichoderma may be due to the absorption of organic and inorganic substrates from the soil,
which support the plant roots and increase biocontrol activity (Benitez et al., 2004). Similarly,
Hicks et al. (2014) reported that strains of Trichoderma spp. individually or in combination
increased plant growth parameters and suppressed Rhizoctonia disease of tissue culture potato
plantlets. An important factor is that Trichoderma isolates have been proven to enhance the
development of plant roots, which is often accompanied by augmented yield of plant and
biomass (Harman et al., 2004; Rubio et al., 2012). (Kumar et al., 2016) The plant yield increase
measured in the present study, was probably due to the interactions between biocontrol agent
and potato tubers directly before sowing, for instance from acquisition of nutrients such as P,

Fe, Cu, Mn, and Zn or hormone regulations, most notably auxins, cytokinins, gibberellins,
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ethylene and abscisic acid or perhaps from a collection of both these impacts (Contreras-
Cornejo et al., 2016; Hermosa et al., 2012; Hicks et al., 2014).

In a hydroponics system, induced systemic protection of potato was seen in plantlets
whose roots were treated with biocontrol agents. T. hamatum T8 gave significantly higher
biomass production of potato than T. harzianum T5 compared with the control treatment.
Canker was clearly appearing on stems in the R. solani only treatment, but no canker was seen
with other treatments. Canker was probably due to toothpicks inoculated with pathogen directly
affecting the stems. Trichoderma isolates were inoculated onto roots, with the R. solani was
inoculated on stems two days later. Although this is an indication of potential induced systemic
resistance in plants, or there is also a possibility that the Trichoderma colonised the tissue
endophytically and interacted directly with the pathogen (Contreras-Cornejo et al., 2016), so it
is not definitively due to induced resistance. Also, Trichoderma strains have been reported to
stimulate growth of plants and defences against plant pathogens, and elicit the induced systemic
resistance by the expression of defence-related genes of the jasmonic acid or salicylic acid
pathways (Hermosa et al., 2012). A report by Shoresh and Harman (2008) who studied the root
colonization of maize by a biocontrol agent of Trichoderma in relation to systemic induced
resistance and growth response. They found that root colonization by Trichoderma induced
changes in the proteome in the shoot and root of maize seedlings which included both in
defence related proteins and those associated with increased photosynthetic and respiratory
rates which enhance plant growth.

In summary, the disease level was rated as mild or inconsistent, but the effect of R.
solani AG-3PT on potato plant growth and yield was high. Therefore, the emphasis of this
study will be on plant growth parameters to compare between treatments and control (pathogen
only). The expectation was that Trichoderma would reduce the severity of canker and scurf
symptoms (Brewer and Larkin, 2005; Durak, 2016; Hicks et al., 2014; Mrabet et al., 2013).
The results illustrated that treatments with T5 and T8 eliminated stem canker and black scurf
symptoms, so it was difficult to use symptoms (disease level) to measure the effects of the
interaction with other factors. But there was a reduction in growth and tuber yield due to the
pathogen which was quantitative, so it is an alternative strategy to study the Trichoderma-
pathogen-plant interaction. Growth parameters are often easier to work with because they are
continuous variables that have normal distributions and meet the assumptions of most statistical

tests. One complication is that there is a growth promotion effect of the Trichoderma by itself,
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which is difficult to separate from the effect of Trichoderma on disease. T. harzianum strain

T5 and T. hamatum strain T8 were chosen for further experiments in the next chapters.
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Chapter 4. Effect of potato varieties on antagonism
and growth promotion

4.1. Introduction

In recent years, the use of fungicides for controlling soilborne fungal diseases like
Rhizoctonia has become undesirable due to environmental pollution. Hence, the utilization of
plant resistance to pathogens in addition to using crop rotation may be the most efficient way
to control the pathogen (Scholten et al., 2001). According to Naz et al. (2008), selecting and
planting of resistant potato varieties is becoming an economic and efficient manner to combat
stem canker and tuber black scurf disease. In recent years, collaborative research efforts have
been focused on the identification, selection and integration of potato resistance genes into
varieties with tolerable horticultural characteristics in order to manage disease (Gudmestad et
al., 2007).

Many papers tested different varieties of potato for their resistance to Rhizoctonia
solani. For example, EI-Naggar et al. (2013) tested nine potato varieties for their susceptibility
to stem canker and black scurf disease. The results showed there was difference in their
susceptibility which was divided into three categories based on proportion of infection of stem
canker and black scurf. These ranged between the most susceptible variety (8-10% covered
area with sclerotia, and 16-19% stem canker), moderately susceptible (5-7% covered area with
sclerotia, and 8-14% stem canker) and the most resistant (3-5% covered area with sclerotia,
and 5-7% stem canker). In another study, 20 isolates of R. solani AG-3PT were tested on nine
potato varieties for their resistance to the stem canker and black scurf disease. Isolate, variety
and interaction between isolate and variety had highly significant effects on the stem canker
and black scurf parameters (EI-Aziz et al., 2013). Zhang et al. (2014) tested 20 potato varieties
with different amounts of wheat bran inoculum of R. solani for their resistance and
susceptibility to black scurf disease. The varieties were divided into five categories from

immune to highly susceptible.

Potato varieties vary in their resistance or susceptibility to Rhizoctonia disease, and this
could be attributed to differences in the plant anatomy, morphology and biochemical
components of either plants or tubers (EI-Naggar et al., 2013; Mohsan et al., 2016). A previous

study showed that coloured potatoes, rich in anthocyanins are receiving increased interest on
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the markets. Coloured potatoes had better resistance to soft rot disease caused by
Pectobacterium carotovorum (Wegener and Jansen, 2007). The greater resistance of coloured
potatoes was related to total soluble phenols and anthocyanins which contributed crucially to

resistance expression in tuber tissue.

The effect of resistance may play an important role in the interaction between biocontrol
agents and varieties to improve plant health by reducing disease. Therefore, the study of the
host effect on disease suppression, on mechanisms important in biocontrol, and on growth is
very important (Smith and Goodman, 1999). A previous study showed that Bacillus mycoides
as biocontrol agent was more effective on a variety resistant against Cercospora leaf spot of
sugar beet caused by Cercospora beticola than in a susceptible variety (Jacobsen et al., 2004).
Similarly, Banani et al. (2014) indicated that the highest level of T. harzianum efficacy was
observed in the varieties of grapevine that were least susceptible to the downy mildew caused
by Plasmopara viticola, which led to enhanced plant growth. On the other hand, Kraft and
Papavizas (1983) showed that Trichoderma species as biocontrol agents were less effective on
resistant varieties against damping-off of tomato caused by Pythium torulosum, and Fusarium
root rot in peas caused by Fusarium solani f. sp. pisi. However, Fusarium oxysporum as a
biocontrol was equally effective on resistant and susceptible varieties against root-knot
nematode Meloidogyne incognita (Dababat et al., 2008). There seems to be no general principle
to predict what the effect of resistance on biocontrol will be.

There have been no papers that compare the effectiveness of biocontrol of Rhizoctonia
diseases on different varieties of potato. Biocontrol Trichoderma isolates could be less effective
on more resistant potato varieties. Thus, the interaction between Trichoderma as a biocontrol
agent and resistant varieties of potato can be used as an ideal control to manage Rhizoctonia

diseases and plant growth promotion.

The aim of the present work was to test whether potato variety affects the interaction
between Trichoderma isolates against Rhizoctonia solani AG-3PT. Because there is evidence
that pigmentation can affect resistance to some potato diseases, varieties with a range of colours
were chosen. The possibility that chemistry of tissue could affect interaction was tested by

effects of tissue type on growth and antagonism.
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4.2. Materials and Methods

4.2.1. Effect of R. solani AG-3PT on potato varieties in a

glasshouse trial

The effect of R. solani AG-3PT was examined on six varieties of potato plants, with
contrasting coloured tubers. The selection of varieties was based on coloured potatoes which
contain different amounts of secondary metabolites which may give better resistance to
diseases (Wegener and Jansen, 2007). The varieties were Desiree (pink skin, yellow flesh),
Sebago (white skin, white flesh), Dutch Cream (white skin, yellow flesh), Royal Blue (purple
skin, yellow flesh), Ruby Lou (pink skin, white flesh) and Sapphire (purple skin, purple flesh).
Certified seed tubers were bought from Diggers Club, Dromana, Victoria for Sapphire and
from Goodman Seeds, Bairnsdale, Victoria for the other varieties. Sand with potting mix 2:1
was used in this experiment. Potato seeds were sterilized by using 1% NaOCI with two drops
of Triton X-100 detergent (Sigma-Aldrich) for 2 minutes, washed with sterilized distilled
water, and then dried for 3 hr at room temperature. Pathogen inoculum on wheat seeds as in
Chapter 3 was mixed in potting media at the rate of 16 g around potato tubers in plastic pots
(20 x 20 cm). One tuber was sown in each pot. The control for each variety (uninfested soil)
used autoclaved wheat seeds that had been soaked in water but not inoculated. There were 3
replicates for each treatment. This test was carried out under controlled conditions in a
glasshouse at 20°C (8 weeks). The total number of sclerotia, number of tubers and number of
sclerotia per tuber were measured per plant. It was planned to rate scurf on a scale (0-5): 0 =no
sclerotia present, 1 =less than 1% of tuber area covered, 2 =2-10% of tuber area covered, 3
=11-20% of tuber area covered, 4 =21-50% of tuber area covered and 5 =51% or more of tuber
area covered (Zhang et al., 2014). Because the density of sclerotia on tubers was less than 2%,
therefore, the use of the scale was not helpful. The whole experiment was repeated, with 3
replicates for each treatment to confirm the results. The measurements recorded in the repeat
experiment were number of stolons, number of tubers, sclerotia per tuber, shoot and root dry
weight and tuber fresh weight. The shoots and roots were dried in an oven at 60°C until constant

weight (Campion et al., 2003).
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4.2.2. Effects of powdered plant tissue on the growth and

interaction of R. solani AG-3PT and Trichoderma sp.

The differences in chemical composition and nutrient content between potato varieties
could affect the growth and interaction between R. solani and Trichoderma sp. A system was
developed to study this in Petri-dishes, using powdered tissue from the peel of tubers and
sprouts. The varieties used were from tubers and sprouts of potatoes Sebago, Desiree, Sapphire,
Royal Blue, Ruby Lou, and Dutch Cream. The tubers were left for three weeks at room
temperature at 22-25°C to grow sprouts. The tubers were washed under tap water and sterilized
by using 1% NaOCI with two drops of Triton X-100 detergent (Sigma-Aldrich) per litre for 2
minutes, then washed with sterilized distilled water. The sprouts were removed from the tubers,
and then a vegetable peeler was used to peel the skins off the tubers. Sprouts and peelings were
placed into sterilized plastic containers separately, frozen at -18°C for one week, and then
transferred to a freeze drier machine for 5 days. The samples were then ground in a coffee
grinder inside the laminar flow cabinet to obtain the powder of each plant tissue. Water agar
(WA) was prepared by adding 500 mL of distilled water to 8.5 g of agar in 1000 mL flask and
shaken carefully. The medium was sterilized by autoclaving, and then left to cool then added
4 g of each powder to the medium before pouring into Petri-dishes. Agar plugs 5-mm-diameter
containing hyphae of R. solani AG-3PT, T. harzianum T5 and T. hamatum T8 which had been
transferred from the margins of 5-day-old actively growing cultures on PDA were inoculated
separately in the centre of Petri-dishes, in order to measure the radial growth 48 and 72 hours
after incubation. Water agar was used as controls for each fungus (R. solani AG-3PT, T.
harzianum T5 and T. hamatum T8) which were inoculated separately at the centre of the Petri-

dishes. There were three replicates for each treatment.

In dual culture assay, there was a similar trial which utilized a 5-mm- diameter disc of
antagonist (T5 and T8) diametrically opposite a 5 mm diameter disc of pathogen (R. solani
AG-3PT) to measure the inhibition zone. In controls the pathogen was plated alone on one side
of the plate at the periphery. The plates were incubated at 25°C for both trials. The growth of
the pathogen was measured on the day before contact. The experiment was replicated three
times for each treatment. The percentage inhibition of growth was calculated by using the same

equation as in Chapter 3.
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4.2.3. Effect of Trichoderma and R. solani AG-3PT on three potato

varieties under glasshouse conditions

The effect of Trichoderma isolates on disease caused by R. solani was assessed for
three potato varieties (cvs. Sebago, Desiree and Sapphire). These varieties were chosen based
on variations in resistance to the effect of pathogen from most susceptible to more resistant,
respectively, and as representative of all varieties. There were four treatments for each variety:
no inoculation control, R. solani only control, T5 plus R. solani or T8 plus R. solani. Plastic
pots (20 X 20 cm) with Trevenna soil (Chromosol, loamy sand) were utilized in this
experiment. Potato seed tubers were sterilized by using 1% NaOCI for two minutes, washed
with sterilized distilled water, and then coated with spore suspensions of T5 or T8 (the same
way as in Chapter 3). Pathogen inoculum on wheat seeds was prepared as in Chapter 3 and
artificially mixed into soil at the rate of 16 g per pot, five days before sowing. Conidial
suspension of two isolates of Trichoderma (T. harzianum, T5 and T. hamatum, T8) were
prepared as in Chapter 3 for coating tubers. The control treatment (uninfested soil) used
autoclaved wheat seeds that had been soaked in water but not inoculated. There were 3
replicates for each treatment with one tuber per pot. The experiment was carried out under
natural light at 20°C for 7 weeks. Plant growth parameters and black scurf disease were
measured by examining the number of sclerotia, shoot and root dry weight, the number of

stolons and tubers and tuber fresh weight (Hicks et al., 2014; Ramsay and Bawden, 1983).
4.2.4. Statistical analysis

Data were analysed using one-way or two-way ANOVA with statistical program SPSS
version 22. Data were log-transformed when necessary to ensure homogeneity of variance.
Tukey’s multiple range test was used for mean separation at the 5% level. ANOVA tables are
presented in Appendix 1.
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4.3. Results

4.3.1. Effect of R. solani AG-3PT on potato varieties in a

glasshouse trial

Sclerotia were observed on the progeny tubers after inoculation with R. solani AG-3PT,
but all were low infection from 1 to 2% of tuber surface covered. Because the scale did not
reflect the obvious differences between varieties; therefore, the sclerotia were counted. The
infection noted after eight weeks post-planting, varied significantly depending on the variety
of potato utilized. The number of sclerotia was significantly higher in the Sebago variety
compared with Royal Blue, Sapphire and Ruby Lou. There were no significant differences in

the number of tubers for all varieties which were used in this study (Table 4-1).

Table 4-1.Effect of Rhizoctonia solani AG-3PT on total number of sclerotia and the average number of tubers per plant of six
varieties of potato. Data followed by the same letter are not significantly different at P = 0.05 (Tukey test).

Varieties No. of sclerotia No. of tubers
Sebago 25.7° 4.0a

Desiree 16.780 5.78

Dutch Cream 13.02 7.0

Royal Blue 5.3 4.7
Sapphire 4.3 5.08

Ruby Lou 9.02 4.32
Probability 0.002 ns

ns means not significant.

The number of sclerotia per tuber differed significantly depending on the potato variety (Figure
4-1). Variety Sebago had significantly more sclerotia per tuber than all other varieties, while
Desiree potatoes had significantly more sclerotia per tuber than varieties Royal Blue and
Sapphire (Figure 4-1).
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Figure 4-1. Number of sclerotia per tuber of six potato varieties infected with Rhizoctonia solani AG-3PT. Error bars show
standard errors (n=3). Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).

The experiment was repeated, with more growth parameters measured. There were
significant effects of variety (P <0.001), pathogen (P <0.001), and interaction between variety
and pathogen (P =0.001), on shoot dry weight. All varieties of potato had lower shoot dry
weight in inoculated plants (Figure 4-2). The greatest relative effect of disease on shoot dry
weight was seen in Royal Blue, Dutch Cream and Sapphire, and the least in Desiree (Table 4-
2).

Shoot dry weight (g)
[y
=
|

Varieties

Figure 4-2. Effect of Rhizoctonia solani AG-3PT on shoot dry weight of six potato varieties in a repeat assay. 0 uninfested soil, 1
soil infested with R. solani AG-3PT. Error bars show standard errors (n=3).

The results showed that there were differences between the six potato varieties in the
effects of R. solani AG-3PT, on different growth parameters (Table 4-2). Desiree variety had
low effect on shoot dry weight, intermediate effect on tuber fresh weight but high effect on
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stolon number. Dutch Cream variety had high effect on shoot dry weight and tuber fresh weight
but intermediate effect on stolon number. Royal Blue variety had high effect on shoot dry
weight, low effect on tuber fresh weight, high effect on stolon number and just few sclerotia.
Ruby Lou variety had low effect on shoot dry weight, low effect on tuber fresh weight and low
effect on stolon number. Sapphire variety had high effect on shoot dry weight, low effect on
tuber fresh weight, low effect on stolon number and just few sclerotia. Finally, Sebago variety
had low effect on shoot dry weight, high effect on tuber fresh weight but intermediate effect

on stolon number (Table 4-2).

Table 4-2 Effect of Rhizoctonia solani AG-3PT on the growth parameters of six varieties of potato. Numbers show percentage
decrease (or increase) in inoculated plants compared with controls.

Decrease (%)

Varieties Shoot dry weight \;szi(;thtiry 'II\'ISBS:S \'/I'Vl;!;);:tfresh ls\ltZi;r:s
Sebago 20 47 (129)2 45 20
Desiree 16 64 19 37 38
Dutch Cream 42 35 (60) 58 26
Royal Blue 52 35 (28) 21 31
Sapphire 46 44 24 26 1
Ruby Lou 25 32 23 27 13

a Values in parentheses represent an increase in number of tubers.

There were significant effects of variety (P <0.001), pathogen (P <0.001), and interaction
between variety and pathogen (P =0.01), on root dry weight. The root dry weight was reduced
because of infection by R. solani (Figure 4-3). The largest reduction in root dry weight was

seen in cv. Desiree, followed by Sebago and Sapphire (Table 4-2).
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Figure 4-3. Effect of Rhizoctonia solani AG-3PT on root dry weight of six potato varieties in a repeat assay. 0 uninfested soil, 1
soil infested with R. solani AG-3PT. Error bars show standard errors (n=3).

The number of tubers differed significantly between varieties (P <0.001), but there was
no significant effect of pathogen on number of tubers (Figure 4-4). There was a significant
interaction between variety and inoculation with the pathogen (P =0.02). In three varieties
(Sapphire, Ruby Lou and Desiree) the number of tubers was reduced by the pathogen while
the other varieties (Sebago, Royal Blue and Dutch-Cream) (Table 4-2), the number of tubers
was increased by mfection (Figure 4-4).
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Figure 4-4. Effect of Rhizoctonia solani AG-3PT on number of tubers of six potato varieties in a repeat assay. 0 uninfested soil,
1 soil infested with R. solani AG-3PT. Error bars show standard errors (n=3).
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The tuber fresh weight was affected significantly by variety (P <0.001), pathogen (P
<0.001), and the interaction between variety and pathogen (P =0.01) (Figure 4-5). Dutch Cream
plants produced significantly higher tuber fresh weight in the controls than all others, and
Sapphire the lowest. Tuber fresh weight was reduced by infection with the pathogen, with the
greatest relative reduction in Dutch Cream and Sebago and the least in Royal Blue and Sapphire
(Table 4-2).
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Figure 4-5. Effect of Rhizoctonia solani AG-3PT on fresh weight of tubers of six potato varieties in a repeat assay. 0 uninfested
soil, 1 soil infested with R. solani AG-3PT. Error bars show standard errors (n=3).

The number of stolons was significantly affected by variety (P <0.001) and by pathogen
(P <0.001), and by their mnteraction (P =0.001) (Figure 4-6). The highest number of stolons
developed per plant, from 6 to 8, was noted for Dutch Cream and Royal Blue with Ruby Lou
and Sebago having the lowest stolon number, from 4 to 5. The number of stolons was reduced
by infection with the pathogen, with the greatest reduction in Desiree and Royal Blue, and the
least in Sapphire and Ruby Lou (Table 4-2).
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Figure 4-6. Effect of Rhizoctonia solani AG-3PT on the number of stolons of six potato varieties in a repeat assay. 0 uninfested
soil, 1 soil infested with R. solani AG-3PT. Error bars show standard errors (n=3).

The number of sclerotia per plant differed significantly depending on the variety (P
<0.001) (Figure 4-7). The number of sclerotia was significantly lower for Sapphire and Royal
Blue than for all the other varieties.
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Figure 4-7. The number of sclerotia on tubers of six potato varieties inoculated with Rhizoctonia solani AG-3PT in a repeat assay.
There were no sclerotia on uninoculated controls. Error bars show standard errors (n=3). Columns labelled with the same letter
are not significantly different at P= 0.05 (Tukey test).
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4.3.2. Effects of powdered plant tissue on the growth and

interaction of R. solani AG-3PT and Trichoderma sp.

The effects of plant tissue from peel and sprouts on the growth of R. solani AG-3PT, T.
harzianum T5 and T. hamatum T8 were determined. There were significant effects of variety
(P <0.001), tissue (P <0.001), and interaction between variety and tissue (P <0.001), on the
growth of all fungi. The growth of R. solani was significantly increased by the plant tissues
from peel and sprouts of different varieties of potato, but not of sprouts of Sebago in
comparison to the control treatment (Figure 4-8). The overall differences between varieties
were small. Growth of R. solani was significantly less on powdered sprouts of Sebago than on

the other varieties.
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Figure 4-8. Growth rate of Rhizoctonia solani AG-3PT on water agar medium incorporating peel and sprout powder of six varieties
of potatoes. The measurement was taken after 72 hours of growth. Error bars show standard errors (n=3). Columns labelled with
the same letter are not significantly different at P= 0.05 (Tukey test).

The growth rate of 7. harzianum T5 was significantly reduced by medium containing
peel of Desiree in comparison to the control treatment, while growth was significantly greater
on medium containing peel of Royal Blue and Sapphire compared with the other varieties or
control treatment (Figure 4-9). Powdered material from potato sprouts caused a severe
reduction in growth compared with peel, and T5 did not grow on medium made from sprouts

of Sebago, compared with control treatment or other varieties.
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Figure 4-9. Growth rate of Trichoderma harzianum T5 on water agar medium incorporating peel and sprout powder of six varieties
of potatoes. The measurement was taken after 72 hours of growth. Error bars show standard errors (n=3). Columns labelled with
the same letter are not significantly different at P= 0.05 (Tukey test).

The growth rate of 7. hamatum T8 was significantly and greatly reduced on medium
containing peel of Desiree compared with the other varieties or control treatment, which
differed only slightly (Figure 4-10). The growth of 7. hamatum T8 was significantly increased
by the medium containing peel of Dutch Cream, Royal Blue, Ruby Lou, Sapphire and Sebago,
compared with control treatment. Growth of T8 on medium containing sprouts was much less
than on medium containing peel (P <0.001). Growth of T8 was significantly greater on medium
containing sprouts of Dutch Cream and Royal Blue than the other varieties, and it did not grow
on medium containing sprouts of Sebago at all in comparison to the control treatment or the

other varieties.
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Figure 4-10. Growth rate of Trichoderma hamatum T8 on water agar medium incorporating peel and sprout powder of six varieties
of potatoes. The measurement was taken after 72 hours of growth. Error bars show standard errors (n=3). Columns labelled with
the same letter are not significantly different at P= 0.05 (Tukey test).

The inhibition of R. solani by T. harzianum T5 on different media from six potato
varieties is shown in Figure 4-11. Growth inhibition of the pathogen was significantly higher
when grown on potato peel medium than potato sprout medium for all varieties. In potato peel
medium, the highest percentage inhibition of pathogen was with Dutch Cream, although the
differences between most varieties were small. The lowest inhibition of growth on peel medium
was observed with Desiree. In potato sprout media, T5 was significantly more effective in

reducing the pathogen growth on Royal Blue than the other potato varieties.
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Figure 4-11. Inhibition of growth of Rhizoctonia solani AG-3PT by Trichoderma harzianum T5 in dual-culture on water agar

medium incorporating peel and sprout powder of six varieties of potatoes. Error bars show standard errors (n=3). Columns
labelled with the same letter are not significantly different at P= 0.05 (Tukey test).
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The inhibition of R. solani by T. hamatum T8 on different media from six potato
varieties 1s shown in Figure 4-12. Growth inhibition of the pathogen was significantly higher
on potato peel medium than potato sprout medium for all varieties except Desiree. In potato
peel media, Ruby Lou, Sapphire and Sebago gave the largest percentages of growth inhibition
of the pathogen, while Desiree had the lowest percentage of pathogen inhibition. The sprout
media had less effect on inhibition of R. solani by T8 than they did for T5. In potato sprout
media, Desiree, Royal Blue and Dutch Cream had the largest percentages of growth inhibition
of pathogen, whereas Sebago had the least inhibition of pathogen growth.
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Figure 4-12. Inhibition of growth of Rhizocfonia solani AG-3PT by Trichoderma hamatum T8 in dual-culture on water agar medium
incorporating peel and sprout powder of six varieties of potatoes. Error bars show standard errors (n=3). Columns labelled with
the same letter are not significantly different at P= 0.05 (Tukey test).

4.3.3. Effect of Trichoderma and R. solani AG-3PT on three potato

varieties under glasshouse conditions

The number of sclerotia of R. solani was significantly higher in both Sebago and
Desiree compared to the Sapphire variety (Figure 4-13). There were no sclerotia on

uninoculated controls or plants treated with 7richoderma species.

When the experiment was analysed as a whole, there were significant effects of

inoculation and variety on all parameters that were measured. The interaction between potato
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varieties and fungal inoculation treatment was not statistically significant for any parameter,
indicating that the effects of the two Trichoderma isolates were the same for all varieties. For

clarity, data and analyses are presented separately for each variety in Tables 4-3 to 4-5.

When analysed separately, the reduction in growth due to the pathogen was not
significant for any of the parameters measured for any variety (Table 4-3, Table 4-4 and Table
4-5). However, both T5 and T8 gave significant increases in shoot dry weight, root dry weight,
number of stolons, and tuber fresh weight compared with the pathogen only control for all
varieties (Table 4-3, Table 4-4 and Table 4-5). The growth promotion effect of T8 was
generally greater than for T5. For instance, T. hamatum T8 had greater growth promotion than
for T. harzianum T5 for all varieties in shoot and root dry weight, number of stolons, tuber

fresh weight, and number of tubers except for Sebago variety.
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Figure 4-13. Number of sclerotia per tuber of three potato varieties infected with Rhizoctonia solani AG-3PT. Error bars show
standard errors (n=3). Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).

Table 4-3 Effect of Rhizoctonia solani and two isolates of Trichoderma on growth and yield of potato cv. Sebago grown in loamy
sand in a glasshouse trial.

Treatment Shoot dry Root dry No. of stolons No. of Tuber fresh
weight (g) weight (g) tubers weight (g)

Control 6.0120 1.93 7.002 5.672 129.752

R. solani 4.3% 1.622 5.332 433 97.29a

T5 + R. solani 7.78® 2.86° 9.00¢e 8.002 169.082

T8 + R. solani 8.57° 3.102 10.00¢ 5.672 228.040

Numbers followed by the same letter within a column are not significantly different at P=0.05 (Tukey HSD).
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Table 4-4 Effect of Rhizoctonia solani and two isolates of Trichoderma on growth and yield of potato cv. Desiree grown in loamy
sand in a glasshouse trial.

E S o AR T
Control 5.092 1.142b 4,332 5.0020 79.842

R. solani 3.062 0.71a 2.672 3.002 62.44a

T5 + R. solani 6.81ab 2.12@ 7.672 7.672 169.73>

T8 + R. solani 9.47° 2.53p 9.000 8.500 215.52b

Numbers followed by the same letter within a column are not significantly different at P=0.05 (Tukey HSD).

Table 4-5 Effect of Rhizoctonia solani and two isolates of Trichoderma on growth and yield of potato cv. Sapphire grown in
loamy sand in a glasshouse trial.

E S o A
Control 2.572 1.062 4.002 4.672 117.282
R. solani 3.832 0.91a 3.338 3.00a 111.412
T5 + R. solani 6.17° 1.372b 6.67° 5.00a 159.64¢bc
T8 + R. solani 6.820 1.78p 8.000 6.00a 185.32¢

Numbers followed by the same letter within a column are not significantly different at P=0.05 (Tukey HSD).

4.4. Discussion

The goal of this chapter was to test whether potato variety interacts with the effect of
Trichoderma isolates on Rhizoctonia solani AG-3PT. It was found that there were significant
differences between varieties in the effect of R. solani AG-3PT on growth and yield. There
were significant differences between varieties in the effects of tissue preparations on growth of
R. solani, T. harzianum T5 and T. hamatum T8, and on antagonism between the Trichoderma
isolates and R. solani AG-3PT. However, there was no significant interaction between variety
and the effects of T5 and T8 in a pot trial.

The results indicated that some varieties of potato could reduce the formation of
sclerotia of R. solani AG-3PT in glasshouse trials. In pot tests, there was significant variation
in susceptibility among potato varieties when inoculated with R. solani. The results of this
study has shown that Sebago and Desiree were highly sensitive to Rhizoctonia disease of
potato, but varieties Sapphire and Royal Blue had higher levels of resistance to R. solani AG-
3PT than the others. Ruby Lou and Dutch Cream varieties showed moderate susceptibility. The
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number of sclerotia on tubers differed between varieties of potato but infection levels were low.
Sclerotium formation depends on tuber maturity and it is difficult to grow mature tubers in pots
(Dijst, 1989).

The differences in number of sclerotia on the potato tubers could be due to differences
between varieties in resistance of the tissue to R. solani AG-3PT. However, it is also possible
that differences between varieties in maturity of tubers at the end of the experiment may also
have affected sclerotial production. Sclerotial production increases when the tubers mature
(Dijst, 1989). This could complicate comparisons between varieties when looking at scurf

symptoms in pot trials.

There were no significant effects of the pathogen on any growth parameters, unlike in
the previous chapter. Daami-Remadi et al. (2008b) found that artificial infection with R. solani
decreased the plant growth parameters of some potato varieties compared with non-inoculated
control plants. The black scurf and stem canker diseases were shown to delay shoot emergence,
reduce the number of stolons and root dry weight and yield, particularly with susceptible
commercial varieties of potato. These growth parameters depend on the level of susceptibility
to disease of the varieties (Daami-Remadi et al., 2008b; Tsror and Peretz-Alon, 2005).
However, in Dutch Cream, Royal Blue and Sebago, R. solani inoculation increased the number
of tubers in comparison to the non-inoculated control plants, although total tuber fresh weight
was higher in control plants compared with those artificially inoculated by the pathogen.
Similar results were obtained from a previous study, which showed that severity of black scurf
and stem canker disease had no impact on total potato yield, but did change the tuber quality
and distributions of tuber sizes (Simons and Gilligan, 1997). Moreover, they found that the size
of tubers decreased in the artificial infection of R. solani treatment, compared with the control
treatment. The results showed that Sapphire and Royal Blue had the greatest effect of R. solani
on shoot dry weight, and least effect on yield. This means that effects on resource allocation
were not the same for each variety. Khandaker et al. (2011) reported that the effect of R. solani
with potato varieties have different effects on growth. For example, the highest disease
incidence of potato was 42% observed in highly susceptible varieties reduced the yield to 10.91
tonnes/hectare, whereas the lowest disease incidence 22% in highly resistant varieties gave the
highest yield of 18.51 tonnes/hectare. So, the variation on yield depends on relative differences

in susceptibility of varieties to Rhizoctonia disease.
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It is noteworthy that differences in resistance of potato varieties to R. solani AG-3PT
were not very great. The difference between potato varieties in term of resistance to R. solani
AG-3PT have been reported previously by (EI-Naggar et al., 2013; Mohsan et al., 2016; Zhang
et al., 2014). This could contribute to the lack of interaction between resistance and

Trichoderma.

The hyphal growth rate of R. solani was significantly affected when the fungal media
were supplemented with powder from peel and sprouts of the six potato varieties. Results
showed that powdered peel of Ruby Lou, Sebago and Desiree varieties increased in vitro radial
colony diameter of the fungus, while the highest reduction in colony growth was on powdered
sprouts of Sebago variety. This suggested that if chemical compounds were involved, they play
a role as toxins to many fungal plant pathogens, and are known be components of resistance
against fungal diseases in plants (EI-Naggar et al., 2013). There was an apparent correlation
between tuber colour and resistance with the blue-skinned varieties Sapphire and Royal Blue
having the fewest sclerotia. Similar work showed differences among the flower colours of
legumes in the susceptibility to plant disease caused by Phytophthora cinnamomi (Panjehkeh
et al., 2010). However, the powdered peel of Sapphire and Royal Blue did not inhibit growth

of the pathogen in culture relative to the other varieties.

It was found that the in vitro hyphal growth of T. harzianum T5 and T. hamatum T8
was significantly higher on peel media in comparison with sprout media of all potato varieties
which were used in this study, but the highest mycelial growth was obtained with Sapphire
peel. From the results it was clear that biocontrol agents had no mycelial growth on Sebago
sprouts medium. This strict inhibition may be due to release of some chemical compounds such
as peptides, terpenoids, phenols, glycosides, polysaccharides, etc. that have high toxicity to
negatively effect the growth of the biocontrol agents (Nedelnik and Repkova, 1998). Most
likely, the growth of Trichoderma isolates was impacted by compounds in the growth medium
of the peel or sprouts, as well as by potato variety. Consequently, this work is the first
examination showing the role of peel and sprouts of potato on the growth of Trichoderma

isolates.

The findings demonstrated that biocontrol agents have significant antagonistic efficacy
against the pathogen (R. solani AG-3PT) when tested by dual culture in vitro. The percentage
inhibition varied significantly according to the kind of potato variety, as well as between peel

and sprouts. The percentage inhibition was higher in the potato peel amended media than
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sprouts for all potato varieties for both Trichoderma isolates. This is consistent with sprouts
reducing the radial growth of the Trichoderma isolates, but not R. solani, compared with peel.
This might be related to the markedly higher contents of carbohydrates and phenolic
compounds in peel tissue which may increase the activity of Trichoderma isolates. The highest
percentage of inhibition against R. solani was recorded utilizing T. harzianum T5 on Dutch
Cream peel, followed by T. hamatum T8 on Ruby Lou peel. The lowest inhibition was recorded
using Sebago sprouts medium in both Trichoderma isolates, however, T. hamatum T8 gave
greater inhibition on potato sprouts medium than T. harzianum T5. Several studies confirmed
that Trichoderma spp. produce antibiotics, secrete enzymes and cell-wall degrading substance
against various plant pathogens in addition to competition for nutrients and space to reduce or
inhibit pathogen infections (Kim et al., 2002; Whipps, 2001). It was suggested that some
phytotoxic substances which were released from peel or sprouts tissue of varieties of potato
may have affected Trichoderma isolates growth. This work is the first to test the effect of peel
and sprouts compounds for six potato varieties on their effect to control R. solani AG-3PT.
More studies need to be done to identify the compounds responsible for the effects of the

powdered material.

In the previous chapter, it was demonstrated that isolates of Trichoderma have various
ability to reduce the activity of the R. solani AG-3PT, and also promote plant growth. The aim
of this chapter was to identify the resistance among varieties, and the interaction between
varieties and Trichoderma isolates against the pathogen. The results of the study are essential
because they determined the behaviour of potato varieties by many assessment parameters
against R. solani AG-3PT in vitro and under glasshouse conditions. The study showed that
Sapphire and Royal Blue varieties were most resistant among other potato varieties to the
disease. However, the effects of Trichoderma on disease and growth promotion were the same
for all varieties, so there was no interaction between biocontrol and potato variety resistance.
There were some weaknesses with the method, particularly the problem of looking at the
disease in pots which restricts tuber formation. However, the overwhelming effect of the
Trichoderma isolates occurred through growth promotion, and it did show that this occurred in
varieties that differed in their growth responses to R. solani AG-3PT. Overall, the effect of
Trichoderma isolates on pathogen (R. solani AG-3PT) and growth promotion were similar on

all tested potato varieties.
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Chapter 5. Effect of nutrients on antagonism and

growth promotion

5.1. Introduction

Fertilizers are simply plant nutrients applied to agricultural fields to supplement
required elements found naturally in the soil (Westermann, 1993). Fertilizers can be added
from a variety of sources such as chemical fertilizers, organic matter and even by some plants.
This maintains the soil fertility, so the farmer can continue to grow nutritious crops and healthy
crops (Chang and Lee, 2016; Van Bruggen et al., 1996). So, application of fertilizers can
promote plant growth and increase yield. Previous studies have referred to the role of nutrients
in biological control of soilborne plant pathogens by competition for nutrients in addition to

promotion of biocontrol activity (Benson and Baker, 1970; Huber, 1980).

Different nutrients have different effects on biocontrol agent-pathogen interactions. For
example, in culture media, the use of potassium fertilizer can promote the activity of
Trichoderma sp. against the pathogen growth of Sclerotium cepivorum (Ortega-Aguilar et al.,
2011). The availability of three nitrogen sources such as urea, ammonium sulfate and potassium
nitrate increased the activity of biocontrol Trichoderma harzianum against mycelial growth of
Sclerotium rolfsii in the Petri-dishes (Khattabi et al., 2004). When nitrate was used as nitrogen
source, the reduction of S. rolfsii was greater in soil by T. harzianum compared with ammonium
and urea (Khattabi et al., 2004). Also, the availability of iron fertilizer increased the activity of
T. harzianum and T. hamatum as biological control agents against the pathogen growth of R.
solani (Tariq et al., 2010).

The combination between fertilizers and biological control agents can control plant
diseases and promote plant growth (Benitez et al., 2004; Kavoo-Mwangi et al., 2013; Tariq et
al., 2010). The addition of organic nutrition with biocontrol of T. harzianum to the soil
significantly reduced the damping off disease on cucumber caused by R. solani under
glasshouse conditions (Huang et al., 2011). Also, Abro et al. (2014) showed the effect of five
concentrations of nitrate on biocontrol agent (T. harzianum) against Botrytis cinerea which
causes tomato gray mold under glasshouse conditions. They found that high N fertilization
increased the activity of biocontrol and protected the plants by 100%. It is noteworthy that
fertilizers may inhibit the pathogen growth and affect the activity of biocontrol agents in
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addition to plant growth promotion. However, there has been very little work published on

testing this.

Therefore, this research project was to study whether fertilizers affected biocontrol and
growth promotion of potato by Trichoderma spp. In addition, the effect of nutrients on
interactions in culture was studied. The effects of selected nutrients were then tested in pot

trials and a field trial for controlling R. solani AG-3PT and promoting potato plant growth.

5.2. Materials and Methods

5.2.1. Effect of nutrients in dual culture

Two isolates of Trichoderma (T. harzianum T5 and T. hamatum T8) were tested in a
dual culture assay against R. solani AG-3PT on agar medium containing Hoagland's Nutrient
Solution. The concentrations of seven elements were adjusted with five levels for each element

independently, as elucidated below.

The composition of the standard Hoagland’s nutrient solution was 5 mM KNOs, 1 mM
KH2PO4, 2 mM MgS04.7H20, 5 mM CaNOs, 50 pM Fe EDTA, 45 pM H3BOs, 9 pM
MnCl2.4H,0, 0.77 UM ZnS04.7H20, 0.32 uM CuS045H20 and 0.11 pM H2M004 H-0.

The effects of nutrition on the interactions of the R. solani and Trichoderma spp.
isolates were studied by increasing or reducing the concentration of one essential element (N,
P, K, Ca, Mg, Fe and Mn) in Hoagland’s nutrient solution for each trial. The solutions were
adjusted to give 0.25, 0.5, 1, 1.5 and 2 times the standard concentration of each element (Table
5-1).

Table 5-1. Concentration of elements in seven series of Hoagland’s solutions modified to give a range of rates of each of N, P,
K, Ca, Mg, Fe and Mn.

Rate(x) N(mM) P(mM)  K(mM) Ca(mM) Mg(mM) Fe(uM)  Mn (uM)

0.25 3.75 0.25 1.5 1.25 0.5 12.5 2.25
0.5 7.5 0.5 3 2.5 1 25 4.5
1 15 1 6 5 2 50 9
1.5 22.5 1.5 9 7.5 3 75 13.5
2 30 2 12 10 4 100 18

The concentration of N was adjusted by adding NaNOs, or by replacing KNO3 and

Ca(NOs). with KCI and CaCl> as required to keep K and Ca concentrations constant. The
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concentration of P was adjusted by adding NaH2PO4 or replacing KH2PO4 with KCI as required
to keep K concentration constant. The concentration of K was adjusted by adding KCI or by
replacing KNO3z with NaNOs as required to keep N concentration constant. The concentration
of Ca was adjusted by adding CaCl. or replacing Ca(NOz3). with NaNOs as required to keep N
concentration constant. The concentration of Mg was adjusted by adding MgCl. or replacing
MgSO4 with Na2SO4 as required to keep the concentration of S constant. The concentration of
Fe was adjusted by varying the concentration of FEEDTA and adding NaEDTA as required to
keep the EDTA concentration constant. The concentration of Mn was adjusted by varying the
concentration of MnCl.. It was assumed that the differences in concentration of Na and Cl in

the solutions would not interact with the differences in essential nutrients.

Agar was added to each nutrient solution at 20 g/l before autoclaving and pouring into
9 cm Petri plates. Dual cultures (T. harzianum T5, and T. hamatum, T8 against R. solani AG-
3PT) were inoculated on the same day and each combination was replicated three times. In
controls the pathogen was plated alone on one side of the plate at the periphery. The plates
were incubated at 20°C for 7 days. The growth of the pathogen was measured on the day before
contact between colonies. The percentage inhibition of growth was calculated as in Chapter 3
(Terna et al., 2016; Whipps, 1987).

5.2.2. Effect of nutrients on antagonistic activity of culture filtrates

The effect of nutrition on the antagonistic activity of Trichoderma culture filtrates, as
an indicator of antibiotic production, was examined by utilizing modifications of Hoagland’s
Nutrient Solution. The isolates of Trichoderma were grown in 250 mL plastic tubes, each of
which contained 50 mL of sterilized liquid Hoagland solution with a range of concentrations
of nitrogen, phosphorus, potassium, calcium, magnesium, iron or manganese (Table 5-1), in a
rotary shaker at 150 rpm and 22°C for 7 days. Because growth of fungi in the media may have
altered nutrient content independently of antibiotic production, R. solani was also grown on
the same media in order to provide an antagonist-free comparison. Culture filtrates were
sterilized with a 0.45 um filter. After that, 5 mL of culture filtrate was added to sterilized Petri-
dishes (9 cm®) and then 15 mL of molten PDA with low sugar (2 g of glucose) was added and
mixed gently. The medium was allowed to cool, and inoculated with 5 diameter agar plugs
from a 5 day old culture of R. solani AG-3PT. Cultures of the pathogen in PDB with low sugar

(2 g of glucose) were also used as the control. There were three replicates for each treatment.
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These plates were incubated at 20°C for 5 days. The radial growth of the pathogen was
measured (Chen et al., 2012; Whipps, 1987).

5.2.3.  Effect of nutrients on antagonism in planta

Based on dual culture and antibiotic production tests, the effects of different levels of
potassium, nitrogen and manganese on biocontrol were selected for glasshouse trials. The
inoculation treatments used were no inoculation (control); R. solani AG-3PT only; and R.
solani AG-3PT in combination with T. harzianum T5 or T. hamatum T8. Rhizoctonia solani
only with sterilized distilled water instead of nutrient solutions was used for checking both

shoot dry weight and tuber fresh weight to compare with nutrient treatments.

Loamy sand soil was obtained from Smith Road, Newholme Farm, UNE. The soil at
this site is a chromosol (loamy sand). In a depth of 1-10 cm, total C was 1.573%, N 0.161%,
Silt 10.6%, Sand 74.3%, Clay 14.5%, Colwell P of 22.7 mg/Kg, pH of 5.6, EC of 60.6 uS/cm
and exchangeable K of 0.39 Cmolc/kg. Soil was sieved and placed into plastic pots (20 x 20
cm). Desiree seed potato tubers were sterilized by using 1% sodium hypochlorite for 2 minutes,
and then washing with sterilized distilled water. The tubers were soaked in conidial suspension
of T. harzianum T5 or T. hamatum T8 (10° conidia/mL water) for 1 hr, and dried for 3 hr at
room temperature (Singleton et al., 1992). Pathogen inoculum on wheat seeds was prepared as
in Chapter 3 (Balali et al., 1995; Williams, 1976). Pathogen inoculum (16 g) was mixed in soil
around potato tubers in the pots (Abd-El-Khair et al., 2010).

The nutrient treatments were imposed by irrigating the potato plants with 300 mL of
modified Hoagland's solution every week from seedlings until harvest. The standard treatment
used normal Hoagland’s solution as in section 5.2.1. High concentration of K had twice the K
concentration obtained by adding KCI, while low concentration of K had half the K
concentration and was adjusted by adding NaNOs instead of some of the KNOs. Low
concentration of N had 25% of the N concentration of the standard and was adjusted by
replacing Ca(NOz), with CaClz and some of the KNO3 with KCI. Low concentration of Mn
was obtained by omitting MnCl> from the solution.

There were 4 replicates for each treatment with 1 tuber/pot. This trial was carried out
under controlled conditions in a glasshouse (20°C). Between fertilizer additions, plants were
watered as required. Potato plants were harvested after 7 weeks of post emergence. The data
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collected were stem canker disease severity which was measured at the time of harvest by
measuring the length of lesion on stems based on a scale (0-4): 0 = no disease, 1 = less than
10% of stem area covered with lesions, 2 = 10-25% of stem area covered with lesions, 3 = 26-
50% of stem area covered with lesions and 4 = stem girdled with lesions (Atkinson et al., 2010).
The number of sclerotia on tubers was also observed. Measurements of growth for each plant
were number of stolons, number of tubers, weight of tubers, and the dry weight of the shoots

and roots.
5.2.4. Field experiment
5.2.4.1. Experimental site

A field experiment was conducted at the Trevenna Farm, University of New England,
Armidale NSW, Australia. The soil at this site is a chromosol (loamy sand). In a depth of 1-10
cm, total C 1.573%, N 0.161%, Silt 10.6%, Sand 74.3%, Clay 14.5%, Colwell P of 22.7 mg/Kg,
pH of 5.6, EC of 60.6 uS/cm and exchangeable K of 0.39 Cmolc/kg.

5.2.4.2. Artificial infestation of soil in the field experiment

R. solani AG-3PT was grown in mixed wheat and barley seeds incubated at 20°C in
plastic oven bags for four weeks in the dark as in Chapter 3. The pathogen was added to soil at
the rate of 100 g/m? one week before planting (Friberg et al., 2009). Based on previous results,
the biocontrol agent T. hamatum T8 was selected for field experiments. T8 was grown on wheat
bran. The bran was prepared in 30 x 45 cm polyester oven bags by adding 50 mL of distilled
water to 100 g of bran in each bag and autoclaved at 121°C for 30 min. The bags were cooled
and inoculated with T8. T8 inoculum was incubated at 28°C for 14 days. The inoculation of

T8 into soil was at rate 50 g/m? of wheat bran one week before planting (Elad et al., 1980b).
5.2.4.3. Experimental design

A factorial field trial with commercial potato tubers (cv. Desiree) was planted on 3
October 2016 and harvested on 27 February 2017. A randomized complete block design with
four replicates was used. Each plot was 100 x 90 cm in area and each block was 10 m long with
buffers of 2 m between the blocks. Two potato tubers were sown in each plot. All plots were
infested with R. solani. There were 4 fertilizer treatments: no fertilizer, low N, low K, and

NPK; and 2 antagonist treatments: no Trichoderma, and T8. NPK fertilizer was as
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recommended rate for potato growing on loamy sand soil (Wadas and Dziugiet, 2015), and low
N or low K based on modifying of NPK standard level (Table 5-2). Inoculum of pathogen and
antagonist were applied at 1 week before planting at a depth of 5-10 cm by removing the top
layer of soil and spreading each inoculum evenly in depth before placing the soil again, and
irrigated once to wet the soil. The fertilizer treatments were applied at 5 weeks after sowing

the tubers by adding 500 mL of fertilizer solution by spraying (Table 5-2) to each plot.

Table 5-2. Formulation of fertilizer solutions used in field trial.

Amount added (kg/ha)
Component
NPK Low N Low K
Diammonium phosphate 262 262 262
Potassium sulphate 205 205 102.5
Ammonium sulphate 261 261

The site was irrigated as required to ensure maximum growth and avoid serious water
stress. Stem canker disease severity and the number of sclerotia were measured as in section
5.2.3. The shoot dry weights, number of tubers and tuber fresh weight were recorded
individually (Dahnke et al., 1989; Wu et al., 2013).

5.2.5. Effect of NPK fertilizers under glasshouse conditions

Based on field results, the response effect of nitrogen levels on plant growth was high.
Therefore, this trial was repeated to check an observation on the effects of soil nitrogen levels
on growth. The treatments were the same treatments as the field trial. Loamy sand was obtained
from agricultural field of Trevenna Farm, and placed into 15 X 15 cm pots after sieving to
remove the impurities. 2 g of biocontrol (T. hamatum, T8) inoculum on wheat bran and 4 g of
pathogen (R. solani) inoculum on wheat seeds were incorporated into the soil 5 days prior to
sowing seed potatoes of cv. Desiree. The fertilizer treatments were applied after emergence at

50 mL/pot of the solutions shown in Table 5-3.

Table 5-3. Formulation of fertilizer solutions used in pot trial.

Component Amount added (g/l)

NPK Low N Low K
Diammonium phosphate 1.89 1.89 1.89
Potassium sulphate 1.48 1.48 0.74
Ammonium sulphate 1.88 1.88
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There were three replicates for each treatment with 1 tuber/pot. Pots were grown at
20°C under natural light and were watered as required for three weeks. The results were

expressed as the shoot dry weight.
5.2.6. Data analysis

All results were expressed as means and the impacts of Trichoderma spp. on R. solani
AG-3PT and plant growth were checked by utilizing the two-way analysis of variance with
statistical program SPSS version 22. Data were log-transformed if required to maintain
homogeneity of variance. The least significant differences (LSD) at the 5% level was calculated
to compare the means within and between the treatments. ANOVA tables are presented in

Appendix 1.

5.3. Results
5.3.1. Effect of nutrients in dual culture

There was no significant effect of Ca concentration, or interaction between Ca and
antagonist, on inhibition of R. solani in dual culture (Figure 5-1). There was a significant (P <
0.03) effect of antagonist on inhibition, which was significantly higher for T5 than for T8
(Figure 5-1). All isolates of Trichoderma overgrew the colonies of R. solani after 7 days in

dual culture.
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Figure 5-1. Effect of calcium (Ca) concentration on inhibition of Rhizoctonia solani colony growth by two Trichoderma isolates
in dual culture on adjusted Hoagland’s nutrient agar after 7 days at 20°C. T5: T. harzianum; T8: T. hamatum. Error bars show
standard errors (n=3).

There was no significant effect of Fe concentration, or interaction between Fe and
antagonist, on inhibition of R. solani in dual culture (Figure 5-2). There was a significant (P
<0.01) effect of antagonist on inhibition, which was higher for T8 than for T5 (Figure 5-2).

60 1

(¥}
==
1

L\:______——J—Q-}é

Inhibition (%)
) w I
= (=] [}

ey
=
1

O T T T T T T T 1
0 12.5 25 37.5 50 62.5 75 87.5 100

Iron concentration (pM)

e TS enfesTS

Figure 5-2. Effect of iron (Fe) concentration on inhibition of Rhizoctonia solani colony growth by two Trichoderma isolates in
dual culture on adjusted Hoagland’s nutrient agar after 7 days at 20°C. T5: T. harzianum; T8: T. hamatum. Error bars show
standard errors (n=3).

There were significant effects of concentration of K (P <0.001), and interaction between
antagonist and K concentration (P =0.002), on inhibition of growth of R. so/ani in dual culture.
There was no significant effect of antagonist on inhibition of pathogen growth. T5 showed
significantly strongest inhibition at intermediate concentrations of K (Figure 5-3). T8 showed
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lowest inhibition at both double and half of the standard concentration of K, and strongest
inhibition at 1.5 times the standard concentration of K (Figure 5-3).
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Figure 5-3. Effect of potassium (K) concentration on inhibition of Rhizoctonia solani colony growth by two Trichoderma isolates

in dual culture on adjusted Hoagland’s nutrient agar after 7 days at 20°C. T5: T. harzianum; T8: T. hamatum. Error bars show
standard errors (n=3).

There was a significant effect of Mg concentration (P <0.01) on suppression of R. solani
growth in dual culture. There were no significant effects of antagonist, or interaction between
antagonist and concentration of Mg on inhibition of pathogen growth. Antagonism by both
1solates was strongest and moderately low and standard concentration of Mg (Figure 5-4).
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Figure 5-4. Effect of magnesium (Mg) concentration on inhibition of Rhizoctonia solani colony growth by two Trichoderma

isolates in dual culture on adjusted Hoagland’s nutrient agar after T days at 20°C._ T5: T. harzianum; T8: T. hamatum. Error bars
show standard errors (n=3).

There were significant effects of antagonist (P <0.001), concentration of Mn (P <0.001),

and interaction between antagonist and Mn concentration (P =0.001), on inhibition of R. solani
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growth in dual culture. T8 showed strongest inhibition at 1.5 times the standard concentration
of Mn (Figure 5-5). The two isolates of 7Trichoderma showed lowest inhibition at half of the
standard concentration of Mn. T5 represented strongest inhibition at double the standard
concentration of Mn (Figure 5-5).
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Figure 5-5. Effect of manganese (Mn) concentration on inhibition of Rhizoctonia solani colony growth by two Trichoderma

isolates in dual culture on adjusted Hoagland’s nutrient agar after T days at 20°C. T5: T. harzianum; T8: T. hamatum. Error bars
show standard errors (n=3).

There were significant effects of antagonist (P <0.001), N concentration (P <0.02), and
interaction between antagonist and concentration of N (P =0.003), on inhibition of R. solani
growth in dual culture. T5 showed strongest inhibition at 1.5 times the standard concentration
of N (Figure 5-6). T8 showed lowest inhibition at twice the standard concentration of N, and

strongest suppression at 1.5 times the standard concentration of N (Figure 5-6).
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Figure 5-6. Effect of nitrogen (N) concentration on inhibition of Rhizoctonia solani colony growth by two Trichoderma isolates

in dual culture on adjusted Hoagland’s nutrient agar after 7 days at 20°C. T5: T. harzianum; T8: T. hamatum. Error bars show
standard errors (n=3).

There were significant effects of antagonist (P <0.001), and interaction between
antagonist and P concentration (P =0.001), on inhibition of growth of the pathogen. There was
no significant effect of P concentration on inhibition of pathogen growth. TS and T8 illustrated
strongest suppression at a quarter and 1.5 times the standard concentration of P, respectively.
T8 showed lowest suppression at a quarter of the standard concentration of P (Figure 5-7).
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Figure 5-1. Effect of phosphorus (P) concentration on inhibition of Rhizoctonia solani colony growth by two Trichoderma isolates

in dual culture on adjusted Hoagland’s nutrient agar after 7 days at 20°C. T5: T. harzianum; T8: T. hamatum. Error bars show
standard errors (n=3).

5.3.2. Effect of nutrients on antagonistic activity of Trichoderma

culture filtrates

Rhizoctonia solani was grown on medium supplemented with culture filtrates of T5, T8
or R. solani (control) from liquid medium (Hoagland solution) with different concentrations of

Ca, Fe, K, Mg, Mn, N or P. There were highly significant (P < 0.01) effects of isolate, nutrient
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concentration, and interaction between isolate and nutrient concentration, for both isolates

tested.

There were significant effects of isolate (P <0.001), concentration of Ca (P <0.001),
and interaction between isolate and Ca concentration (P =0.001), on reduction of pathogen
growth 1n antibiotic test. Culture filtrates of both Trichoderma species significantly inhibited
the radial growth of the pathogen at all concentrations of Ca, except for T5 at the lowest
concentration (Figure 5-8). I harzianum T5 was significantly the most effective mhibitor of

the radial growth of the pathogen at the standard concentration of Ca.
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Figure 5-8. Colony growth after 5 days growth at 20°C of R. solani on low sugar PDA amended with culture filtrate from
Trichoderma isolates or R. solani grown in Hoagland solution amended with different concentrations of calcium (Ca). Calcium
concentrations represent 0.25-2.0 times the standard concentration of 5 mM. T5: T. harzianum; T8: T. hamatum; Rs: R. solani;
Control: R. solani on potato dextrose agar. Error bars show standard errors (n=3).

There were significant effects of isolate (P <0.001), concentration of Fe (P <0.001), and
interaction between isolate and Fe concentration (P =0.001), on reduction of pathogen growth
1n antibiotic test. When filtrates from cultures on different concentrations of Fe were tested, 7.
harzianum T5 produced significantly high inhibition of the pathogen at a quarter of the standard
concentration of Fe, whereas at double of the standard concentration of Fe T5 produced lower
inhibition of pathogen, in comparison to the control treatment. Inhibition by 7. hamatum T8
was greatest at both half and 1.5 times the standard concentration of Fe, and lowest at the lowest

and highest concentrations of Fe, compared with control treatment (Figure 5-9).
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Figure 5-9. Colony growth after 5 days growth at 20°C of R. solani on low sugar PDA amended with culture filtrate from
Trichoderma isolates or R. solani grown in Hoagland solution amended with different concentrations of iron (Fe). Iron
concentrations represent 0.25-2.0 times the standard concentration of 50 pm. T5: T. harzianum; T8: T. hamatum; Rs: R. solani;
Control: R. solani on potato dextrose agar. Error bars show standard errors (n=3).

There were significant effects of isolate (P <0.001), concentration of K (P <0.001), and
interaction between isolate and K concentration (P =0.002), on reduction of pathogen growth
in antibiotic test. All Trichoderma fungi grown on different concentrations of potassium
significantly inhibited the radial colony growth of R. solani (Figure 5-10). The highest radial
mycelial growth inhibition was observed against R. solani for T. harzianum TS5 at quarter of
the standard concentration of K. The least radial mycelial growth inhibition was observed
against the pathogen for T8 strain at half of the standard concentration of K followed by T5
strain at intermediate concentration of K; respectively, in comparison to the control treatment

(R. solani) (Figure 5-10).
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Figure 5-10. Colony growth after 5 days growth at 20°C of R. solani on low sugar PDA amended with culture filtrate from
Trichoderma isolates or R. solani grown in Hoagland solution amended with different concentrations of potassium (K).
Potassium concentrations represent 0.25-2.0 times the standard concentration of 6 mM. T5: T. harzianum; T8: T. hamatum; Rs:
R. solani; Control: R. solani on potato dextrose agar. Error bars show standard errors (n=3).

There were significant effects of isolate (P <0.001), concentration of Mg (P <0.001),
and interaction between isolate and Mg concentration (P =0.004), on reduction of pathogen
growth in antibiotic test. Culture filtrate of 7. harzianum T5 reduced the radial growth of
pathogen at all concentrations of Mg, but the size of the effects was greatest at half of the
standard concentration (Figure 5-11). T. hamatum, T8 was less effective at mhibition at 1.5
times the standard concentration of Mg, but also had their greatest inhibitory effect at the

standard concentration, in comparison to the control treatments (Figure 5-11).
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Figure 5-11. Colony growth after 5 days growth at 20°C of R. solani on low sugar PDA amended with culture filtrate from
Trichoderma isolates or R. solani grown in Hoagland solution amended with different concentrations of magnesium (Mg).
Magnesium concentrations represent 0.25-2.0 times the standard concentration of 2 mM. T5: T. harzianum; T8: T. hamatum; Rs:
R. solani; Control: R. solani on potato dextrose agar. Error bars show standard errors (n=3).
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There were significant effects of isolate (P <0.001), concentration of Mn (P <0.001),
and interaction between isolate and Mn concentration (P =0.001), on reduction of pathogen
growth in antibiotic test. Culture filtrate of 7. samatum T8 had significantly the highest radial
mycelial growth inhibition of pathogen at a quarter of the standard concentration of Mn,
whereas 7. harzianum T5 had the least radial mycelial growth inhibition at double the standard

concentration of Mn, compared with the control treatments of R. solani (Figure 5-12).
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Figure 5-12. Colony growth after 5 days growth at 20°C of R. solani on low sugar PDA amended with culture filtrate from
Trichoderma isolates or R. solani grown in Hoagland solution amended with different concentrations of manganese (Mn).
Manganese concentrations represent 0.25-2.0 times the standard concentration of 9 pm. T5: T. harzianum; T8: T. hamatum; Rs:
R. solani; Control: R. solani on potato dextrose agar. Error bars show standard errors (n=3).

There were significant effects of isolate (P <0.001), concentration of N (P <0.001), and
interaction between isolate and N concentration (P =0.001), on reduction of pathogen growth
in antibiotic test. When different levels of nitrogen were tested, the highest radial mycelial
growth inhibition of the pathogen was significantly for 7. harzianum TS5 at a quarter of the
standard concentration of N, whereas 7. hamatum T8 had the lowest inhibition of the pathogen
at twice the standard concentration of N, to compared with the control treatment (R. solani)

(Figure 5-13).
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Figure 5-13. Colony growth after 5 days growth at 20°C of R. solani on low sugar PDA amended with culture filtrate from
Trichoderma isolates or R. solani grown in Hoagland solution amended with different concentrations of nitrogen (N). Nitrogen
concentrations represent 0.25-2.0 times the standard concentration of 15 mM. T5: T. harzianum; T8: T. hamatum; Rs: R. solani;
Control: R. solani on potato dextrose agar. Error bars show standard errors (n=3).

There were significant effects of isolate (P <0.001), concentration of P (P <0.001), and
interaction between isolate and P concentration (P =0.02), on reduction of pathogen growth in
antibiotic test. When P concentrations were tested, at a quarter of the standard concentration of
P, T. harzianum TS5 strain had significantly the highest inhibition of the pathogen, while the
lowest inhibition was for isolates of 7. harzianum T5 and T. hamatum T8 at twice the standard

concentration of P, in comparison to the control treatment (R. solani) (Figure 5-14).
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Figure 5-14. Colony growth after 5 days growth at 20°C of R. solani on low sugar PDA amended with culture filtrate from
Trichoderma isolates or R. solani grown in Hoagland solution amended with different concentrations of phosphorus (P).
Phosphorus concentrations represent 0.25-2.0 times the standard concentration of 1 mM. T5: T. harzianum; T8: T. hamatum; Rs:
R. solani; Control: R. solani on potato dextrose agar. Error bars show standard errors (n=3).
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5.3.3.  Effect of nutrients on antagonism in planta

In control treatments without T5 or T8, R. solani significantly (P = 0.012) reduced the
shoot dry weight (Figure 5-15). Hoagland's solution significantly (P < 0.01) increased shoot
dry weight (Figure 5-15). There was no significant interaction between inoculation with R.
solani and application of Hoagland's solution in their effects on shoot dry weight. There was a
significant interaction between inoculation with R. solani and fertilizer in their effects on tuber
fresh weight (Figure 5-16). Inoculation of unfertilized plants with R. solani significantly
reduced the tuber fresh weight by 50% compared with other treatments (Figure 5-16). In
general, disease symptoms were only seen in the treatment with R. solani AG-3PT and
sterilized distilled water only, with lesion severity at 0-10% on stem and with just a few

sclerotia on potato tubers, 8.67 (standard error 1.453) sclerotia per plant.
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Figure 5-15 Effect of standard concentration of Hoagland solution on shoot dry weight of potato plants (cv. Desiree) with/without
R. solani (Rs) at 20°C. SDW: sterilized distilled water. Plant: uninfested soil (plant only). Error bars show standard errors (n=4).
Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).
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Figure 5-16 Effect of standard concentration of Hoagland solution on tuber fresh weight of potato plants (cv. Desiree)
with/without R. solani (Rs) at 20°C. SDW: sterilized distilled water. Plant: uninfested soil (plant only). Error bars show standard
errors (n=4). Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).

Inoculation treatment had a significant effect on all plant growth parameters in the
potassium experiment (Table 5-4). Treatment with Trichoderma isolates promoted plant
growth in comparison with the R. solani only treatment (Table 5-4). There were no significant
interactions between potassium concentrations and inoculation of Trichoderma strains on the
shoot dry weight, number of stolons and tubers and tuber weight (Table 5-4). There were
significant interactions between K concentrations and Trichoderma in their effects on the root
dry weight and plant height (Table 5-4). The highest root weight was found in the low K
treatment with T. hamatum T8 plus R. solani and in the standard treatment with T. harzianum
T5 plus R. solani. The root dry weight in the R. solani treatments was significantly higher at
high and low K compared with standard K. Also for T5 plus R. solani the root dry weight in
the standard K was higher than at the low K. Plant height increased as K concentration
increased in the R. solani only treatment and in T5 plus R. solani, but there was no significant
effect of K on plant height in the uninoculated control or in the T8 plus R. solani treatment
(Table 5-4).
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Table 5-4 Effect of different concentrations of K by using Hoagland solution and activity of Trichoderma on plant growth and
potato production (cv. Desiree) when introduced into conductive soil infested with pathogen R. solani at 20°C. Nil: uninfested
soil; T5: T. harzianum; T8: T. hamatum.

Inoculation Potassium Sh?ot dry Ro?t dry  No.of No.of :;Z:Er :::;:l ¢
(mM) weight (g) weight (g) stolons tubers weight ()  (cm)

Nil 3 8.44 3.56 11.00 7.75 214.87 46.88
6 9.29 4.26 14.00 11.50  183.32 53.43

12 8.29 3.65 12.00 10.50  208.79 47.25

R. solani 3 6.80 3.32 8.50 7.25 193.98 33.50
6 7.05 2.27 9.50 6.50 166.01 41.38

12 10.30 3.89 11.50 7.75 172.54 50.50

R. solani+T5 3 8.91 3.81 12.00 8.25 228.78 53.75
6 11.13 5.02 13.00 6.75 213.68 66.25

12 11.79 4.78 14.75 9.25 248.63 70.08

R.solani+T8 3 11.23 6.95 15.50 11.50  250.26 58.63
10.79 477 14.25 8.00 194.62 65.50

12 11.76 4.80 14.00 8.67 251.09 57.67

P (Inoculation) <0.001 <0.001 0.003 0.019  0.037 <0.001
P (potassium) 0.021 nsa ns ns ns 0.001
P (interaction) ns <0.001 ns ns ns 0.041
L.S.D. 2.28 0.95 417 3.17 71.54 9.41

a ns = not significant; b |east significant difference at P = 0.05 for comparing any two values within each column. LSD has not
been calculated where there are no significant treatment effects.

Inoculation treatment had a significant effect on shoot dry weight, root dry weight, tuber

fresh weight and plant height in the nitrogen experiment (Table 5-5). These were all higher in

the T5 and T8 treatments than in the R. solani only treatment. There were no significant

interactions between concentration of N and inoculation in their effects on any of the growth

parameters measured (Table 5-5). Root dry weight and the number of tubers were significantly

increased at the low level of N, while plants at standard N were marginally significantly taller
than those at low N (Table 5-5).
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Table 5-5 Effect of different concentrations of N by using Hoagland solution and activity of Trichoderma on plant growth and
potato production (cv. Desiree) when introduced into conductive soil infested with pathogen R. solani at 20°C. Nil: uninfested
soil; T5: T. harzianum; T8: T. hamatum.

Inoculation Nitrogen Sh?ot dry Ro?t dry No.of  No. of Tul.)er fresh :L?;Lt
(mM) weight (g) weight (g) stolons tubers weight (g) (cm)
Nil 3.75 10.48 5.60 1400  10.75 190.34 50.63
15 9.29 4.26 1400 1150 183.32 53.43
R. solani 3.75 8.37 463 1200  10.00 111.18 42.38
15 7.05 2.27 9.50 6.50  166.01 41.38
R. solani+T5  3.75 11.81 5.61 1550 1125 215.31 55.68
15 11.13 5.02 1300 675  213.68 66.25
R. solani+ T8  3.75 11.76 5.54 15.00  10.25 200.11 58.63
15 10.79 4.77 1425 800  194.62 65.50
P (Inoculation) 0.002 <0.001 ns? ns 0.009 <0.001
P (nitrogen) ns <0.001 ns 0.008 ns 0.047
P (interaction) ns ns ns ns ns ns
L.S.D. 2.71 1.13 - 3.38  60.68 5.93

a ns = not significant; b |east significant difference at P = 0.05 for comparing any two values within each column. LSD has not
been calculated where there are no significant treatment effects.

Inoculation treatment had a significant effect on shoot dry weight, root dry weight, and
plant height in the manganese experiment (Table 5-6). These were all higher in the T5 and T8
treatments than in the R. solani only treatment. There were significant interactions between
inoculation and concentration of Mn in their effects on root dry weight and plant height (Table
5-6). Root and shoot dry weight were significantly greater at low Mn than standard Mn in the
R. solani only treatment, but did not differ between concentrations of Mn in the other
inoculation treatments. Plant height was significantly lower at low Mn than standard Mn in the
T5 plus R. solani treatment, but did not differ between levels of Mn in the other inoculation
treatments (Table 5-6). Tuber fresh weight was higher at low Mn than standard Mn (Table 5-
6).
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Table 5-6 Effect of different concentrations of Mn by using Hoagland solution and activity of Trichoderma on plant growth and
potato production (cv. Desiree) when introduced into conductive soil infested with pathogen R. solani at 20°C. Nil: uninfested

soil; T5: T. harzianum; T8: T. hamatum.

Inoculation Manganese Shootdry  Root dry No.of No.of Tuber fresh :L?;Lt
(mM) weight ()  weight ()  stolons tubers weight (g) (cm)
Nil 0 12.05 4.96 1225 950 196.26 61.88
9 9.29 4.26 1400 1150  183.32 53.43
R. solani 0 9.49 4.65 1625  8.25 209.05 38.78
9 7.05 2.27 9.50 6.50 166.01 41.38
R.solani+T5 0 10.71 5.06 13.75  10.75  234.59 53.75
9 11.13 5.02 13.00  6.75 213.68 66.25
R. solani+T8 0 12.72 5.38 1725 1225 27251 74.20
9 10.79 4.77 1425  8.00 194.62 65.50
P (Inoculation) <0.001 0.001 nsa ns ns <0.001
P(manganese) 0.003 0.003 ns ns 0.018 ns
P (interaction) ns 0.042 ns ns ns 0.006
L.S.D. 2.08 1.16 62.9 9.18

a ns = not significant; b |east significant difference at P = 0.05 for comparing any two values within each column. LSD has not
been calculated where there are no significant treatment effects.

5.3.4. Field experiment

Stem canker and black scurf disease were found in the R. solani only treatment at 0-

10% of stem area covered with lesions, and with just a small number of sclerotia on tubers,

with 11.5 (standard error 1.041) sclerotia per plant. Stem canker also appeared in treatment

with NPK fertilizer inoculated with R. solani only at 0-10%. In this treatment, there were 3.5

(standard error 0.5) sclerotia per plant on potatoes. There was no stem canker or sclerotia on

potatoes in treatment with low K or low N fertilizer. There were no symptoms on Trichoderma

treated plants. Application of T. hamatum T8 treatments or fertilizer treatments had significant

effects on all plant growth parameters, while the interaction between the effects of Trichoderma

and fertilizers was significant for shoot dry weight and tuber fresh weight (Table 5-7).
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Table 5-7 Probabilities from ANOVA of effects on growth parameters of potato cv. Desiree in a field trial investigating the
interaction between treatment with Trichoderma hamatum T8 and fertilizers. Shoot dry weight and tuber fresh weight were log-
transformed before analysis.

Factor Shoot dry weight Tubers Tuber fresh weight
Trichoderma <0.001 0.018 <0.001

Fertilizer <0.001 0.008 <0.001

Interaction 0.004 ns 0.002

In plots not treated with T. hamatum T8, fertilizers (low K, low N and NPK standard)
significantly increased the shoot biomass production of potato by 7.4, 8.9 and 3.5 times,
respectively, compared to plants without fertilizers (Figure 5-17). In unfertilized plots,
treatment with T. hamatum T8 significantly increased the shoot dry weight by 5.9 times. The
relative effect of fertilizers on shoot dry weight was less for plants treated with T8 compared

to plants with pathogen only (Figure 5-17).
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Figure 5-17 Effect of application of Trichoderma hamatum T8 and different levels of K, N or NPK on shoot dry weight of potato
plants (cv. Desiree) grown in field plots inoculated with Rhizoctonia solani after 20 weeks growth. None: uninoculated control;
TO: R. solani only; T8: T. hamatum + R. solani. The error bars show standard errors (n=4). Columns labelled with the same letter
are not significantly different at P= 0.05 (Tukey test).

There were significant effects of T. hamatum T8 (P <0.01) and fertilizer levels (P
<0.008), but no interaction between them, on the number of tubers (Figure 5-18). Treatment
with T8 increased the number of tubers (Figure 5-18). The number of tubers was increased by
application of fertilizer, and this effect was greater for low N and low K treatments than for
NPK (Figure 5-18). Analysis with Tukey test showed that the number of tubers was increased
by Low K and Low N compared with untreated control in the absence of T8, while there were

no significant differences between fertilizer treatments when T8 was applied (Figure 5-18).
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However, the ANOVA had shown that the interaction between fertilizer and Trichoderma

treatments was not significant.
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Figure 5-18 Effect of application of Trichoderma hamatum T8 and different levels of K, N or NPK on number of tubers of potato
plants (cv. Desiree) grown in field plots inoculated with Rhizoctonia solani after 20 weeks growth. None: uninoculated control;
T0: R. solani only; T8: T. hamatum + R. solani. The error bars show standard errors (n=4). Columns labelled with the same letter
are not significantly different at P= 0.05 (Tukey test).

The fresh weight of tubers was significantly affected by treatment with T. hamatum T8,
fertilizers, and their interaction (Figure 5-19). The application of Trichoderma significantly
increased the tuber fresh weight in none, low K and NPK treatments (Figure 5-19). Application
of fertilizers (NPK, Low N and Low K) increased significantly the tuber fresh weight, but the

effect of fertilizer was lower in the plants treated with T8 (Figure 5-19).
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Figure 5-19 Effect of application of Trichoderma hamatum T8 and different levels of K, N or NPK on tuber fresh weight of potato
plants (cv. Desiree) grown in field plots inoculated with Rhizoctonia solani after 20 weeks growth. None: uninoculated control;
TO: R. solani only; T8: T. hamatum + R. solani. The error bars show standard errors (n=4). Columns labelled with the same letter
are not significantly different at P= 0.05 (Tukey test).
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5.3.5. Effect of NPK fertilizers under glasshouse conditions

There were significant effects of treatment with fertilizer and with T. hamatum T8, and
a significant interaction between them, on shoot dry weight of potatoes in pots (Figure 5-20).
Shoot dry weight was significantly increased by treatment with T. hamatum T8. Shoot dry
weight was increased by application of low K, Low N and NPK fertilizers (Figure 5-20). The

effect of T8 on growth promotion was greatest in the no fertilizer treatment.
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Figure 5-20 Effect of application of Trichoderma hamatum T8 and different levels of K, N or NPK on shoot dry weight of potato
plants (cv. Desiree) grown in glasshouse conditions inoculated with Rhizoctonia solani in a pot trial. None: uninoculated control;
T0: R. solani only; T8: T. hamatum + R. solani. The error bars show standard errors (n=3). Columns labelled with the same letter
are not significantly different at P= 0.05 (Tukey test).

5.4. Discussion

This research detected that all nutrients except Ca and Fe had significant effects in dual
culture, and all had significant effects on antibiosis. In pot trials, there was no interaction
between K, N or Mn fertilizer and the effects of Trichoderma isolates on growth and yield of
plants. In the field trial in the presence of R. solani, fertilizer had much less effect on growth
and yield of plants inoculated with T. hamatum T8 than in controls. This was confirmed for

shoot dry weight of potato in a pot trial.

In vitro antagonism and colony diameter tests have become a standard procedure of
most methods for checking strains of Trichoderma for inhibitory activity. The effect of Ca

concentration on inhibition was not significant in the dual culture method, whereas in the
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antibiotic test, the effect was significant. T. harzianum T5 with standard level of Ca gave the
highest suppression of pathogen growth, while at lower level of Ca gave the lowest reduction
of growth compared to the other treatments. It is suggested that calcium concentration in
hydroponics can interact with biocontrol T. harzianum T5 isolate as culture filtrates (Lei and
Ya-qing, 2015).

The effect of iron concentrations (Fe EDTA) on inhibition was not significant in the
dual culture technique. However, there was a high significance level for the effect of Fe and
Trichoderma on mycelial growth in colony diameter in the antibiotic test. T. harzianum T5
isolate grown on lower concentration of Fe had a negative effect on hyphal growth rate of the
pathogen, while T. hamatum T8 at twice the standard level of Fe had little impact on radial
growth of the pathogen compared to the control treatments. It is possible that T. harzianum
grew considerably faster with lower Fe concentration and stimulated fungal biomass in the
liquid medium, and as a result it produced high concentration of antibiotics and fungitoxic
metabolites that can inhibit the fungus R. solani. Some strains of Trichoderma produce
numerous siderophores under iron limiting conditions (iron deficiency) in culture filtrates to
deprive soilborne pathogens of this important element, and therefore affect the growth of
pathogens (Anke et al., 1991; Qi and Zhao, 2013; Tariq et al., 2010). Also, soil pH has an effect
on availability of Fe in the soil, however, it could be quite different from that of Fe in the
culture media (Jin et al., 2013).

The antagonistic effect of Trichoderma isolates on R. solani AG-3PT was maintained
at all KCI concentrations, but there was more growth suppression at high level of K with T.
hamatum T8, while at low level of K T. harzianum T5 and T. hamatum T8 gave less growth
inhibition in comparison to the other different concentrations. The probability is that high
concentrations of potassium had more effect on the growth of soilborne pathogens than the

Trichoderma isolates in the PDA plates (Ordofez-Valencia et al., 2009).

In the antibiosis study, T. harzianum T5 and T. hamatum T8 at lower K level
significantly inhibited growth of the pathogen more than other K compared with control
treatments. The results suggest that T. harzianum T5 was sensitive to increasing KCI
concentrations decreasing the release of secondary metabolites, which are responsible for
inhibiting the growth of R. solani (Erper et al., 2011).
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The effect of magnesium concentrations (MgCl2) on the efficacy of antagonists against
pathogen was not significant in the dual culture technique. While in the colony diameter test,
T. harzianum isolate, T5 exerted significant suppression of the growth of mycelium of R. solani
at low concentration of MgCl,, although this fungus behaved variably when exposed to
different concentrations of magnesium. However, T. hamatum isolate, T8 at high Mg
concentration gave the lowest radial growth repression of pathogen, compared with the control
treatment. There is little information about the amendments of Mg concentrations in
hydroponic culture, but it is possible that low concentrations of Mg increase both growth and
antibiotic production by T. harzianum T5, and improve reliability and level of biocontrol
activity (Duffy and Défago, 1997). In contrast, the high concentrations of Mg seem to affect
the antibiotic production or growth of the BCAs against R. solani, or it is more likely that it is
growth that is reduced that affects antibiotic production due to less fungal biomass present.
These results concur with Slininger and Jackson (1992) who reported that antibiotic
productivity and growth by strain Pseudomonas fluorescens 2-79 as a biocontrol agent
increased with addition of H3BOs, MgSQO4 and FeSOgin the liquid culture.

The isolate of T. hamatum T8 gave significantly the highest inhibition of the pathogen
at a high concentration of Mn in dual culture, whereas T. harzianum T5 at low concentration
of Mn gave the lowest inhibition. It could be that high levels of manganese are toxic to
pathogens (Graham and Webb, 1991; Mortvedt et al., 1963).

In the antibiotic test, the effect of a low concentration of Mn on the efficacy of T8 was
significantly inhibited the mycelial growth of R. solani, while T5 with double the standard level
of Mn increased the colony diameter of the pathogen compared with the control treatment.
This could be because the Mn may reduce fungal growth of T8 at high concentration of Mn.
So, it is possible that antibiotic production by Trichoderma isolates was affected by Mn

concentration.

When the antagonistic activity with different levels of nitrogen against R. solani was
evaluated through the dual culture technique, maximum inhibition of pathogen growth was
seen with T. harzianum isolate, T5 with high levels of nitrogen, and least inhibition of pathogen
growth was observed in T. hamatum isolate, T8 with double the standard level of nitrogen. It
is possible that the role of nitrogen is in inducing the activity of T. harzianum to release cell
wall degrading enzymes such as chitinase, protease and glucanases which are key factors in

the cell wall lysis of the pathogen and mycoparasitism on it (Alamri et al., 2016; Gajera et al.,
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2011). This result is consistent with those of others Kredics et al. (2005); Simkovi¢ et al.
(2008); Szekeres et al. (2004) who found that the addition of nitrogen to the media is crucial
for biocontrol through releasing enzymes, particularly proteases that improve the

mycoparasitism by various T. harzianum strains.

T. harzianum T5 with lower level of nitrogen induced significant suppression of colony
diameter of R. solani in vitro, while T8 with double the standard level of nitrogen gave least
suppression of the pathogen, compared with control treatment, suggesting that nitrogen
limitation combined with Trichoderma as biocontrol agents induced the hydrolytic enzymes
that are responsible for inhibiting the growth of R. solani (Olmedo-Monfil et al., 2002). In
contrast, Trichoderma virens strains had a negative role under limitation of nitrogen for

mycoparasitism in solid media or antibiotics in liquid media (Mendoza-Mendoza et al., 2003).

The Trichoderma strains of T5 and T8 interacted differently with lower and high
phosphorus levels in their antagonistic effects against R. solani growth. T8 showed least
inhibition at the highest and lowest P concentration, while T5 had the highest inhibition at these
concentrations. It is probably that biocontrol agents of T5 and T8 was affected by P
concentration to inhibit the pathogen growth. Castagno et al. (2011) showed that different
isolates of Rhizobium as biocontrol agents had different effects of P availability.

The filtrate of T5 at lower level of P reduced the pathogen growth highly. This could
be because the production of diffusible and/or volatile metabolites may be stimulated in the
lower level of P by T. harzianum T5. T. hamatum T8 does not seem to be inhibitory at lower
phosphate levels for inhibiting the pathogen growth, compared with the control treatment. It
was suggested that Trichoderma strains in Hoagland solution differ in the uptake of P at the
media (Rashid et al., 2004); as a result of this, the inhibition metabolites responsible for
diminishing R. solani growth will be produced at different amounts in broth media. Ilimer and
Schinner (1995) found that there were highly significant correlations between microbial

biomass production and P content in the culture media.

In glasshouse experiments, potato plants were harvested after 7 weeks post emergence,
and before full maturity stage. Treatment with R. solani AG-3PT by itself caused canker lesions
on stems, and sclerotia (scurf) on tubers. The effect of nutrients on antagonism and plant growth
parameters was tested. The measurement characteristics were shoot and root dry weight,

number of stolons and tubers and tuber weight. High K concentrations along with Trichoderma
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isolates proved efficient in promoting plant growth. The above treatments significantly
increased root weight and plant height, but with other parameters were not significant. It is
possible that the high root-uptake capacity of potato buffered the Trichoderma biostimulation
in fertilized pots. The Trichoderma biostimulation increased fertilizer K use efficiency of
potato in the soil to improve the plant height, and also improved K uptake by roots under K
availability conditions (Fiorentino et al., 2018; Shunka et al., 2017). It is noticeable that the K
availability had a slight effect on interactions between the Trichoderma isolates and the host

on disease in the soil.

The interaction of N and biocontrol agents were not significant for all plant growth
parameters, except tuber size which was significantly increased with increasing nitrogen supply
at recommended rates (15 mM) in a Hoagland solution plus biocontrol agents. The growth of
tubers is influenced by the nitrogen supply to the potato plant in the presence of biocontrol
inoculum into soil (Méck and Schjoerring, 2002), and may be because high nitrogen supply
increased the total chlorophyll content. Nitrogen is a major component of the photosynthesis
system which is involved in the yield (Bassi et al., 2018; Oliveira, 2000). In results similar to
these, Sonnewald et al. (1997) found that high concentrations of nitrate resulted in few tubers,
but at large size, while low concentrations of nitrate resulted in many tubers, but at small size.
Crozier et al. (2000) detected that low N level might lead to preferable tuber quality and
diminished Rhizoctonia stem canker disease incidence caused by R. solani, whereas application
of high N levels increased disease incidence and decreased yield. They recommended to use N

at standard rates with potato plants.

The growth parameters did not show a marked response when adding either Mn levels
plus Trichoderma isolates to the pots, except dry matter from roots and height of plant which
were significantly increased by Trichoderma. There was some evidence that plant growth was
reduced by the high level of Mn in the absence of Trichoderma. High amounts of Mn in the
soil are considered toxic for the plants, particularly in acid soils which increase its toxicity to
organisms, so that the Trichoderma as a fungal biocontrol agent acts better at low Mn
concentrations than high Mn concentrations, because high Mn level could affect the amount of
metabolites (Millaleo et al., 2010).

In the field study, treatment with R. solani AG-3PT by itself caused canker lesions on
stems, and sclerotia (scurf) on tubers, but the appearance of lesions on surviving stems was

inconsistent. Using symptoms the effect of disease would be rated as mild, but the pathogen
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had more effect on growth. Therefore, the assessment of inhibition of disease relied on the
comparison of growth between treatments and control R. solani only. T. hamatum T8 was
chosen based on the pot trial and results in the previous chapters. The fertilizer treatments
reduced or eliminated the symptoms of disease caused by R. solani AG-3PT. This could be
because fertilizers may increase plant resistance to R. solani (Chaudhary et al., 2015; Ros et
al., 2008). The application of fertilizer NPK was in the middle of the season in a solution at the
recommended rate and half rate of N and K per plant. Thus, as expected, the control plants
which were NPK fertilized significantly registered better growth parameters than those
unfertilized. T8 treatment in comparison to the control treatment increased the growth
parameters in both NPK fertilized and unfertilized plants. The interaction between fertilizer
levels and T8 significantly affected the shoot dry weight and tuber fresh weight, whereas there
was no significant interaction in number of tubers. Numerous studies have reported that plants
respond to the presence of Trichoderma-plant root colonization which directly enhance the
plant growth characteristics through different mechanisms (Dominguez et al., 2016; Martinez-
Medina et al., 2014; Morén-Diez et al., 2012; Nieto-Jacobo et al., 2017; Rubio et al., 2012).
While NPK fertilizer was very crucial for plant growth and vyield, particularly the balanced
supply to the plants, shortage of one of these fertilizers like N or K might induce a specified
nutrient deficiency and delay total growth of plants. The response of plants to the NPK fertilizer
with different rates were diverse possibly due to the differences in soil fertility (Yousaf et al.,
2017). Similarly, Fakhry (2016) found that the interaction between NPK levels and Bacillus
spp. and Pseudomonas fluoresens as biocontrol agents significantly increased the sesame plant
growth promotion and reduced wilt disease caused by F. oxysporum in two seasons under field
conditions. Rubio et al. (2017) also found that the growth promotion (shoot and root dry
weight) of tomato plants by a biocontrol Trichoderma harzianum isolate was greater in plants
with NPK fertilizer compared to the control plants. Hridya et al. (2013) also reported that there
was no significant interaction between NPK fertilizer and Trichoderma strains on the
suppression of root rot infection of cassava caused by Phytophthora palmivora, while
Trichoderma application alone significantly controlled the root rot disease, and NPK fertilizer

alone did not influence the risk of infection.

A glasshouse test repeated the field trial with the same treatments to check the results.
The results indicated that the interaction between T. hamatum T8 and NPK fertilizer
significantly affected the shoot weight of potato plants, with Trichoderma having a greater
growth promotion effect when fertilizer was not added.
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The outcomes show partial support for the hypothesis which suggested that the
interaction with nutrients can alter the effect of biocontrol Trichoderma spp. and promote
potato plant growth in addition of elimination the stem canker and black scurf disease. Data
indicate the impacts of some nutrients did affect dual culture and antibiosis, but effects were
small. Pot trials with individual nutrients generally did not show an interaction between
fertilizers and Trichoderma biocontrol agents. The field trial showed that fertilizers had less
effect on growth of plants inoculated with Trichoderma, and that conversely Trichoderma had
greater effects at lower fertilizer levels. Fertilizer treatments do not affect the effect of
biocontrol on disease. Therefore, growers could reduce levels of fertilizer when Trichoderma
is applied, but this needs more study in the future. Overall, although nutrients could affect
biocontrol agent-pathogen interactions, the effects were small and there was little evidence of
an interaction between nutrient levels and biological control agent action in the pot trials. In
the field, fertilizers had less effect when T. hamatum T8 was present and T8 had more effect at

low fertilizer levels.
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Chapter 6. Effect of Brassica plant tissues on

antagonism and growth promotion

Part I. Preliminary experiments

6.1. Introduction

There are several soilborne potato diseases which cause a decrease in plant growth and
vigour, lower quality of potato tubers, and decrease the marketable crop (Larkin and Griffin,
2007; Muzhinji et al., 2018; Tsror, 2010). The most important soilborne diseases in potato
growing areas are stem canker and black scurf caused by Rhizoctonia solani AG-3PT, which
is widespread in the world (Larkin and Griffin, 2007; Yang et al., 2017). Disease is identified
by the presence of black sclerotia on the potato tuber surface, called black scurf disease and at
the same time the damage caused by the pathogen to the base of the stem at soil level is called

stem canker disease (Kumar et al., 2017a).

In some cases, seed treatment chemicals have been shown to successfully control potato
diseases. However, they are not beneficial due to environmental contamination through
improper handling of chemicals (Farooq et al., 2012), therefore sustainable potato disease
control choices are required. For example, a well-known method to control soilborne plant
pathogens and diseases is the utilization of Brassica spp. as rotation, cover, intercrop and green
manure crops with potential biofumigation effects for lowering populations of pathogens
(Bernard et al., 2014). Brassica crops, including cabbage, radish, canola, broccoli, cauliflower,
kale, turnip, rapeseed, and mustards, produce sulphur-containing compounds called
glucosinolates (GSL) which are broken down to liberate isothiocyanates (ITC) which are
considered toxic to numerous soilborne fungal plant pathogens (Hanschen et al., 2015; Olivier
et al., 1999; Sarwar et al., 1998; Smolinska and Horbowicz, 1999). They can be used to make
enriched soil, and increase agricultural sustainability and crop production (McGuire, 2003).

Smolinska (2000) and Larkin and Honeycutt (2006) noted that rotation with Brassica
napus resulted in suppression of stem canker of potato caused by R. solani, and tomato wilt
caused by F. oxysporum f. sp. lycopersici, through the alteration of microbial communities in
soil, which was unrelated to glucosinolate concentrations. Also, isothiocyanate and volatile

compounds released from Brassica spp. inhibit potato plant pathogens, including R. solani,
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Pythium ultimum, Verticillium dahliae and Fusarium sambucinum (Charron and Sams, 1999;
Mayton et al., 1996). Galletti et al. (2008) incorporated Brassica crops or seed meal into soil
to produce biofumigation in combination with a biological control agent (Trichoderma spp.)
which was more effective than chemical fumigation to control soilborne disease in sugar beet.
Trichoderma isolates were shown to be tolerant to Brassica species for combined utilization in
biofumigation in order to eliminate soilborne pathogens, particularly Rhizoctonia solani,
Pythium ultimum and Fusarium oxysporum (Deng and Cao, 2017; Galletti et al., 2015).
Likewise the application of strain 17S of Bacillus amyloliquefaciens, Brassica carinata seed
meal and essential oil from different aromatic plants inhibited the soilborne fungal plant
diseases of Fusarium oxysporum f.sp. lycopersici on tomato, Sclerotinia minor on lettuce and

Rhizoctonia solani on bean in vitro and glasshouse conditions (Pane et al., 2017).

The specific objectives of this study were to evaluate selected Brassica species and
biocontrol agent Trichoderma spp. for their ability to inhibit the development of soilborne
potato pathogen (R. solani AG-3PT) in the laboratory. These were preliminary tests done
before selecting the best combinations of Brassica and Trichoderma to use in pot and field

trials.
6.2. Materials and Methods

6.2.1. Effect of R. solani AG-3PT on Brassica plants

Rhizoctonia solani AG-3PT was evaluated for its effect against two Brassica varieties
which were cabbage (Sugarloaf) and broccoli (Green Sprouting). Loamy sand soil (Kirby
Farm, UNE; pH 5.50, EC 21.0 uS/cm, S (KCI-40) 1.3 mg/kg, Colwell P 2.7 mg/kg) was used
in this trial. Seeds were sown in small trays (5 x 5 cm) into sand-potting mix and placed in a
plastic house for four weeks and then the healthy seedlings were transplanted into plastic pots
(20 x 20 cm) to use for glasshouse trial. Inoculum of R. solani on wheat seeds (as in Chapter
3) was mixed into the soil at the rate of 16 g around seedlings of broccoli and cabbage
individually. A set of pots were used with the same rate of un-colonized wheat seeds as the
control treatment. There were three replicates for each treatment in a completely randomized
design. The experiment was done twice. The first experiment was harvested 2 weeks after
transplanting and the second experiment was harvested 4 weeks after transplanting. At the end

of experiment, the root and stem of Brassica plants were examined for visual symptoms to
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check if there were any effects or symptoms on plants (EI-Mohamedy, 2012; Singleton et al.,

1992). Experimental measurements were shoot and root dry weights.

6.2.2. Effects of Trichoderma on growth of Brassica plants and

potato plantlets from tissue culture

T. harzianum T5 and T. hamatum T8 were grown on PDA in Petri-dishes and incubated
for 7 days at 25°C. Conidial suspensions (100 mL) of each isolate in sterilized distilled water
were adjusted to 10° spore/mL by haemocytometer (Jegathambigai et al., 2009). Cabbage
(Sugarloaf) and broccoli (Green Sprouting) seeds were grown in germination trays containing
sand-potting mix for 4 weeks under greenhouse conditions (Rabeendran et al., 2000). Potato
plantlets (cv. Desiree) were obtained from tissue culture (as previously described in Chapter 3)
which were grown on fresh MSs medium. The cabbage and broccoli seedlings were inoculated
at 4 weeks old, when they had 2-5 leaves, and potato plantlets also with 2-5 leaves were
obtained from tissue culture. The seedlings were sown into two types of media (sand:potting
mix (2:1) and Kirby soil only) in 15 cm diameter plastic pots, and then irrigated once with
spore suspension of Trichoderma at 100 mL/kg soil (Rabeendran et al., 2000). The untreated
control was irrigated with SDW (100 mL/ kg soil). There were three replicates for each
treatment. The glasshouse trial ran for 4 weeks at 20°C. The shoots and roots were dried in an
oven at 60°C until constant weight, then weighed individually (Rabeendran et al., 2000).

6.2.3. Effects of volatiles and non-volatiles from Brassica plants
on the growth of R. solani AG-3PT and inhibition in dual

culture

Broccoli (Green Dragon), cauliflower (Large White) and cabbage (Green Coronette)
seedlings were bought from a local market (Bunnings, Armidale) and then transferred into big
plastic pots (20 x 20 cm) in a glasshouse at 18-20°C for 4 weeks before sampling. Tissues from
six plants of each species were combined. Leaf, root and stem pieces 20 mm long were cut with
a scalpel from fully expanded leaves, roots and stems of broccoli, cauliflower and cabbage.
They were put in a freezer at -18°C for one week, and then transferred to a freeze drier machine

for 3 days. A coffee grinder was used to mill the freeze-dried material into powder. Five-mm-
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diameter agar plugs from the margins of 5-day-old actively growing cultures on PDA
containing hyphae of R. solani AG-3PT, T. harzianum T5 and T. hamatum T8 were inoculated
separately in the centre of Petri-dishes which were filled with a 20 mL of 1/4-strength PDA.
Then 0.1 g powder of each part of a Brassica plant and 1 mL of sterilized distilled water were
placed in a small weighing boat in the upturned lid of the Petri-dish (Kirkegaard et al., 1996).
The inverted Petri-dish was sealed with two layers of Parafilm. In controls the R. solani AG-
3PT, T. harzianum T5 and T. hamatum T8 were separately plated on the centre of the plate on
1/4-strength PDA only. In this way, only volatile hydrolysis products produced by the Brassica
tissues came into contact with the cultures (Rahmanpour et al., 2009; Rahmanpour et al., 2010).
The diameters of the colonies were measured after 24 hr incubation. There were three replicates

for each treatment.

A dual-culture experiment was set up in the same way on 1/4-strength PDA. A 5-mm-
diameter disc of antagonists T5 and T8 was positioned diametrically opposite a 5 mm diameter
disc of pathogen (R. solani) to measure the inhibition zone. In controls the pathogen was plated
alone on one side of the plate at the periphery. A completely randomized design with three
replications was used for the experiment. The diameters of the exposed fungal colonies were

measured after 24 and 48 hrs of incubation (Kirkegaard et al., 1996; Rahmanpour et al., 2009).

The effects of non-volatiles derived from Brassica plants on the growth of the pathogen
and Trichoderma isolates was determined by adding 0.1 g of each experimental plant sample
to the Petri-dishes. Cooled 1/4-strength PDA was poured into the Petri plate with gentle mixing,
and then left for 45 min without covering inside a laminar flow cabinet to allow volatiles to
escape. The plates were then inoculated with the pathogen or Trichoderma sp. isolate alone to
measure the radial growth. In controls the R. solani AG-3PT, T. harzianum T5 and T. hamatum
T8 were separately plated on the centre of the plate on 1/4-strength PDA only.

The interaction between Trichoderma and R. solani in dual culture was tested by adding
0.1 g of powder in tubes with 1 mL of sterilized distilled water for each replicate and leaving
for 3 hrs to remove any volatile compounds. The tubes were centrifuged at 13000 rcf for 10
min, and then the supernatant was placed in Petri-dishes before pouring 1/4-strength PDA. In
controls the pathogen was alone plated on one side of the plate at the periphery. The Petri-
dishes were inoculated with T5, T8 and R. solani as described previously and incubated without
being sealed (Yadav et al., 2011).
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6.2.4. Effects of powder of Brassica plant tissue on the growth of

Trichoderma sp. and R. solani AG-3PT in liqguid media

Each part of the plants (leaf, stem and root) for cauliflower, cabbage and broccoli (same
varieties as in section 6.2.3) were screened to determine their effects upon growth of R. solani
and biocontrol agents (T. harzianum T5 and T. hamatum T8) in liquid culture. 0.1 g of powder
of Brassica plants was added to autoclavable tubes (size 150 mL) which contained 20 mL of
potato dextrose broth (PDB). 0.22 um sterile Millipore filters were used to sterilize the medium
with the powder to transfer to clean tubes. After sterilization, these tubes were inoculated with
mycelium of R. solani and biocontrol agents (T5 and T8) separately (0.5 cm in diameter discs)
from 7 days old cultures. In controls the R. solani, T5 and T8 were inoculated on % PDB only
for each fungus. Each treatment had three replicates. The cultures were shaken at 120 rpm, at
22°C for 10 days. Cultures were filtered and the mycelial dry weights were determined after
drying to a constant weight at 60°C (Khallil, 2001).

6.2.5. Effect of root exudates on antagonism

Seedlings of broccoli, cabbage and potato from tissue culture were grown in sterilized
glass jars (450 mL) in a sterile Hoagland solution in a sterile growth chamber with 12 hr light
and 12 hr dark photoperiod, at a temperature of 18-20°C. The seedlings were sterilized with
1% NaOCI with two drops of Triton X-100 detergent as a mix for 2 minutes for surface
disinfestation for each plant separately. The seedlings were washed three times with sterilized
distilled water. Root exudates were collected from plants after 16 days of growth. Broccoli,
cabbage and potato seedlings were removed manually from the Hoagland solution in a laminar
flow cabinet to avoid contamination (Dechassa and Schenk, 2004; Hayder, 2017). 1 mL was
taken from each root exudate and cultured on PDA medium and incubated at 25°C for 5 days

to check the microbial contamination. The solution was stored frozen until used in trials.

225 mL of root exudates of each plant was mixed with sterilized water agar (4.5 g/50
mL water) that had been held in a water bath at 60°C for 2 hrs to cool before mixing to examine
the microbial interactions between Trichoderma sp. and R. solani. The medium was poured
into sterilized Petri-dishes and inoculated with 5 mm diameter disc of antagonist diametrically

opposite a 5 mm diameter disc of pathogen. In controls the pathogen was alone plated on one
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side of the plate at the periphery for each root exudate. There were three replicates for each
treatment. The plates were incubated at 20°C for 7 days. The growth of the pathogen was
measured on the day before contact. The percentage inhibition of growth was calculated
relative to growth on Hoagland solution alone by using the same equation as in Chapter 3
(Sivakumar et al., 2000).

6.2.6. Testing the effect of carrier materials on growth promotion

Wheat bran was used in this experiment to evaluate whether the nutrients in the bran
carrier were responsible for the high growth promotion or related to T. hamatum T8 for all
previous experiments. Cabbage seedlings (Sugarloaf) were used to check the growth
parameters relative to treatments. The bran carrier material was prepared in 30 x 45 cm
polyester oven bags as in Chapter 5. There were four treatments. The first treatment was bran
inoculated with T8 and incubated at 28°C for 14 days; the second treatment was bran inoculated
with T8 and autoclaved at 121°C for 30 min after incubation; the third treatment was
uninoculated bran incubated for 14 days; the fourth treatment was untreated soil as a control.
This experiment was carried out in pots (15 X 15 cm) with Trevenna soil (loamy sand). 2 g of
T8 inoculum or bran was mixed into the soil in each pot around the cabbage seedlings. There
were four replicates for each treatment. This experiment was prepared by the modified method
of El-Fattah et al. (2013). This test was carried out under controlled conditions in a glasshouse
at 20°C for 20 days. The shoots and roots were dried in an oven at 60°C until constant weight,

then weighed individually.

6.2.7. Statistical analysis

Pathogenicity tests, shoot and root dry weight were analysed using one-way T-Tests.
Data were analysed by one way ANOVA and two way (analysis of variance) with statistical
program SPSS version 22. The criterion for significance was P < 0.05. Logio transformation
was used when necessary to correct for non-homogeneity of variance. Tukey’s test was used

for mean separation at the 5% level.
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6.3. Results

6.3.1. Effect of R. solani AG-3PT on Brassica plants

In the first pot trial on 2-week old plants, R. solani significantly reduced the shoot dry
weight of broccoli plants, compared with the uninoculated control (Figure 6-1). There were no
symptoms in all treatments either R. solani only or uninoculated control. There was no

significant effect of R. solani on cabbage or broccoli parameters in a repeat experiment on 4-

week old plants (Figure 6-2).
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Figure 6-1. Dry weight of shoots and roots inoculated with R. solani AG-3PT on two-week-old broccoli and cabbage seedlings
under glasshouse conditions at 20°C. * indicates that effect of R. solani is significant (T test, P = 0.05) for this tissue on this
plant. Error bars show standard errors (n=3).
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Figure 6-2. Dry weight of shoots and roots inoculated with R. solani AG-3PT on four-week-old broccoli and cabbage seedlings
under glasshouse conditions at 20°C. Error bars show standard errors (n=3).

6.3.2. Effects of Trichoderma on growth of Brassica plants and

potato plantlets from tissue culture

Trichoderma hamatum T8 and Trichoderma harzianum TS5 significantly increased the
shoot and root dry weights of broccoli, cabbage and potato in potting mix (Figure 6-3) and
Kirby soil (Figure 6-4). In most cases, the effect of T8 was significantly greater than that of
T5. Growth promotion has been presented as a ratio by comparing dry weight of plants
inoculated with 7richoderma isolates to untreated control (sterilized distilled water) (Figure 6-

3 and Figure 6-4).
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Figure 6-3. Ratio of dry weights of broccoli, cabbage and potato seedlings inoculated with Trichoderma strains to dry weights
of control plants in potting mix. Ratios above 1 indicate promotion of growth. T5: T. harzianum; T8: T. hamafum. Error bars show
standard errors (n=3). Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).
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Figure 6-4. Ratio of dry weights of broccoli, cabbage and potato seedlings inoculated with Trichoderma strains to dry weights
of control plants in Kirby soil. Ratios above 1 indicate promotion of growth. T5: T. harzianum; T8: T. hamatum. Error bars show
standard errors (n=3). Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).

6.3.3. Effects of volatiles and non-volatiles from Brassica plants

on the growth of R. solani AG-3PT
There were significant (P < 0.05) main effects of plant, tissue type and fungus on growth
of fungi exposed to volatiles. Most interactions were also significant. Generally, growth was

less with volatiles from stems than leaves, and least with roots. Root volatiles of cabbage and

cauliflower were more inhibitory to TS5 and T8 than broccoli.
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In general, volatiles from all tissues of brassica plants reduced the radial growth of R.
solani compared with control treatment. Growth of R. solani was completely inhibited by root
volatiles of all plants and stem volatiles of cauliflower. Volatiles from cabbage stem were
highly inhibitory, while those from broccoli stem and leaves of all plants showed least
inhibition of growth (Figure 6-5).

2.5 A

bc

(o}
bc
15 - b
1 .
05 - a
a a a a
o - [

Leaf | Root | Stem | Leaf | Root | Stem | Leaf | Root | Stem

Radial growth (cm) per day

Broccoli Cabbage Cauliflower Control

Figure 6-5. Mean radial growth of R. solani (Rs) exposed to volatiles derived from freeze-dried tissues of Brassica plants. Control:
1/4-strength PDA only. Error bars show standard errors (n=3). Columns labelled with the same letter are not significantly different
at P=0.05 (Tukey test).

Volatiles from root tissues of all plants reduced the growth of T. hamatum T8 in
comparison to the control treatment. Root volatiles of cabbage and cauliflower were more
inhibitory to T8 than broccoli. Volatiles from cabbage stem caused a slight reduction in growth
of T8 (Figure 6-6).
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Figure 6-6 Mean radial growth of T. hamatum (T8) exposed to volatiles derived from freeze-dried tissues of Brassica plants.
Control: 1/4-strength PDA only. Error bars show standard errors (n=3). Columns labelled with the same letter are not significantly
different at P= 0.05 (Tukey test).
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Volatiles from leaf tissues of all plants and stem of broccoli had no effect on the growth
of T. harzianum T5 compared with control treatment. Root tissues of brassica plants were more
inhibitory to T5 than leaf and stem tissues of plants. Also, root tissue of cabbage had a higher
inhibitory effect than broccoli root (Figure 6-7).
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Figure 6-7 Mean radial growth of T. harzianum (T5) exposed to volatiles derived from freeze-dried tissues of Brassica plants.
Control: 1/4-strength PDA only. Error bars show standard errors (n=3). Columns labelled with the same letter are not significantly
different at P= 0.05 (Tukey test).

When the tissue powders were added to the medium all tissues of brassica plants
reduced the growth of R. solani in comparison to the control treatment. Growth of R. solani
was more inhibited by root tissues than leaf and stem tissues of brassica plants. R. solani was
completely inhibited by cabbage roots but grew slowly with broccoli and cauliflower roots.
Also, stem tissues of plants had higher inhibition to R. solani than leaf tissues of plants (Figure
6-8).

115



h

2.5 4
>
(1]
T g
@
(<} 2 T g
g f
< 1.5 A
=)
3
)
1.
;: 1 - e
S de
P

0.5 1 cd be

ab i .
a
0 4 [ |
Leaf | Root | Stem Leaf | Root | Stem Leaf | Root | Stem
Broccoli Cabbage Cauliflower Control

Figure 6-8 Mean radial growth of R. solani (Rs) exposed to non-volatiles derived from freeze-dried tissues of Brassica plants.
Control: 1/4-strength PDA only. Error bars show standard errors (n=3). Columns labelled with the same letter are not significantly
different at P= 0.05 (Tukey test).

T. hamatum T8 was relatively unaffected by non-volatiles from all plants and tissue
types. All tissues of broccoli and leaf tissue of cauliflower increased the growth of T. hamatum
T8 compared with control treatment. Root tissues of broccoli and cabbage were less inhibitory
to T8 than cauliflower. Cabbage leaf had higher inhibition to T8 than broccoli and cauliflower
(Figure 6-9).
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Figure 6-9 Mean radial growth of T. hamatum (T8) exposed to non-volatiles derived from freeze-dried tissues of Brassica plants.
Control: 1/4-strength PDA only. Error bars show standard errors (n=3). Columns labelled with the same letter are not significantly
different at P= 0.05 (Tukey test).
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Non-volatiles from all tissues of brassica plants reduced the growth of T. harzianum T5
compared with control treatment. Root tissues of all plants was more inhibitory to T5 than leaf
and stem tissues of plants. However, root tissue of cabbage had higher inhibition to T5 than
root tissues of other plants (Figure 6-10).
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Figure 6-10 Mean radial growth of T. harzianum (T5) exposed to non-volatiles derived from freeze-dried tissues of Brassica
plants. Control: 1/4-strength PDA only. Error bars show standard errors (n=3). Columns labelled with the same letter are not
significantly different at P= 0.05 (Tukey test).

6.3.4. Effects of volatiles and non-volatiles from Brassica plants

in dual culture against R. solani AG-3PT

There was a highly significant (P < 0.001) interaction between plant, tissue type and
Trichoderma isolate in their effects on growth of R. solani in dual culture when exposed to
volatiles from Brassicas (Figure 6-11). T. harzianum T5 and T. hamatum T8 inhibited growth
in the presence of volatiles from all tissues except cabbage roots, which had very high inhibition
by volatiles in the controls (Figure 6-11).
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Figure 6-11 Inhibition of growth of R. solani in dual culture with Trichoderma isolates exposed to volatiles from freeze-dried
Brassica tissues. T5: T. harzianum; T8: T. hamatum. Error bars show standard errors (n=3). Columns labelled with the same
letter are not significantly different at P= 0.05 (Tukey test).

T harzianum T5 and T. hamatum T8 mhibited growth of the pathogen in the presence

of non-volatiles from all tissues. There was a highly significant (P < 0.001) interaction between

plant, tissue type and Trichoderma isolate on growth of R. solani in dual culture when exposed

to non-volatiles from Brassicas, but the interaction between plant and 7richoderma isolate

were not significant (Figure 6-12). T hamatum T8 was more inhibitory in the presence of non-

volatiles from cauliflower stems than T8 with stem tissue of broccoli or T5 with root tissue of

cabbage and cauliflower or stem tissue of broccoli, but other comparisons were not significant

(Figure 6-12).
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Figure 6-12 Inhibition of growth of R. solani in dual culture with Trichoderma isolates exposed to non-volatiles from freeze-dried
Brassica tissues. T5: T. harzianum; T8: T. hamatum. Error bars show standard errors (n=3). Columns labelled with the same
letter are not significantly different at P= 0.05 (Tukey test).
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The dual culture method with non-volatile substances from root tissues of broccoli and
cabbage was re-tested to confirm the previous results (Figure 6-13). There was a highly
significant (P =0.001) interaction between plant and Trichoderma treatment. The combinations
of T5 with cabbage roots had significantly less inhibition of the pathogen that the controls or
non-volatiles of broccoli roots (Figure 6-13).
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Figure 6-13 Inhibition of growth of R. solani in dual culture with Trichoderma isolates exposed to non-volatiles from cabbage
and broccoli roots. T5: T. harzianum; T8: T. hamatum. Error bars show standard errors (n=3). Columns labelled with the same
letter are not significantly different at P= 0.05 (Tukey test).

6.3.5. Effects of powder of Brassica plant tissue on the growth of

Trichoderma sp. and R. solani AG-3PT in liquid media

The mycelial dry weight of T. hamatum T8 was significantly increased in media
supplemented with powder of all tissues except for root tissues of broccoli and cauliflower
(Figure 6-14). The mycelial dry weight of T. harzianum T5 was significantly increased by
powder of all tissues from all species, except for broccoli leaf and root, cabbage leaf, and
cauliflower root, which did not differ significantly from the control (Figure 6-15). Stem tissue
of cabbage and leaf tissue of cauliflower gave the largest amount of fungal biomass dry weight
(Figure 6-15). The mycelial dry weight of R. solani was significantly reduced by the addition
of all tissues from all species to PDB, except for cauliflower leaf (Figure 6-16). Root tissue of

cabbage reduced the pathogen biomass significantly in comparison to all other treatments
(Figure 6-16).
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Figure 6-14 Dry mycelial biomass from T. hamatum T8 after 10 days growth in a liquid medium supplemented with various parts
of plant tissue (Brassica species), at 22°C. Error bars show standard errors (n=3). Columns labelled with the same letter are not
significantly different at P= 0.05 (Tukey test).
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Figure 6-15 Dry mycelial biomass from T. harzianum T5 after 10 days growth in a liquid medium supplemented with various
parts of plant tissue (Brassica species), at 22°C. Error bars show standard errors (n=3). Columns labelled with the same letter
are not significantly different at P= 0.05 (Tukey test).
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Figure 6-16 Dry mycelial biomass from R. solani AG-3PT after 10 days growth in a liquid medium supplemented with various
parts of plant tissue (Brassica species), at 22°C. Error bars show standard errors (n=3). Columns labelled with the same letter
are not significantly different at P= 0.05 (Tukey test).

6.3.6. Effect of root exudates on antagonism

There was a significant interaction between root exudates and Trichoderma isolates on
inhibition of growth in dual culture (Figure 6-17). In controls without Trichoderma, broccoli
and cabbage root exudates inhibited growth, but potato exudates promoted growth. Growth
inhibition by T5 and T8 was significantly decreased by potato exudates. The combination of
broccoli or cabbage root exudates with either T5 or T8 resulted in greater inhibition than

broccoli or cabbage residues alone (Figure 6-17).
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Figure 6-17 Inhibition of R. solaniin dual culture by root-exudates derived from broccoli, cabbage and potato plants, and isolates
of Trichoderma. 0: R. solani only; T5: T. harzianum; T8: T. hamatum. Error bars show standard errors (n=3). Columns labelled
with the same letter are not significantly different at P= 0.05 (Tukey test).

6.3.7. Testing the effect of carrier materials on growth promotion

Growth promotion activity of the bran formulation of T8 was assessed under glasshouse
conditions after 20 days of growth of cabbage seedlings. Sterilized bran without Trichoderma
hamatum T8 gave higher shoot and root dry weights than the control treatment, but the
difference was not significant (Figure 6-18 and Figure 6-19). Live inoculum of T8 on wheat
bran gave significantly higher root and shoot dry weights than sterilized wheat bran only and
plant only (control treatment). Autoclaved inoculum significantly increased both shoot and root

dry weight compared with the control (Figure 6-18, Figure 6-19 and Figure 6-20).
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Figure 6-18 The effect of carrier materials on biocontrol agent of T. hamatum (T8) on shoot dry weight of cabbage seedlings.
Each column shows the mean of four seedlings. The error bars show standard errors. Columns labelled with the same letter are
not significantly different P=0.05 (Tukey test).
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Figure 6-19 The effect of carrier materials on biocontrol agent of T. hamatum (T8) on root dry weight of cabbage seedlings. Each
column shows the mean of four seedlings. The error bars show standard errors. Columns labelled with the same letter are not
significantly different P=0.05 (Tukey test).
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6.4. Discussion

This present study tested the suppressive capacity of some Brassica crops and
interaction with biocontrol agents on reduction of pathogen growth. The isolates tested in this
chapter were chosen according to their ability to inhibit the pathogen and promote growth of
potato plants. In previous chapters, T. hamatum T8 promoted the growth of potato plants
significantly higher than other isolates. Although T. harzianum T5 and T. hamatum T8 were
chosen so far because they belonged to different species, they were used in this chapter to see
which application of T5 or T8 was more compatible or tolerant to the volatile and non-volatile
compounds derived from brassica crops. The pathogen isolate originated from a potato plant
and was tested on Brassica crops (cabbage and broccoli) in this study. There were no significant
symptoms in the Brassica crops. There was slight growth inhibition of young broccoli
seedlings, but older seedlings grew out of this. This could be related to the glucosinolates that
are released from plants in the soil. Similarly, Budge et al. (2009); Pannecoucque et al. (2008)
found that no R. solani AG-3PT isolates were retrieved from any Brassica crops which were

collected from various areas.

Growth promotion in this study by the two Trichoderma sp. isolates was tested under
glasshouse conditions. Broccoli, cabbage and potato plantlets treated with two Trichoderma
isolates (T. hamatum T8 and T. harzianum T5) had greater shoot and root weights compared
with the untreated plantlets; however, isolate T8 gave a higher growth enhancement of all
plantlets than isolate T5. Clouston et al. (2010) tested the effects of 62 Trichoderma isolates
for their ability to enhance growth in Impatiens walleriana plants, and the authors detected that
isolate LU556 (IT160) augmented root dry weight and root length compared with untreated
control, but isolate IT167 was superior at increasing shoot dry weight. Plant growth responses
to biocontrol Trichoderma isolates might be due to both the inhibition or control of minor plant
pathogens and production of growth regulating substances such as phytohormones (either by
the plants or microbes), vitamin production, enhanced development of plant roots, increased
solubilisation and soil nutrient uptake and rises in the carbohydrate metabolism rate,
photosynthesis and plant defence mechanism (Baker, 1988; Harman, 2006; Harman et al.,
2004; Inbar et al., 1994; Kleifeld and Chet, 1992). A report by da Silva et al. (2012) who
recorded that Trichoderma strain T-52 increased the biomass production in rice plants (Oryza
sativa) by approximately 38% in comparison to the untreated control. Rabeendran et al. (2000)

reported that Trichoderma spp. isolates increased the rate of biomass production of cabbage

124



and lettuce plants. Chang et al. (1986) reported the induction of growth response by
Trichoderma spp. in different horticultural and floricultural crops. This experiment was
repeated with the same treatments, but it was planted into Kirby soil. Similar results were found
by Trichoderma applications which increased the plant growth enhancement in the Kirby soil
under glasshouse conditions. However, the plant growth promotion in potting mix was more
than in Kirby soil in all test plants (broccoli, cabbage and potato plantlets), which could be

related to the higher nutrients in the potting mix.

Volatile substance tests on colony diameter of R. solani and Trichoderma spp. isolates
by freeze-dried Brassica tissues (leaf, root and stem) from three species (broccoli, cabbage and
cauliflower) demonstrated that toxic volatiles were produced by root tissue of all plants as well
as stem tissue of cauliflower. It has been shown in previous studies that extracts from root
tissues of different Brassica plants produce significant amounts of antifungal compounds that
inhibit pathogens (Schreiner and Koide, 1993; Vierheilig and Ocampo, 1990). Interestingly,
volatiles produced by root tissues significantly reduced or prevented the growth of R. solani,
while Trichoderma isolates were much less sensitive to suppressive effects from the root
tissues. Smith and Kirkegaard (2002) mentioned that strains of Trichoderma were less
susceptible to a specific isothiocyanate released from Brassica tissues than many genera of
fungal plant pathogens such as Pythium spp. and different anastomosis groups of R. solani.
Also, Galletti et al. (2008) showed that Trichoderma isolates as biocontrol agents were more
tolerant to Brassica tissues than soilborne plant pathogens (Pythium ultimum, R. solani and

Fusarium oxysporum) in the soil.

Rhizoctonia solani had no growth when exposed to volatile compounds released from
stem tissue of cauliflower and also grew very slowly with volatiles from stem tissue of cabbage.
Variation in efficiency of Brassica species for suppressing mycelium growth of R. solani in
this assay is presumably related to glucosinolate content. The different Brassica species or
varieties have different concentrations and types of GSLs (Daxenbichler et al., 1991;
Kirkegaard and Sarwar, 1999; Kirkegaard et al., 1996). It was noticeable that the radial growth
of R. solani and Trichoderma colonies were higher with the leaf tissue of all Brassica plants
compared with other tissues. This suggest that GSL content is varied among the tissues, plant
and growth stages (Bhandari et al., 2015), and in the current study seedling/young plants used
and the effect may be more pronounced if more mature plants had been used. Also, the fungal
growth depends fundamentally on the fungi sensitivity to isothiocyanates (ITCs) (Sarwar et al.,
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1998). This is in agreement with Morra and Kirkegaard (2002) and Villalta et al. (2016) who

reported that isothiocyanates can reduced the growth of soilborne fungal plant pathogens.

This study also showed that the tissues of cabbage gave better repressive effectiveness
than the other Brassica plants to the fungi, suggesting that parts of this plant contain different
types of biofumigation compounds (Fan et al., 2008), and also probably because total GSL
content in cabbage and cauliflower were higher than in broccoli (Bhandari et al., 2015; Kushad
etal., 2004; Rangkadilok et al., 2002). The major GSLs in cabbage roots are glucoerucin (ERU)
and gluconasturtiin (NAS), while cauliflower has almost no ERU; broccoli has less NAS than
either cabbage or cauliflower so that these contents are toxic to the soilborne fungal growth
(Bhandari et al., 2015). It is also reported that ERU produces erucin, or 4-(methylthio) butyl
ITC, which is an aliphatic ITC and will be volatile, but it will tend to have low toxicity when
incorporated into agar, whereas NAS produces nasturtiin, or 2-phenyl ethyl ITC which is
aromatic and will have low volatility and high toxicity in agar or soil (Sarwar et al., 1998). This

could explain why cabbage root, with high NAS, was more inhibitory than broccoli root.

In tests on the effect of non-volatile substances on colony diameter, it would appear
that R. solani was most sensitive to the root tissue of cabbage which allowed no growth. T.
harzianum T5 was slightly less sensitive to the inhibition of growth by root tissue of cabbage.
It was clear that resistance of T. hamatum T8 to inhibition was greater for all tissues from the
Brassica species compared to T. harzianum T5. This makes T8 a better candidate for

combining with Brassica intercropping than T5.

In volatile substances test by dual culture technique, Trichoderma isolates inhibited the
mycelial growth of R. solani significantly over the control. Generally, strains of Trichoderma
and root tissues of all Brassica plants showed the highest percentage of growth inhibition of R.
solani. However, cabbage root was significantly superior in suppressing the pathogen with and
without biocontrol agents, which may be associated with the cabbage root which highly
inhibited the pathogen growth, but not with the biocontrol agents. While, the suppression
mechanism for biocontrol agent may be competition for space and food (Kumar et al., 2017c¢),
and furthermore, each parts of Brassica plants has different amounts of glucosinolates (Fan et
al., 2008). The maximum growth suppression of R. solani was caused by T. harzianum T5
followed by T. hamatum T8 with leaf and stem tissues of broccoli and cabbage plants, whereas
leaf and stem tissues of cauliflower with T. hamatum had more effect than T. harzianum to

inhibit the pathogen growth. All Trichoderma isolates with stem tissue of broccoli inhibited
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myecelial growth of the test pathogen more than the other stem tissues of Brassica plants.
Maximum overgrowth is observed when a biocontrol isolate shows higher rate of growth and
higher ability of antibiotic production (Mathivanan et al., 2000), and higher tolerance against
toxic volatiles produced by glucosinolates which is released from each part of plant
(Rahmanpour et al., 2009). Volatile compounds produced by Trichoderma spp. and other
biocontrol agents and volatile compounds produced by green manure have been confirmed to

be repressive against S. rolfsii and R. solani (Kamil et al., 2009; Srinivasa et al., 2014).

In non-volatile substances test by dual culture technique, both Trichoderma isolates
tested with non-volatile compounds derived from Brassica species, were found to inhibit the
growth of R. solani over control. All of the Trichoderma treatments reduced R. solani growth,
with activity being related to non-volatile compounds of Brassica plants compared with control
treatments, but root powder of cabbage with and without Trichoderma spp. had maximum
growth zone inhibition of pathogen. The highest efficiency of non-volatile substances produced
by cabbage root tissues for inhibition in growth zone of plant pathogen may be due to the
presence of high antifungal compounds that affect pathogen growth. In a repeated trial, growth
inhibition of R. solani showed the same pattern with root tissues of broccoli and cabbage, but
not exactly the same size of effects. This could be because the activity of powder was less than
in the beginning when it was fresh. It is not necessary to obtain the same numbers when

repeating the trial, but the pattern of growth inhibition was the same.

When mycelial biomass on different liquid media that contained various Brassica
powders was measured, T. hamatum and T. harzianum appeared less sensitive to toxicity
from freeze-dried Brassica tissues than R. solani inoculum in the in vitro system.
Surprisingly, all Brassica tissues augmented the mycelial dry weight of both isolates of
Trichoderma, whereas R. solani was shown to be negatively affected by Brassica tissues
compared with the control treatments. Importantly, the cabbage roots whilst increasing
mycelial growth of both Trichoderma isolates, reduced strongly the dry weight of R. solani.

Biocontrol efficacy of T. hamatum in different inoculants on wheat bran as a carrier
was tested after 20 days in a glasshouse experiment on cabbage growth. T. hamatum on bran
significantly increased the biomass productivity of cabbage plants in the pot trials followed
by T. hamatum on bran after sterilization in comparison to the sterilized wheat bran only and
plant only (no inoculation). The results suggest that wheat bran can provide nutrients, so that

the plant growth promotion is partially due to the presence of nutrients such as nitrogen,
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phosphorus, potassium or carbon. However, previous chapters also showed that Trichoderma
spores alone can promote growth so the effect of the inoculation is not just due to the nutrients
or organic matter added with the bran.

Overall biocontrol agents increased the plant growth of potato and Brassica plants
in two soil types. The interaction of T. hamatum T8 with Brassica crops significantly
inhibited the growth of R. solani AG-3PT. Preliminary tests showed that Trichoderma and
brassica roots were compatible so it should be possible to combine them as management
techniques for the disease. Trichoderma spp. were tolerant to the Brassica plants, but the R.
solani was sensitive to the tissues of Brassica species, especially the root tissues. Pot and
field trials combining the effects of Trichoderma and Brassica species are described in the

next chapter.
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Chapter 7. Interaction between intercropping with

Brassica crops and biological control

Part Il. Glasshouse and Field trials

7.1. Introduction

The previous chapter showed that the effects of biocontrol agents T. harzianum T5 and
T. hamatum T8 were compatible with the volatile and non-volatile effects of Brassica species,
although the combination of these isolates and biofumigation was not yet tested against stem
canker in planta. Potato growers are more and more interested in growing and using cover crops
such as brassicas as green manures with soil biofumigation activity which may replace soil
fumigants before sowing (Collins et al., 2006). Larkin and Griffin (2007) showed that several
brassica plants used as green manures and incorporated prior to planting reduced scurf caused
by R. solani AG-3PT in pot and field trials. Brassica napus (rapeseed) has been used as a
rotation crop with potato crops and also used as fresh biomass incorporated into the soil with
or without compost and biological control organisms (Trichoderma virens, Bacillus subtilis
and Rhizoctonia solani Rhs 1A1l) against soilborne diseases on potato plants (stem canker,
black scurf, common scab and silver scurf), and these treatments either alone or in combination
can inhibit disease and increase yield (Bernard et al., 2014). Trichoderma harzianum has
proved to be tolerant to Brassica carinata (Galletti et al., 2008), and application of Brassica
materials with melon seed treatment with T. harzianum led to increased root length by 20%
under glasshouse conditions (Galletti et al., 2015). Ahmad and Shah (2012) investigated the
combination of Trichoderma species and intercropping for control of Fusarium oxysporum in

gladiolus. No similar work has been done on potato.

Most work on biofumigation has used either rotation or green manuring. An alternative
that has rarely been examined is intercropping, where the biofumigation crop is grown at the
same time as the crop it is designed to protect. Brassica as green manure or cover crops are
grown to be directly incorporated for the purpose of enriching soil, especially increased
nitrogen content, and releasing biofumigants in the soil to inhibit the soilborne plant pathogens
(Collins et al., 2006; Gimsing and Kirkegaard, 2006; Larkin and Griffin, 2007). Also, green

manure and biofumigation crops are easy to include in potato cropping systems, while
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intercrops are more difficult to apply between two different plants, with different requirements
for management and for harvesting. This problem may be overcome by hand-harvesting the
brassica crops either cabbage or cauliflower or broccoli before the potato crop is later machine
harvested. The intercropping crops also offer opportunity for better use of fertilizers, water use
efficiency and solar radiation in comparison to monoculture, and increase yield stability,
vegetable production, nutrient availability, financial benefits over sole crops (Jeromela et al.,
2017; Singh et al., 2010). Furthermore, intercropping systems give the opportunity to use the
differences between crops when the intercropped plants have different resource demands in
space or time (Mucheru-Muna et al., 2010). The concept of an intercropping system is assisting
to avoid the hazards from insects and diseases in addition to overcoming the impact of adverse
environmental conditions. Intercropping is an alternative way of mixing brassicas and potatoes
and the expectation that intercropping will perform better than a monoculture with Brassica as
either green manure or a cover crop. However, no one has examined interactions between the
use of brassica plants and Trichoderma species with potato plants at the same time against stem

canker and black scurf until harvest as mature plants for each crop in the field.

The aim of this chapter was to test the use of an intercropping system between potato
plants and Brassica plants with the interaction of biocontrol agent for managing the effect of
stem canker and black scurf disease and increasing yield production in glasshouse and field

trials.
7.2. Materials and Methods

7.2.1. Production of inoculum

Rhizoctonia solani AG-3PT was grown on mixed wheat and barley seeds incubated at
20°C in plastic oven bags for four weeks in the dark as in Chapter 3. The pathogen inoculum
was added to soil at rates of 25 g per crate (Nally IH-026 50 litre vented base solid crates with
external dimensions of 58 cm length X 38 cm width X 32 cm depth) for the glasshouse trial,
and 100 g/m? for the field trial one week before sowing (Friberg et al., 2009). Based on results
from the previous chapter, the biocontrol agent T. hamatum T8 was selected for glasshouse and
field experiments. T. hamatum T8 was grown on wheat bran as in Chapter 5, and incubated for
two weeks. The inoculum was added to soil two days before sowing at rates of 12.5 g per crate
for glasshouse experiment, and 50 g/m? for field experiment (Abd-El-Khair et al., 2010; Elad
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et al., 1980a). Application in a carrier like wheat bran is more practical for large-scale field use

than spore suspensions, so is closer to potential commercial practice.

7.2.2. Glasshouse experiment

The Trevenna soil was used in this experiment which is a Chromosol (loamy sand soil).
In adepth of 1-10 cm, total C 1.573%, N 0.161%, Silt 10.6%, Sand 74.3%, Clay 14.5%, Colwell
P of 22.7 mg/Kg, pH of 5.6, EC of 60.6 uS/cm and exchangeable K of 0.39 Cmolc/kg. This soil
was collected from Trevenna Farm, University of New England. The soil was placed in crates

at 45 kg of soil per crate.

The potato plants (cv. Desiree) were intercropped with secondary crops of cabbage
(Sugarloaf) (B. oleracea subsp. capitata) and broccoli (Green Sprouting) (B. oleracea subsp.
italica). Cabbage and broccoli seeds were grown in germination trays containing sand-potting
mix for 4 weeks under greenhouse conditions (Rabeendran et al., 2000), and planted in crates.
There were six plants in each crate. In the intercropping treatments two potato tubers were
grown between two pairs of the same Brassica plant whether cabbage or broccoli with six
tubers of potato in a crate as a control treatment. There were three inoculation treatments:
uninoculated soil; soil inoculated with R. solani AG-3PT only; and soil treated with T.
hamatum T8 and R. solani AG-3PT. Grain inoculum of R. solani was added at 50 g/crate 2
weeks before planting, and bran inoculum of T. hamatum T8 at 12.5 g/crate 2 days before
planting. Each inoculum was added separately into soil at a depth of 3-5cm by removing the
top layer of soil and spreading each inoculum evenly in depth before replacing the soil again,
and irrigated once to wet the soil. There were three replicates for each treatment, and the
experiment was set up as a randomized complete block design. This study was conducted under
glasshouse conditions at temperature 20°C for 13 weeks after emergence. Stem canker severity
was measured as the length of lesion on stems based on a scale (0-4): 0 = no disease, 1 = less
than 10% of stem area covered with lesions, 2 = 10-25% of stem area covered with lesions, 3
= 26-50% of stem area covered with lesions and 4 = stem girdled with lesions (Atkinson et al.,
2010). Black scurf was measured as the number of sclerotia on tubers. Shoot and root dry
weights of potato plants, number of tubers, fresh weight of tubers, and shoot and root dry

weights of cabbage and broccoli were determined (Yildirim and Guvenc, 2005).
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This trial was repeated to confirm the results. The same crates and soil were replanted
with a total of three plants per crate (one potato tuber with two cabbage or broccoli plants) to
get more space and reduce the competition between plants to check the effect of Brassica roots
and biocontrol agent on pathogen growth. Crates were re-inoculated with R. solani AG-3PT to

increase disease severity, but no further inoculum of T. hamatum T8 was added.

7.2.3. Field experiment

The field experiment was conducted at the Trevenna Farm, University of New England,
Armidale, NSW, Australia. The soil at this site is the Chromosol (loamy sand soil) used in the

crate experiments.

Cabbage seeds (Sugarloaf) were sown in small pots (5 x 5 cm) then placed in the green
house for four weeks and then the seedlings were transplanted to the field. Tubers of potato cv.

Desiree were planted directly into the field.

The trial had a factorial design with three factors: intercropping, inoculation with R.
solani AG-3PT, and inoculation with T. hamatum T8. Desiree potato plants were grown as a
monoculture or intercropped with cabbage. Plot size was 100 X 100 cm. Each plot contained 3
rows of plants, with three plants in each row. Plants were spaced 30 cm apart within rows, and
30 cm between rows. In the intercrop treatment, the potatoes were grown in the centre row and
cabbages in the outside rows. There was a 1 m buffer around each plot. A randomised complete

block design with 4 blocks was used.

There were four soil treatments; 1) uninoculated soil; 2); soil inoculated with R. solani AG-
3PT; 3) soil inoculated with T. hamatum T8; 4) soil inoculated with T8 and R. solani. Inoculum
of R. solani AG-3PT (100 g/m?) and T. hamatum T8 (50 g/m?) were applied at 1 week before
planting at a depth of 5-10 cm by removing the top layer of soil and spreading each inoculum
evenly in depth before placing the soil again, and irrigated once to wet the soil. The field trial
was set up in early October. Cabbage seedlings were transplanted to the field site on 16 October
2016 with potato tubers sown at the same time. The site was irrigated as required to ensure
maximum growth and avoid serious water stress. The trial was harvested on 15 February 2017.
Experimental measurements were disease symptoms (stem canker and black scurf) as in section
7.2.2. Measurements of growth for each plant were shoot dry weight of potato and cabbage

plants, and fresh weight of potato tubers.
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7.2.4. Statistical analysis

Data were analysed by factorial analysis of variance with statistical program SPSS
version 22. The criterion for significance was P < 0.05. Logio transformation was used when
necessary to correct for non-homogeneity of variance. ANOVA tables are presented in

Appendix 1.

7.3. Results

7.3.1. Glasshouse experiment

The symptoms of stem canker and black scurf appeared on potato plants in monoculture
that were inoculated with R. solani. Stem canker symptoms were only seen in the treatment
with R. solani alone at 0-10% of stem area infected, and were not found in other treatments.
There were 13.9 (standard error 2.12) sclerotia per plant. The disease was significantly
decreased by the sowing of Brassica crops as an intercrop. There were 1.0 (standard error 0.29)
sclerotia per plant on potatoes intercropped with broccoli and inoculated with R. solani only,
and no sclerotia on potatoes intercropped with cabbage, or treated with T. hamatum T8, or in

uninoculated controls.

The inoculation treatment had significant effects on shoot dry weight (Figure 7-1),
tuber fresh weight of potatoes (Figure 7-2) and root dry weight (Table 7-1). All of these
parameters were increased in the R. solani plus T8 treatment compared with R. solani alone or
the controls. There were no significant differences between the R. solani alone treatment and
the controls. The intercrop treatment had significant effects on shoot dry weight and tuber fresh
weight, which were lowest in the potato monoculture and highest in the potato-cabbage
intercrop (Figure 7-1 and Figure 7-2). There were no significant interactions between
inoculation and intercrop treatments for any parameter (Table 7-1).
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Table 7-1 Effects of intercropping with cabbage or broccoli and inoculation with Rhizoctonia solani AG-3PT and Trichoderma
hamatum T8 on root dry weight and number of tubers of potato plants in two repeats of a glasshouse experiment.

Experiment 1 Experiment 2

Inoculation Intercrop? Root d No. of Root d

i weightr({;]) tubers weightr(i;) No. of tubers
Control PP 0.45 2.56 1.08 8.56
Control PC 0.59 433 1.62 11.33
Control PB 0.65 3.83 1.62 11.00
R. solani PP 0.58 4.11 0.88 5.89
R. solani PC 0.62 4.33 1.29 12.33
R. solani PB 0.65 4.00 1.58 19.33
R. solani+T8 PP 0.79 5.39 1.47 10.22
R. solani+T8 PC 1.26 3.5 1.50 12.67
R. solani+T8 PB 1.10 3.67 1.83 11.67
P (inoculation) 0.012 nsa 0.007 ns
P (intercrop) ns ns 0.001 0.004
P (interaction) ns ns 0.046 0.032
L.S.D. 0.57 - 0.38 5.50

AP potato; C cabbage; B broccoli. 2 ns = not significant; ® least significant difference at P = 0.05 for comparing any two values
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Figure 7-1. Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8) on shoot dry weight of
potato intercropped with broccoli and cabbage. 0: uninfested soil (plant only); P: potato plants; B: broccoli plants; C: cabbage

plants. Error bars show standard errors (n=3). Columns labelled with the same letter are not significantly different at P= 0.05
(Tukey test).
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Figure 7-2 Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8) on tuber fresh weight of
potato intercropped with broccoli and cabbage. 0: uninfested soil (plant only); P: potato plants; B: broccoli plants; C: cabbage
plants. Error bars show standard errors (n=3). Columns labelled with the same letter are not significantly different at P= 0.05
(Tukey test).

The inoculation treatment had a significant effect on shoot and root dry weights of
cabbage (Figure 7-3 and Figure 7-4). Cabbage plants in the R. solani plus T8 treatment were
significantly larger than in the controls or R. solani only treatment, which did not differ.
Broccoli plants with inoculation treatment had no significant effect on shoot and root dry

weights (Figure 7-3 and Figure 7-4).
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Figure 7-3 Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8) on shoot dry weight of
cabbage and broccoli intercropped with potato. 0: uninfested soil (plant only). Error bars show standard errors (n=3). Columns
labelled with the same letter are not significantly different at P= 0.05 (Tukey test).
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Figure 7-4 Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8) on root dry weight of
cabbage and broccoli intercropped with potato. 0: uninfested soil (plant only). Error bars show standard errors (n=3). Columns
labelled with the same letter are not significantly different at P= 0.05 (Tukey test).

Because there was little effect of R. solani in the experiment, and evidence of
competition between potato plants, the crates were re-sown with the same plants at lower
density and with additional inoculum of R. solani. In the repeat experiment, sclerotia were
found only on tubers from the potato monoculture in the R. solani only treatment with 13.7
(standard error 1.88) sclerotia per plant. There was no stem canker in any treatment, but the
effect of pathogen could be seen through the comparison of growth between treatments and
control (pathogen only). There were significant main effects of inoculation and intercrop, and
a significant interaction between them, for shoot dry weight (Figure 7-5) and root dry weight
(Table 7-1). Potato plants were significantly smaller in the monoculture treatment than in either
of the intercrop treatments. Inoculation with R. solani only reduced the shoot dry weight in the
monoculture, but not in either the broccoli or cabbage intercrop treatments. Inoculation with
T8 as well as R. solani increased the shoot and root dry weights to significantly above the
controls in the monoculture treatment, but had only a small or no effect in the intercrops with
broccoli and cabbage. There was a significant main effect of intercrop, and a significant
interaction between intercrop and inoculation, on the number of tubers (Table 7-1). There were
significantly fewer tubers on potato plants from monoculture than from the intercrops with

broccoli or cabbage in the R. solani only treatment.
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Figure 7-5 Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8) on shoot dry weight of
potato intercropped with broccoli and cabbage in a repeat assay. 0: uninfested soil (plant only); P: potato plants; B: broccoli
plants; C: cabbage plants. Error bars show standard errors (n=3). Columns labelled with the same letter are not significantly
different at P= 0.05 (Tukey test).

There was a significant main effect of inoculation, and a significant interaction between
inoculation and intercrop, on the tuber fresh weight (Figure 7-6). Tuber fresh weight was
halved in the potato monoculture moculated with R. solani only, but there was no significant
effect of inoculation with R. solani in either broccoli or cabbage intercrop treatments. 7.
hamatum T8 increased the tuber fresh weight of monoculture potato plants inoculated with R.
solani so that it was not significantly different from the controls, but had no effect in the

intercrops with broecoli or cabbage.
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Figure 7-6 Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8) on tuber fresh weight of
potato intercropped with broccoli and cabbage in a repeat assay. 0: uninfested soil (plant only); P: potato plants; B: broccoli
plants; C: cabbage plants. Error bars show standard errors (n=3). Columns labelled with the same letter are not significantly
different at P= 0.05 (Tukey test).
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There was a significant main effect of inoculation on the shoot and root dry weight of
both cabbage and broccoli intercropped with potato (Figure 7-7 and Figure 7-8). Both shoot
and root dry weight were increased by inoculation with R. solani, and increased again in the R.
solani plus T8 treatment. Shoot dry weight of cabbage was greater than for broccoli, but there

was no significant interaction between inoculation and plant species.
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Figure 7-7 Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8) on shoot dry weight of
cabbage and broccoli intercropped with potato in a repeat assay. 0: uninfested soil (plant only). Error bars show standard errors
(n=3). Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).
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Figure 7-8 Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8) on root dry weight of
cabbage and broccoli intercropped with potato in a repeat assay. 0: uninfested soil (plant only). Error bars show standard errors
(n=3). Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).
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7.3.2. Field experiment

The typical symptoms of stem canker and black scurf of potato caused by the pathogen
were recorded only in the monoculture potato in the R. solani only treatment. No stem lesions
or sclerotia were seen in uninoculated controls, or in intercrops with cabbage or in plots treated
with T8. Because symptoms were only seen in one treatment, which was potato monoculture
inoculated with R. solani but not with T. hamatum, disease data could not be analysed or used
to compare the effects of treatments. Stem canker severity occurred in loamy sand soil at 0-
10%. There were 12.09 (standard error 1.686) sclerotia per plant, and no stem canker or
sclerotia on potatoes intercropped with cabbage, or treated with T. hamatum T8 or in

uninoculated control.

Generally, the potato plants grew better and yielded more in monoculture than
intercrop, and grew better when inoculated with T8. Growth and yield were generally reduced
by inoculation with R. solani. However, there were many interactions between these factors,
including significant pathogen by Trichoderma by intercrop interactions for each of shoot dry
weight, number of tubers, and tuber fresh weight.

Inoculation with R. solani alone decreased the shoot dry weight of potato plants in
monoculture by 43%, but did not have a significant effect on dry weight in the potato-cabbage
intercrop (Figure 7-9). In the absence of R. solani, inoculation with T8 significantly increased
the shoot dry weight of potatoes in the intercrop treatment, but not in the monoculture
treatment. In the presence of R. solani, inoculation with T8 increased shoot dry weight 2-fold

in the intercrop treatment and 3-fold in the monoculture treatment (Figure 7-9).
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Figure 7-9 Effects of intercropping with cabbage and inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma
hamatum (T8) on shoot dry weight of potato plants in a field trial. P: potato plants; C: cabbage plants; T0: untreated soil. Error
bars show standard errors (n=4). Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).

Inoculation with R. solani alone significantly reduced the number of tubers in the
monoculture treatment, but not in the potato-cabbage intercrop (Figure 7-10). In plots
inoculated with T8, R. solani did not have a significant effect on the number of tubers in either
the monoculture or intercrop treatments. Inoculation with T8 and R. solani did significantly

increase tuber numbers relative to R. solani only without T8 in monoculture, but not intercrop.
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Figure 7-10 Effects of intercropping with cabbage and inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma
hamatum (T8) on number of tubers of potato plants in a field trial. P: potato plants; C: cabbage plants; T0: untreated soil. Error
bars show standard errors (n=4). Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).
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Inoculation with R. solani alone reduced the tuber fresh weight by 76% in the potato
monoculture, but had no significant effect in the potato-cabbage intercrop (Figure 7-11). In
plots inoculated with R. solani, T8 increased tuber fresh weight by 5.3 times in the potato

monoculture, but did not have a significant effect in the potato-cabbage intercrop.
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Figure 7-11 Effects of intercropping with cabbage and inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma
hamatum (T8) on tuber fresh weight of potato plants in a field trial. P: potato plants; C: cabbage plants; T0: untreated soil. Error
bars show standard errors (n=4). Columns labelled with the same letter are not significantly different at P= 0.05 (Tukey test).

The shoot dry weight of cabbage plants was significantly increased approximately 6-
times by inoculation with T8 (Figure 7-12). There was no significant effect of R. solani on

shoot dry weight of cabbage, and no significant interaction between T8 and R. solani.
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Figure 7-12 Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8) on shoot dry weight of
cabbage intercropped with potato in a field trial. T0: untreated soil. Error bars show standard errors (n=4). Columns labelled with
the same letter are not significantly different at P= 0.05 (Tukey test).

141



7.4. Discussion

This chapter was based on the intercropping between Brassica plants and potato plants plus
inoculum of Trichoderma and R. solani AG-3PT in glasshouse and field tests on the
management of Rhizoctonia disease of potato. In the previous chapter, the biocontrol agent was
more tolerant to the volatile and non-volatile products that were released from Brassica plants,
which otherwise were toxic to the pathogen. Therefore, it should be tested in the glasshouse

and field trials.

In the crate trials, intercropping with broccoli and cabbage greatly reduced or
eliminated the symptoms of disease caused by R. solani AG-3PT as assessed by the number of
sclerotia on tubers and stem canker lesions. This shows that the intercrops suppressed the
pathogen. As a result, plant growth and tuber yield were not reduced by R. solani in the
intercrop treatments, compared with large reductions in growth and yield due to inoculation
with the pathogen in the monoculture treatment. The probability is that fungitoxic ITCs might
be delivered into the soil from cabbage or broccoli via root exudates that affect the R. solani
growth; and therefore, protected the potato plants from the effect of R. solani AG-3PT
(Gimsing et al., 2007; Matthiessen and Kirkegaard, 2006; Motisi et al., 2010). Snapp et al.
(2007) found that using roots and shoots of mustard as a cover crop treatment with potato tubers
in a field trial reduced mycelial growth of R. solani and P. ultimum and enhanced healthy root
and tubers of potato. Previous work has studied rotations or incorporation of green manure
crops. The crate trials have shown for the first time that intercropping with brassicas can also

protect potatoes against Rhizoctonia diseases.

In the crate trials, T8 significantly increased the yield in potato monoculture inoculated
with R. solani. This is similar to results from previous chapters. The mechanism of T. hamatum
produces many biologically active substances including secondary metabolites and cell wall
degrading enzymes (Kumar et al., 2017c; Verma et al., 2007; Vinale et al., 2008) which may
inhibit pathogen activity. There was no significant effect of T8 on potato growth and yield in
cabbage or broccoli intercrop treatments that had been inoculated with R. solani. This is mostly
because of the absence of a disease effect in these treatments because of the suppression by the
cabbage or broccoli. There was no significant additional growth promotion effect on potato,
unlike what had been found in previous chapters. This may have been because of the soil and

environmental conditions in the trial. It may be that plants were grown in suboptimal conditions
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due to the existence of minor pathogens and even though nutrients and water were not limiting
(Rabeendran et al., 2000).

This experiment was repeated with the same treatments to confirm the results, but it was limited
to half of the number of plants in each crate. The growth and yield of potato plants in the control
monoculture was similar to that in the intercrops, unlike the reduction in growth seen in the
first assay. It is probable that there was less competition between the plant roots for nutrients
and space compared with the first experiment. The effects of intercropping and Trichoderma
gave similar results to that seen with first assay.

Cabbage plants were selected as an intercrop with potato in the field experiment based on
preliminary tests and glasshouse tests in order to test the hypothesis that biofumigant crops can
alter the balance between pathogens and their antagonists. R. solani inoculum in the potato
monoculture significantly suppressed the biomass and yield of potato, whereas the number of
tubers was equal to the potato-cabbage intercrop. As was seen in the present study that the
pathogen inoculum in the potato monoculture reduced the number of tubers. This is supported
by Van den Brink and Wustman (2014); Wharton et al. (2007) who found that R. solani
inoculum decreased number of tuber and size in comparison to the untreated control. In the
field, as in the crate trial, yield was reduced by R. solani in potato monoculture but not in the
potato cabbage intercrop, showing that cabbages protected the potatoes from disease in the
field. This confirms what was found in the glasshouse experiment. While previous studies
indicated that the use of Brassica crops as green manures or rotation crops reduced the disease
level and promoted plant growth (Bernard et al., 2014; Collins et al., 2006; Larkin and Griffin,
2007).

In the field, potato growth and yield per plant was lower in the intercrop than the monoculture,
presumably because of competition between the cabbage and potato. This was not seen in the
crate trials, and may have been because the cabbages established faster than the potatoes or
space between rows in these plants was narrow in the field or the glucosinolates and ITCs given
off from the Brassica roots may have directly inhibited the potato plants to some degree. In a
series of experiments in England, Opoku-Ameyaw and Harris (2001) found that in most cases
there was evidence of competition between cabbages and potatoes in intercrops of these two
species. These workers and Santos et al. (2002) suggested that competition between potato and
cabbage or broccoli was mostly due to overlap of canopy, with the species that established its

canopy fastest coming to dominate. Competition between brassica and potato needs to be
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managed to make intercropping work. Further experiments would be required on time of
sowing and variety to coordinate canopy development in the two species. Also, the effect of

Brassica roots on potato plants need to be tested.

There was a small growth promotion effect of T. hamatum T8 on potatoes in the field, but a
larger growth promotion effect on the cabbages. Growth promotion of cabbage could not be
tested with the experimental design used in the crate trials, but had been shown in Chapter 6.
This result may be because the existence of T. hamatum on plant roots can improve the growth
of cabbage leaves, as has been shown for T. viride on cabbage (Topolovec-Pintaric et al., 2013).
It is also possible that T8 inhibited cabbage pathogens that may have been present in the field,
as previously reported by Alkooranee et al. (2015); Montfort et al. (2011) who noted that the
use of biocontrol Trichoderma spp. on Brassica crops induced resistance to soilborne

pathogens.

The conclusion from these experiments is that either intercropping with brassicas, or biocontrol
with T. hamatum T8, control R. solani disease in the field. There was no additional disease
control from using both, because either were highly effective by themselves. However,
applying T8 to intercrops had a growth promotion effect, particularly on the cabbage, which is

additional to the effect on the disease.

The concept of combining intercropping with Trichoderma needs future tests in glasshouse and
field trials with these and other Brassica crops to determine the best ways to apply it, and to
determine if it is economical to utilize. This would include finding ways to reduce the
competition effect between cabbages and potatoes. In this experiment, cabbage plants were not
harvested until the potatoes were harvested. However, in a commercial situation the cabbages
would be harvested first, and the timing of harvest is one thing that needs further investigation.
Because T8 had a large promotion effect on cabbage growth, it could allow the cabbages to be
harvested earlier which would reduce competition with the potatoes during tuber growth. These
experiments also only tested the protective effect of Brassica species in the current season, and

future work could examine whether their effects on disease last more than one season.
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Chapter 8. General discussion

The principal aim of this thesis was to improve biological control agents and natural
materials for control of the fungal potato pathogen R. solani AG-3PT. This was done by first
obtaining biocontrol agent strains of Trichoderma isolates that could be used against stem
canker and black scurf disease caused by R. solani AG-3PT. The interaction between the
resistance of potato varieties to Rhizoctonia disease and the effect of biological control agents
was tested. Also, fertilizers and intercropping with Brassica plants were tested for their impact
on potato growing and on antagonism between Trichoderma isolates and R. solani AG-3PT.
The application of Trichoderma isolates was tested for the ability to eliminate Rhizoctonia stem
canker and black scurf disease of potato plants within five experimental chapters. The severity
of symptoms in all chapters was rated as mild or inconsistent, but the effect of R. solani AG-
3PT on potato plant growth and yield was obviously high. Therefore, the disease systems was
observed by comparing growth between treatments and control (pathogen only) in this study.
The outcomes of this study illustrated that these techniques eliminated disease symptoms
(canker and scurf), and drastically reduce the impact of the pathogen and disease on potato. on
the stem and on the tubers. This final chapter presents a synopsis of the key findings,

conclusions and recommendations for further studies.
8.1. Key findings

8.1.1. Chapter 3

Trichoderma strains were isolated from healthy tubers and soil from the root zone. The
isolates were identified as a species of Trichoderma by DNA gene sequencing. Inoculating the
tubers with 8 isolates of Trichoderma plus R. solani protected the potato plants from the
pathogen (stem canker and black scurf disease) and enhanced plant growth. However, some
isolates (T. harzianum T5 and T. hamatum T8) showed higher growth promotion effect on the
plants, and may also induce systemic resistance. Although visual symptoms were rated as mild,
R. solani AG-3PT had high effects on growth and yield. Therefore, the emphasis of this study
was on the plant growth indicators to compare between treatments and control (pathogen only).
Applying R. solani AG-3PT as inoculum on wheat grain reduced the shoot and root dry

weights, number of stolons, number of tubers and tuber fresh weight.
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This work confirmed in Chapter 3 that isolates of Trichoderma as biocontrol agents can
eliminate the symptoms of canker and scurf of potato plants and at the same time promote plant
growth. T. hamatum T8 generally gave more growth promotion than T. harzianum T5. Hicks
et al. (2014) had previously shown that some isolates of T. virens, T. harzianum and T.
barbatum from New Zealand soils were more effective at suppression of stem canker disease
than other isolates, but that these isolates differed in which aspects of plant growth they
promoted. Biocontrol strains can obviously be found in several species of Trichoderma, and
variations in effectiveness are likely to be due to differences between isolates rather than
between species. However, all Trichoderma isolates reduced or eliminated the pathogen growth
and promoted potato plant growth in pot trials and in a repeated assay with vermiculite which
gave the same indicators. Future work should also need to do further research to confirm the
results, especially glasshouse trials.

8.1.2. Chapter 4

Inoculating potato varieties with R. solani AG-3PT showed different levels of effect of
this fungus in the number of sclerotia, and effects on shoots, roots, stolons, tubers and tuber
fresh weight, compared with un-inoculated plants. The results of pot tests with potato varieties
demonstrated more sclerotia in Desiree and Sebago, compared with Sapphire and Royal Blue
varieties, possibly because of the susceptibility of Desiree and Sebago to the pathogen.
According to Yanar et al. (2005), some potato varieties had high levels of resistance; and other
varieties had different levels of susceptibility to R. solani AG-3PT. Also, Wegener and Jansen
(2007) reported that different coloured potatoes had different levels of resistance to the soft rot

disease caused by Pectobacterium carotovorum.

There were small differences in the effects of plant tissues from peel and sprouts of
different potato varieties on pathogen growth. Trichoderma isolates were more sensitive than
R. solani to the effects of peel and sprouts of all potato varieties on growth. On the other hand,
Trichoderma isolates gave higher growth on the extracts from peel than sprouts. Biocontrol
agents did not grow on sprouts of Sebago. This could be due to chemical compounds that affect
the growth of biocontrol agents. In dual culture, inhibition of the pathogen by Trichoderma
isolates was greater in the presence of plant tissues from peel than from sprouts. T8 gave higher
inhibition of the pathogen than T5 with sprouts of each variety. Although there was a
prevention in the effects of the pathogen when using the biocontrol agent with three varieties
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of potato, this did not differ between varieties even though there were large differences in
resistance. Therefore, there was no interaction between resistance of varieties and biocontrol

Trichoderma.

The results from this chapter suggest the need for future research on other potato
varieties and more investigation of the effects of phenolics and other compounds in the tissues
of potato varieties.

8.1.3. Chapter 5

In laboratory studies, the interaction between five different levels of nutrients and
biocontrol agents plus pathogen showed different results. For example, in dual culture tests,
the concentration of K, Mg, Mn, N or P and Trichoderma spp. affected the inhibition of
pathogen growth; in contrast, concentrations of Ca or Fe with Trichoderma had no effect on
inhibition. In antibiotic tests, the interaction between concentration of all nutrients and

inhibition of the pathogen by biocontrol agents was significant.

In glasshouse studies, there were generally no significant interactions between nutrients
and Trichoderma isolates plus R. solani inoculum in their effects on plant growth. On the other
hand, biocontrol alone or nutrients alone significantly promoted plant growth. According to
Rubio et al. (2017), shoot and dry weight of tomato plants were significantly increased by T.
harzianum when treated with NPK fertilizer, but not in unfertilized plants.

In field studies, results indicate that the interaction between some low nutrient levels
and biocontrol could significantly increase potato yield. This trial was repeated with the same
treatments (Low K, Low N and NPK standard) to confirm the results, but it was done under
glasshouse conditions. The results confirmed results of the field experiment that the interaction
of NPK levels and biocontrol significantly increased the shoot dry weight of potato plants.
Some of the growth promotion due to Trichoderma may have been due to disease control.
However, Trichoderma species have been shown to increase nutrient use efficiency of plants
for nitrogen, phosphorus and potassium (Mehetre and Mukherjee, 2015). This may explain why
the Trichoderma treatment had similar effects to increasing the level of fertilizer. It is true that
an experiment in Chapter 6 suggested that the nutrients in the bran carrier may also contribute

to growth promotion, but it was also shown in Chapters 3 and 6 that spore suspensions of T5
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and T8 promoted the growth of potato, cabbage and broccoli under conditions where the

inoculum would not have supplied extra nutrients.

The activity of Trichoderma isolates was generally not adversely influenced by the
nutrients. Thus, the application of biocontrol Trichoderma may reduce the level of fertilizer
required, however more study is required in the future. This could be done by inoculating the
tubers with Trichoderma, then after germination using a reduced rate of standard NPK fertilizer
to give high protection against the pathogen and high potato yields. This kind of biological
control is safe for the environment and it could cost less money compared with using fertilizers
continuously. 1t would be a good to expand the study in pot trials and field trials to confirm the

results.

8.1.4. Chapter 6

Studies in Chapter 6 provide the basic information on many factors in the laboratory
assays required for the intercropping programs in the glasshouse and field trials. Growth of
Brassica plants (broccoli and cabbage) was not affected by R. solani AG-3PT and their growth

was promoted by inoculation with Trichoderma isolates in glasshouse tests.

Toxic volatile and non-volatile substances released by Brassica plant root tissues in
Petri-dishes significantly reduced the radial growth of the pathogen and T. harzianum T5,
compared with leaf and stem tissues. Generally, the growth of T. hamatum T8 was reduced less
than that of T5. There was no growth of the pathogen with both volatile and non-volatile
substances from root tissues of cabbage. Cabbage roots have high amounts of GSL
(glucoerucin and gluconasrturtiin) and produce high amounts of ITCs compared with plants
like broccoli and cauliflower (Bhandari et al., 2015). In dual culture, the combination of
biocontrol agents with volatiles from root tissues of Brassica plants strongly inhibited the
growth of the pathogen, compared with non-volatile substances which showed nearly the same
rate of inhibition in all Brassica plant tissues. Data also showed that root tissues of Brassica
and biocontrol Trichoderma are compatible and could interact for managing the stem canker

disease.

Trichoderma biomass production increased on all Brassica plant tissues, while these
tissues inhibited the growth of the pathogen, particularly root tissues which had higher

inhibition of R. solani fungal biomass. Biocontrol agents were more tolerant than the pathogen
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to the volatile or non-volatile compounds of Brassica crops in different tests (radial growth,

dual culture and mycelial biomass growth).

This work was continued in the next chapter about the intercropping between Brassica
plants and potato with inoculation of biocontrol in the glasshouse tests initially and then field

trial.

8.1.5. Chapter 7

In a glasshouse trial either T. hamatum T8 or intercropping with cabbage or broccoli
greatly inhibited expression of disease symptoms and prevented reduction in growth and yield
caused by the pathogen. This protection is related to the isothiocyanates (ITCs) which are
released into soil (Bhandari et al., 2015; Hanschen et al., 2015; Sarwar et al., 1998) in addition
to biocontrol which is also responsible to control soilborne pathogens (Bastakoti et al., 2017;
Hicks et al., 2014). This was confirmed in a field trial with cabbage. There are several studies
for incorporation of Brassica plant tissues before cropping with potato plants in glasshouse and
field experiments (Motisi et al., 2009; Njoroge et al., 2008; Taylor, 2013). Each study has its
pros and cons. In this study, this is the first time that intercropping between cabbage plants and
potato plants plus biocontrol has been tested in the field trial to manage Rhizoctonia stem
canker and black scurf disease caused by R. solani AG-3PT. Combining T8 and intercropping
did not give better disease control than either T8 or intercropping alone, but did give growth
promotion of the cabbage. The result of this trial showed that cabbage plants protected the
potato plants from the pathogenic disease. However, they also reduced the potato plant growth
compared with potato treatment only. This could be because the early growth of the cabbage
plants was faster than the potato or row spacing was narrow which led to competition for

nutrients and space.

If cabbage-potato intercropping is to be used, further work is needed to test varieties
and time of sowing to reduce competition but also to ensure that harvest maturity was
coordinated so that the cabbages could be harvested at a time that was compatible with the
growth and harvest of the potatoes. Also, future work could be repeated a field trial to confirm
the results with more replicates and more row spacing, and also find a suitable machine to sow
the brassica seedlings and potato tubers. Then, the possibility to apply this intercropping system

between cabbage and potato tubers widely.
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8.2. Conclusion

The findings of each of Chapter 3, 4, 5, 6 and 7 supported the goals of this study. In
conclusion, T. hamatum T8 prevented the pathogen growth and promoted plant growth and this
supports the aim that antagonistic strains of Trichoderma that can inhibit the activity of the
pathogen. Potato varieties had different levels of resistance to the pathogen and tolerance to
the biocontrol. The effects of Trichoderma on disease and growth promotion were the same for
all varieties. Therefore, there was no interaction between biocontrol and potato variety
resistance. This did not support the hypothesis that resistance could alter the relative effect of
biocontrol. However, it does show that applying biocontrol agents is effective on all varieties.
The effect of biocontrol was not altered by fertilizer application in the pot trials. Application
of T8 reduced the need for fertilizer in the field trials. Therefore, there was no interaction
between fertilizer level and the effect of biocontrol on disease. However, the growth promotion
activity of Trichoderma species could enable fertilizers to be used more efficiently. The
interaction between Brassica plant tissues and biocontrol reduced the pathogen growth in the
laboratory, and intercropping between Brassica plants and potato plants protected the potato
plants from Rhizoctonia stem canker and black scurf disease in the glasshouse and field trials.
Rhizoctonia diseases can be managed by using either intercropping, or Trichoderma alone.
However, there was no advantage regarding Rhizoctonia disease to using both at the same time,
but there may be a growth promotion advantage to the intercropped species due to the presence
of the Trichoderma. To conclude, the use of Trichoderma isolates alone or in combination with
potato varieties or fertilizers or intercropping systems with Brassica plants can control the stem
canker and black scurf disease caused by R. solani AG-3PT and at the same time promote

potato plants growth.

8.3. Directions for future research

From the results in this thesis T. hamatum T8 was the best isolate for antagonism of R.
solani AG-3PT and enhancing the plant growth and potato yields. Further study is required to
develop it as a commercial product in the markets for use as a biofungicide, plant growth
promoter and soil amendment. For example, a new formulation: concentration and stability,
application strategy, the time of application, optimum inoculum dose and potential for using
mixed Trichoderma isolates. Also, future work to determine the mechanisms of action, for

example to confirm induced resistance, for example biochemistry or gene signalling in
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response to Trichoderma inoculation. The promotion of plant growth by Trichoderma is
difficult to separate from the effect of Trichoderma on disease. Trichoderma isolates also need

to be tested under conditions of higher inoculum and disease levels.

Moreover, more studies are needed on potato varieties to investigate the mechanisms
of resistance to the pathogen, and tolerance to the biocontrol agents. Further work is needed to
study the content of bioactive phenols, anthocyanin and other compounds in tuber tissue for
each variety, for example the extent of protective role of anthocyanin and phenols in
Rhizoctonia disease and other soilborne pathogens on potato, and also for possible health

effects in human diets.

Modifying of nutrients individually in hydroponic solution had no interaction with
biocontrol agents when they were used by spraying/irrigating the soil surface in each pot. It
would be useful to find a way that can interact between biocontrol agent and the nutrient
concentrations for controlling Rhizoctonia disease and high growth promotion. Also, future
work needs to be focused to use different levels of NPK as spread fertilizers on soil to see if
application to the plant has more effect on growth than spraying and on the interaction with
biocontrol agents. This may promote plant growth highly and interactions between

Trichoderma and fertilizers to control the pathogen growth.

It will be good to study other Brassica crops such as mustard, radish, kale and Chinese
cabbage for use in intercropping systems with potato plants, and what the effects on the
pathogen and non-pathogen of their volatile and non-volatile compounds are. In addition,
future work should be considered which incorporates the cabbage roots into soil, where potato
tubers are planted at different times to ensure the activity of isothiocyanates in soil against
soilborne pathogens such as R. solani. It would be a good idea to study the residues of cabbage
roots in the field after harvesting the tops. That could give an opportunity to understand how
long the glucosinolates can be effective against R. solani and also other soilborne pathogens.
Also, study of the amount of ITCs in different stages of plant growth to see which stage of
growth has high concentration of ITCs either in laboratory or glasshouse or field trials, and
water management strategies to maximise ITCs release are warranted. Future work in a
comprehensive study for testing more resistant potato varieties with intercropping brassica
crops in the glasshouse and field trials to see if intercropping is more efficient to control
soilborne pathogens. Moreover, further work is needed to find a standard and optimised
procedure so that farmers can have more information about the best brassica species and
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varieties, reliable growing methods, and suitable cultivation procedures in the wide field as

intercropping with potato tubers.

Further work should also focus on isolates of R. solani from other anastomosis groups
(AG) that are associated with stem canker and black scurf of potato by using IPM strategies for

managing of Rhizoctonia diseases.
8.4. Concluding remark

If farmers are informed about these results and support them by adopting these
strategies, whilst consumers are taught to understand not to be continually anticipating perfect
produce, then alternative strategies and tactics of disease control might be greatly adopted so

that we can start to create a sustainable agricultural future.
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Appendix
Appendix1l. Results of statistical tests.

ANOVA tables are presented according the figure or table in which the data appear,

ordered as they occur in the text of the thesis. A significance of zero indicates P < 0.001.
Chapter 3

Table3 -2. Colony interactions between Rhizoctonia solani and isolates of Trichoderma in dual culture

Source Sum of Squares df Mean Square F Sig.
Fungus 9.303 8 1.163 29902 0
Error 0.7 18 0.039

Total 10.003 26

Figure 3-2. Growth of R. solani hyphae in response to culture filtrate produced by Trichoderma spp.

Source Sum of Squares df Mean Square F Sig.
Fungus 16.592 9 1.844 19204 0
Error 1.92 20 0.096

Total 18.512 29
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Table 3-3. Effects of eight Trichoderma isolates (T1-T8) for suppression of Rhizoctonia disease on Desiree

tubers grown in sand-potting mix

Shoot dry weight (log transformed)

Source
Treatment
Error
Total

Sum of
Squares
0.876
0.128
1.005

Root dry weight (log transformed)

Source
Treatment
Error
Total

Sum of
Squares
0.496
0.148
0.644

Number of stolons (log transformed)

Source
Treatment
Error
Total

Sum of
Squares
0.447
0.212
0.659

Number of tubers (log transformed)

Source
Treatment
Error
Total

Sum of
Squares
0.552
0.435
0.987

Tuber fresh weight (log transformed)

Source
Treatment
Error
Total

Sum of
Squares
0.307
0.159
0.466

df

20
29

df

20
29

df

20
29

df

20
29

df

20
29

Mean
Square
0.097
0.006

Mean
Square
0.055
0.007

Mean
Square
0.05
0.011

Mean
Square
0.061
0.022

Mean
Square
0.034
0.008
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15.156

7.424

4.691

2.823

4.294

Sig.
0.002

Sig.
0.026

Sig.
0.003



Table 3-4. Effects of eight Trichoderma isolates (T1-T8) for suppression of Rhizoctonia disease on Desiree

tubers grown in vermiculite

Shoot dry weight (log transformed)

Sum of
Source Squares df Mean Square F Sig.
Treatment 0.455 9 0.051 2.458 0.045
Error 0.411 20 0.021
Total 0.867 29

Root dry weight (log transformed)

Sum of
Source Squares df Mean Square F Sig.
Treatment 0.583 9 0.065 3.289 0.013
Error 0.39%4 20 0.02
Total 0.977 29

Number of stolons (log transformed)

Sum of
Source Squares df Mean Square F Sig.
Treatment 1.783 9 0.198 12.299 0
Error 0.322 20 0.016
Total 2.105 29

Number of tubers (log transformed)

Sum of
Source Squares df Mean Square F Sig.
Treatment 1.206 9 0.134 11.598 0
Error 0.231 20 0.012
Total 1.437 29

Tuber fresh weight (log transformed)

Sum of
Source Squares df Mean Square F Sig.
Treatment 0.801 9 0.089 6.464 0
Error 0.275 20 0.014
Total 1.076 29

180



Figure 3-4. Dry weight of potato plants (cv. Desiree) inoculated with Trichoderma strains (T5 + T8) and R.

solani in sand-potting mix

Shoot dry weight

Sum of
Source Squares df
Treatment 0 3
Error 4.24E-06 8
Total 0 11

Root dry weight

Sum of
Source Squares df
Treatment 0 3
Error 1.43E-06 8
Total 0 11

Mean Square F Sig.
6.13E-05 115679 0
5.30E-07

Mean Square F Sig.
3.97E-05 221425 0
1.79E-07

Figure 3-5. Dry weight of potato plantlets inoculated with Trichoderma strains (T5 + T8)

Shoot dry weight (log transformed)

Sum of
Source Squares
Treatment 0.631
Error 0.004
Total 0.635

Root dry weight (log transformed)

Sum of
Source Squares
Treatment 0.408
Error 0.01
Total 0.417

o O N

o o N

Mean Square  F Sig.
0.316 502.221 0
0.001

Mean Square  F Sig.
0.204 125685 0
0.002
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Figure 3-6. Dry weight of potato (cv. Desiree) after root inoculation with two isolates of Trichoderma (T5

+ T8) and stem inoculation with R. solani

Shoot dry weight (log transformed)

Sum of Mean
Source Squares  df Square F Sig.
Treatment 1.005 3 0.335 29.347 0
Error 0.091 8 0.011
Total 1.096 1"
Root dry weight (log transformed)
Sum of Mean
Source Squares  df Square F Sig.
Treatment 0.658 3 0.219 24.235 0
Error 0.072 8 0.009
Total 0.73 1
Chapter 4

Table 4-1. Effect of Rhizoctonia solani AG-3PT on total number of sclerotia and the average number of

tubers per plant of six varieties of potato.

Number of sclerotia
Sum of
Source Squares df Mean Square  F Sig.
Variety 963.333 5 192.667 7.255 0.002
Error 318.667 12 26.556
Total 1282 17
Number of tubers
Sum of
Source Squares df Mean Square ~ F Sig.
Variety 17.778 5 3.556 0.97 0.474
Error 44 12 3.667
Total 61.778 17
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Figure 4-1. Number of sclerotia per tuber of six potato varieties infected with Rhizoctonia solani AG-3PT

Source
Variety
Error
Total

Sum of
Squares
59.98
4,725
64.705

df Mean Square  F

5 11.996 30.466
12 0.394

17

Figure 4-2. Effect of Rhizoctonia solani AG-3PT on shoot dry weight of six potato varieties

Shoot dry weight (log transformed)

Source

Variety

Pathogen

Variety * Pathogen
Error

Total

Sum of
Squares
0.834
0.312
0.075
0.06
1.28

df Mean Square F

5 0.167 67.177
1 0.312 125.739
5 0.015 6.028
24 0.002

35

Sig.
0

0
0.001

Figure 4-3. Effect ofRhizoctonia solani AG-3PT on root dry weight of six potato varieties

Source

Variety

Pathogen

Variety * Pathogen
Error

Total

Sum of
Squares
28.978
17.126
3.997
5.301
55.402

df Mean Square F

5 5.796 26.241
1 17.126 77.54
5 0.799 3.62
24 0.221

35

Sig.
0

0
0.014

Figure 4-4. Effect of Rhizoctonia solani AG-3PT on number of tubers of six potato varieties

Source

Variety

Pathogen

Variety * Pathogen
Error

Total

Sum of
Squares
97.472
1.361
32.139
50
180.972

df Mean Square F

5 19.494 9.357
1 1.361 0.653
5 6.428 3.085
24 2.083

35
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Sig.

0
0.427
0.027



Figure 4-5. Effect of Rhizoctonia solani AG-3PT on fresh weight of tubers of six potato varieties

Source

Variety

Pathogen

Variety * Pathogen
Error

Total

Sum of

Squares df Mean Square F Sig.
8207.588 5 1641.518 13.781 0
2446.292 1 2446.292 20538 0
2064.683 5 412.937 3.467 0.017
2858.649 24 119.11

16577.212 35

Figure 4-6. Effect of Rhizoctonia solani AG-3PT on the number of stolons of six potato varieties

Source

Variety

Pathogen

Variety * Pathogen
Error

Total

Sum of

Squares df Mean Square F Sig.
181.222 5 36.244 9.665 0
40.111 1 40.111 10.696  0.003
16.556 5 3.311 0.883 0.508
90 24 3.75

327.889 35

Figure 4-7. The number of sclerotia on tubers of six potato varieties inoculated with Rhizoctonia solani

Source
Variety
Error
Total

Sum of

Squares df Mean Square F Sig.
447.611 5 89.522 19183 0
56 12 4.667

503.611 17

Figure 4-8. Growth rate of Rhizoctonia solani AG-3PT on water agar medium incorporating peel and

sprout powder of six varieties of potatoes

Source

Variety

Tissue

Variety * Tissue
Error

Total

Mean
Sum of Squares  df Square F Sig.
2.7122 5 0.544 19.029 0
0.934 1 0.934 32.66
3.992 5 0.798 27.907 0
0.687 24 0.029

8.336 35
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Figure 4-9. Growth rate of Trichoderma harzianum T5 on water agar medium incorporating peel and

sprout powder of six varieties of potatoes

Source

Variety

Tissue

Variety * Tissue
Error

Total

Sum of
Squares
9.469
63.203
10.723
0.613
84.007

Mean Square
1.89%4

63.203

2.145

0.026

F Sig.
74107 0
2473141 0
83915 0

Figure 4-10. Growth rate of Trichoderma hamatum T8 on water agar medium incorporating peel and

sprout powder of six varieties of potatoes

Source

Variety

Tissue

Variety * Tissue
Error

Total

Sum of
Squares
18.192
103.361
14.876
0.653
137.082

Mean
Square
3.638
103.361
2.975
0.027

F Sig.
133.657 0
3796.939 0
10929 0

Figure 4-11. Inhibition of growth of Rhizoctonia solani AG-3PT by Trichoderma harzianum T5 in dual-

culture on water agar medium incorporating peel and sprout powder of six varieties of potatoes

Source
Variety
Tissue
Variety *
Tissue
Error
Total

Sum of
Squares
0.127
1.174

0.098
0.011
1.41

df

Mean Square  F Sig.
0.025 57693 0
1.174 2666.283 0
0.02 44.55 0

0
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Figure 4-12. Inhibition of growth of Rhizoctonia solani AG-3PT by Trichoderma hamatum T8 in dual-

culture on water agar medium incorporating peel and sprout powder of six varieties of potatoes

Sum of Mean
Source Squares  df Square F Sig.
Variety 0.026 5 0.005 16.403 0
Tissue 0.344 1 0.344 1066.205 0
Variety *
Tissue 0.103 5 0.021 63.702 0
Error 0.008 24 0
Total 0.481 35

Figure 4-13. Number of sclerotia per tuber of three potato varieties infected with Rhizoctonia solani AG-
3PT

Source Sum of Squares  df Mean Square  F Sig.
Variety 248 2 124 24.8 0.001
Error 30 6 5

Total 278 8

Tables 4-3 to 4-5. Effect of Rhizoctonia solani and two isolates of Trichoderma on growth and yield of 3

varieties of potato

Shoot dry weight (log transformed)

Sum of Mean
Source Squares  df Square F Sig.
Variety 0.149 2 0.074 6.096 0.008
Inoculation 0.738 3 0.246 20.178 0
Variety * Inoculation  0.167 6 0.028 2.278 0.072
Error 0.28 23 0.012
Total 1.322 34

Root dry weight (log transformed)

Sum of Mean
Source Squares  df Square  F Sig.
Variety 0.462 2 0.231 28.021 0
Inoculation 0.723 3 0.241 29213 0
Variety * Inoculation  0.093 6 0.015 1.873 0.129
Error 0.19 23 0.008
Total 1.478 34
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Number of stolons

Sum of Mean
Source Squares  df Square F Sig.
Variety 36.821 2 18.41 11143 0
Inoculation 145852 3 48.617 29.426 0
Variety * Inoculation ~ 4.533 6 0.756 0.457 0.832
Error 38 23 1.652
Total 227886 34

Number of tubers

Sum of Mean
Source Squares  df Square F Sig.
Variety 13529 2 6.764 2.363 0.117
Inoculation 68.274 3 22,758  7.951 0.001
Variety * Inoculaton  19.888 6 3.315 1.158 0.362
Error 65.833 23 2.862
Total 162.686 34

Tuber fresh weight (log transformed)

Sum of Mean
Source Squares  df Square F Sig.
Variety 0.067 2 0.033 6.346 0.006
Inoculation 0.769 3 0.256 48.773 0
Variety * Inoculation  0.109 6 0.018 3.443 0.014
Error 0.121 23 0.005
Total 1.083 34

Chapter 5

Figure 5-1. Effect of calcium (Ca) concentration on inhibition of Rhizoctonia solani colony growth by two

Trichoderma isolates in dual culture

Sum of Mean
Source Squares  df Square  F Sig.
Concentration 0.008 4 0.002 1.095 0.386
Antagonist 0.009 1 0.009 4.939 0.038
Concentration * Antagonist 0.009 4 0.002 1.228 0.33
Error 0.037 20 0.002
Total 0.063 29
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Figure 5-2. Effect of iron (Fe) concentration on inhibition ofRhizoctonia solani colony growth by two

Trichoderma isolates in dual culture

Sum of Mean
Source Squares  df Square F Sig.
Concentration 0.004 4 0.001 1.049 0.407
Antagonist 0.008 1 0.008 7.862 0.011
Concentration * Antagonist 0.003 4 0.001 0.72 0.589
Error 0.021 20 0.001
Total 0.036 29

Figure 5-3. Effect of potassium (K) concentration on inhibition of Rhizoctonia solani colony growth by

two Trichoderma isolates in dual culture

Mean
Source Sum of Squares df Square F Sig.
ConcDual 461.59 4 115.397  8.945 0
FungDual 8.462 1 8.462 0.656 0.428
ConcDual * FungDual 316.022 4 79.006 6.124 0.002
Error 258.026 20 12.901

Total 1044.1 29

Figure 5-4. Effect of magnesium (Mg) concentration on inhibition of Rhizoctonia solani colony growth by

two Trichoderma isolates in dual culture

Mean
Source Sum of Squares df Square  F Sig.
ConcDual 0.023 4 0.006 4.298 0.011
FungDual 0.004 1 0.004 3.269 0.086
ConcDual * FungDual 0.006 4 0.001 1.083 0.391
Error 0.026 20 0.001
Total 0.059 29
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Figure 5-5. Effect of manganese (Mn) concentration on inhibition of Rhizoctonia solani colony growth by

two Trichoderma isolates in dual culture

Sum of Mean
Source Squares  df Square F Sig.
Concentration 0.021 4 0.005 10.828 0
Antagonist 0.012 1 0.012 24.713 0
Concentration * Antagonist 0.021 4 0.005 10.898 0
Error 0.01 20 0
Total 0.064 29

Figure 5-6. Effect of nitrogen (N) concentration on inhibition of Rhizoctonia solani colony growth by two

Trichoderma isolates in dual culture

Mean
Source Sum of Squares df Square F Sig.
ConcDual 0.012 4 0.003 3.551 0.024
FungDual 0.026 1 0.026 29836 0
ConcDual *
FungDual 0.02 4 0.005 5.709 0.003
Error 0.017 20 0.001
Total 0.075 29

Figure 5-7. Effect of phosphorus (P) concentration on inhibition of Rhizoctonia solani colony growth by
two Trichoderma isolates in dual culture

Mean
Source Sum of Squares df Square  F Sig.
ConcDual 0.005 4 0.001 2.375 0.087
FungDual 0.008 1 0.008 17113 0.001
ConcDual * FungDual ~ 0.02 4 0.005 10.3 0
Error 0.009 20 0

Total 0.042 29
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Figure 5-8. Colony growth after5 days growth at20°C of R. solani on low sugar PDA amended with culture

filtrate from Trichoderma isolates or R. solani grown in Hoagland solution amended with different

concentrations of calcium

Source

Concentration

Fungus

Concentration * Fungus
Error

Total

Sum of
Squares  df
1.919 4
11.426 2
4.192 8
0.887 30
18.423 44

Mean
Square
0.48
5.713
0.524
0.03

F Sig.
16229 0
193293 0
17729 0

Figure 5-9. Colony growth after5 days growth at20°C of R. solani on low sugar PDA amended with culture

filtrate from Trichoderma isolates or R. solani grown in Hoagland solution amended with different

concentrations of iron

Source

Concentration

FungAnti

Concentration * FungAnti
Error

Total

Sum of Squares df

3.11
12.818
5.447
1.755
2313

Mean

Square  F Sig.
0.777 13.29 0
6.409 109.557 0
0.681 11.639 0
0.059

Figure 5-10. Colony growth after5 days growth at20°C of R. solani on low sugar PDA amended with

culture filtrate from Trichoderma isolates or R. solani grown in Hoagland solution amended with different

concentrations of potassium

Source

Concentration

FungAnti

Concentration * FungAnti
Error

Total

Sum of Squares
4.796

20.934

3.713

3.36

32.803
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Mean

Square F Sig.
1.199 10706 0
10.467  93.454 0
0.464 4144 0.002
0.112



Figure 5-11. Colony growth after5 days growth at20°C of R. solani on low sugar PDA amended with

culture filtrate from Trichoderma isolates or R. solani grown in Hoagland solution amended with different

concentrations of magnesium

Source

Concentration

Fungus

Concentration * Fungus
Error

Total

Sum of
Squares
3.724
14.568
3.472
3.453
25.218

Mean
Square
0.931
7.284
0434
0.115

F Sig.
8089 0
6328 0
3.77 0.004

Figure 5-12. Colony growth after5 days growth at20°C of R. solani on low sugar PDA amended with

culture filtrate from Trichoderma isolates or R. solani grown in Hoagland solution amended with different

concentrations of manganese

Source

Concentration

Fungus

Concentration * Fungus
Error

Total

Sum of
Squares
7.552
7.116
6.877

1
22.546

oo N

30
44

Mean
Square
1.888
3.558
0.86
0.033

F Sig.
56643 0
106.747 0
25788 0

Figure 5-13. Colony growth after5 days growth at20°C of R. solani on low sugar PDA amended with

culture filtrate from Trichoderma isolates or R. solani grown in Hoagland solution amended with different

concentrations of nitrogen

Source

Concentration

Fungus

Concentration * Fungus
Error

Total

Sum of
Squares
2.775
14.88
3.451
1.853
22.959

Mean
Square
0.694
7.44
0.431
0.062
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F Sig.
11228 0
120435 0
6982 0



Figure 5-14. Colony growth after5 days growthat 20°C of R. solani on low sugar PDA amended with

culture filtrate from Trichoderma isolates or R. solani grown in Hoagland solution amended with different

concentrations of phosphorus

Source
Concentration
FungAnti

Concentration * FungAnti

Error
Total

Sum of Squares

5.148
10.288
1.41
1.927
18.772

Mean

Square  F Sig.
1.287 20.038 0
5.144 80.097 0
0.176 2.744 0.021
0.064

Figure 5-15. Effect of standard concentration of Hoagland solution on shoot dry weight of potato plants

(cv. Desiree) with/without R. solani (log transformed)

Source
Nutrient
Rs
Nutrient *
Rs

Error
Total

Sum of
Squares
0.213
0.065

0.089
0.366

12
15

Mean

Square F
0.213 28.738
0.065 8.725
0 0.034
0.007

Sig.
0.012

0.857

Figure 5-16. Effect of standard concentration of Hoagland solution on tuber fresh weight of potato plants

(cv. Desiree) with/without R. solani (log transformed)

Source
Nutrient
Rs
Nutrient *
Rs

Error
Total

Sum of
Squares
0.109
0.122

0.064
0.124
0.419

12
15

Mean

Square  F
0.109 10.52
0.122 11.754
0.064 6.14
0.01
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Sig.
0.007
0.005

0.029



Table 5-4. Effect of different concentrations of K by using Hoagland solution and activity of Trichoderma

on plant growth and potato production

Shoot dry weight

193

Source Sum of Squares df Mean Square F Sig.
Treatment 81.163 3 27.054 10.748 0
Potassium 21.914 2 10.957 4.353 0.021
Treatment * Potassium 29.833 6 4972 1.975 0.096
Error 88.102 35 2.517
Total 220.838 46

Root dry weight
Source Sum of Squares df Mean Square F Sig.
Treatment 34.367 3 11.456 26.237 0
Potassium 0.879 2 0.439 1.006 0.376
Treatment * Potassium 20.878 6 3.48 7.969 0
Error 15.282 35 0.437
Total 73.633 46

Number of stolons
Source Sum of Squares df Mean Square F Sig.
Treatment 139.158 3 46.386 5.494 0.003
Potassium 14.225 2 7.113 0.842 0.439
Treatment * Potassium 41.875 6 6.979 0.827 0.557
Error 295.5 35 8.443
Total 495.702 46

Number of tubers
Source Sum of Squares df Mean Square F Sig.
Treatment 55.363 3 18.454 3.774 0.019
Potassium 5.689 2 2.844 0.582 0.564
Treatment * Potassium 66.29 6 11.048 2.259 0.06
Error 171.167 35 4.89
Total 300.851 46

Tuber fresh weight
Source Sum of Squares df Mean Square F Sig.
Treatment 23574.508 3 7858.169 3.162 0.037
Potassium 10629.569 2 5314.784 2.139 0.133
Treatment * Potassium 3943.213 6 657.202 0.264 0.95
Error 86979.44 35 2485.127
Total 124233.947 46



Plant height

Source
Treatment
Potassium

Treatment * Potassium

Error
Total

Table 5-5. Effect of different concentrations of N by using Hoagland solution and activity of Trichoderma

Sum of Squares
3578.717
729.72

642.522
1505.714
6543.137

on plant growth and potato production

Shoot dry weight

Source

Treatment

Nitrogen

Treatment * Nitrogen
Error

Total

Root dry weight

Source

Treatment

Nitrogen

Treatment * Nitrogen
Error

Total

Number of stolons

Source

Treatment

Nitrogen

Treatment * Nitrogen
Error

Total

Sum of Squares
72.08

8.601

0.479

82.673

163.833

Sum of Squares
17.561

12.802

3.808

14.319

48.49

Sum of Squares
76.844

16.531

9.594

274.75

377.719

df

2
31

df

24
31

df

24
31

df

35
46
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Mean Square
1192.906
364.86
107.087
43.02

Mean Square
24.027

8.601

0.16

3.445

Mean Square
5.854

12.802

1.269

0.597

Mean Square
25.615
16.531

3.198

11.448

F

27.729
8.481
2.489

F

6.975
2.497
0.046

9.811
21.457
2.127

2.237
1.444
0.279

Sig.

0.001
0.041

Sig.

0.002
0.127
0.986

Sig.

0.123

Sig.
0.11
0.241
0.84



Number of tubers

Source

Treatment

Nitrogen

Treatment * Nitrogen
Error

Total

Tuber fresh weight

Source

Treatment

Nitrogen

Treatment * Nitrogen
Error

Total

Plant height

Source

Treatment

Nitrogen

Treatment * Nitrogen
Error

Total

Table 5-6. Effect of different concentrations of Mn by using Hoagland solution and activity of Trichoderma

Sum of Squares
36.25

45125

31.125

129

2415

Sum of Squares
25426.681
828.042
5348.646
41516.848
73120.217

Sum of Squares
2113.461
185.281
150.591
1011.635
3460.969

on plant growth and potato production

Shoot dry weight

df

24
31

df

24
31

df

2
31

Mean Square
12.083
45125
10.375

5.375

Mean Square
8475.56
828.042
1782.882
1729.869

Mean Square
704.487
185.281
50.197
42.151

2.248
8.395
1.93

4.9
0.479
1.031

16.713
4.396
1.191

Sig.

0.109
0.008
0.152

Sig.

0.009
0.496
0.397

Sig.

0.047
0.334

Source Sum of Squares df Mean Square Sig.
Treatment 53.913 3 17.971 8.828 0
Manganese 22.378 1 22.378 10.993  0.003
Treatment * Manganese 12.433 3 4144 2.036 0.136
Error 48.857 24 2.036

Total 137.582 31
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Root dry weight

Source

Treatment

Manganese

Treatment * Manganese
Error

Total

Number of stolons

Source

Treatment

Manganese

Treatment * Manganese
Error

Total

Number of tubers

Source

Treatment

Manganese

Treatment * Manganese
Error

Total

Tuber fresh weight

Source

Treatment

Manganese

Treatment * Manganese
Error

Total

Plant height

Source

Treatment

Manganese

Treatment * Manganese
Error

Total

Sum of Squares
13.677

6.938

6.066

15.222

41.903

Sum of Squares
42.344

38.281

78.094

228.75

387.469

Sum of Squares
48.625

32

50.25

208

338.875

Sum of Squares
13299.059
11978.811
5069.122
44601.036
74948.028

Sum of Squares
3687.644

2.101

618.104

948.63
5256.479

df

24
31

df

24
31

df

24
31

df

24
31

df

24
31
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Mean Square
4.559
6.938
2.022
0.634

Mean Square
14.115
38.281
26.031

9.531

Mean Square
16.208

32

16.75

8.667

Mean Square
4433.02
11978.811
1689.707
1858.376

Mean Square
1229.215
2.101
206.035
39.526

F
7.188
10.938
3.188

1.481
4.016
2.731

1.87
3.692
1.933

2.385
6.446
0.909

31.099
0.0563
5.213

Sig.

0.001
0.003
0.042

Sig.

0.245
0.056
0.066

Sig.

0.162
0.067
0.151

Sig.

0.094
0.018
0.451



Figure 5-17. Effect of application of Trichoderma hamatum T8 and different levels of K, N or NPK on shoot

dry weight of potato plants (log transformed)

Source

Trichoderma

Fertilizer

Trichoderma * Fertilizer
Error

Total

Sum of Squares  df

1.501
2.099
0.462
0.636
4.698

1
3
3
24
31

Mean Square F Sig.
1.501 56.619 0

0.7 26.391 0
0.154 5.809 0.004
0.027

Figure 5-18. Effect of application of Trichoderma hamatum T8 and different levels of K, N or NPK on

number of tubers of potato plants

Source

Trichoderma

Fertilizer

Trichoderma * Fertilizer
Error

Total

Sum of Squares  df

15.125
34.5
6.375
56

112

1
3
3
24
31

Mean Square F

15.125 6.482
11.5 4.929
2.125 0.911
2.333

Sig.

0.018
0.008
0.451

Figure 5-19. Effect of application of Trichoderma hamatum T8 and different levels of K, N or NPK on tuber

fresh weight of potato plants (log transformed)

Source

Trichoderma

Fertilizer

Trichoderma * Fertilizer
Error

Total

Sum of Squares  df

0.317
0.522
0.195
0.242
1.276

1
3
3
24
31

Mean Square F

0.317 31.367
0.174 17.215
0.065 6.439
0.01

Sig.
0

0
0.002

Figure 5-20. Effect of application of Trichoderma hamatum T8 and different levels of K, N or NPK on shoot

dry weight of potato plants (log transformed)

Source

Fungus

Fertilizer

Fungus * Fertilizer
Error

Total

Sum of
Squares
0.458
0.22
0.062
0.097
0.837
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Mean Square  F

0.458
0.073
0.021
0.006

75.399
12.058
3.383

Sig.

0.044



Chapter 6

Figure 6-1. Dry weight of shoots and roots inoculated with R. solani AG-3PT on two-week-old broccoli and
cabbage seedlings

Probability in t tests

Shoot Root
Cabbage 0.276921 0.228076
Broccoli 0.013363 0.073759

Figure 6-2. Dry weight of shoots and roots inoculated with R. solani AG-3PT on four-week-old broccoli and
cabbage seedlings

Probability in t tests

Root Shoot
Cabbage 0.72402 0.872499
Broccoli 0.529357 0.307943

Figure 6-3. Ratio of dry weights of broccoli, cabbage and potato seedlings inoculated with Trichoderma

strains to dry weights of control plants in potting mix

Shoot dry weight (log transformed)

Sum of
Source Squares df Mean Square F Sig.
Plant 7.598 2 3.799 1079.259 0
Fungus 2.016 2 1.008 286.296 0
Plant * Fungus 0.171 4 0.043 12.149 0
Error 0.063 18 0.004
Total 9.848 26

Root dry weight (log transformed)

Sum of
Source Squares df Mean Square F Sig.
Plant 9.097 2 4.549 541583 0
Fungus 1.137 2 0.569 67.707 0
Plant * Fungus 0.088 4 0.022 2.612 0.07
Error 0.151 18 0.008
Total 10.473 26
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Figure 6-4. Ratio of dry weights of broccoli, cabbage and potato seedlings inoculated with Trichoderma

strains to dry weights of control plants in Kirby soil

Shoot dry weight (log transformed)

Source

Plant

Fungus

Plant * Fungus
Error

Total

Root dry weight (log transformed)

Source

Plant

Fungus

Plant * Fungus
Error

Total

Sum of
Squares

8.685
0.977
0.153
0.033
9.782

Sum of
Squares

11.311
0.857
0.091
0.042
12.278

df Mean Square F Sig.
2 4.342 1989.453 0

2 0.489 223848 0

4 0.038 17.527 0
15 0.002

23

df Mean Square F Sig.
2 5.656 1998.581 0

2 0.428 151.375 0

4 0.023 8.069 0.001
15 0.003

23

Figure 6-5. Mean radial growth ofR. solani (Rs) exposed to volatiles derived from freeze-dried tissues of

Brassica plants

Source
Plant
Tissue
Plant *
Tissue
Error
Total

Sum of
Squares
1.371
10.602

1.852
0.153
24.659

Mean

Square  F Sig.
0.685 89.384 0
5.301 691449 0
0.463 60399 0
0.008
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Figure 6-6. Mean radial growth of T. hamatum (T8) exposed to volatiles derived from freeze-dried tissues

of Brassica plants

Source
Plant
Tissue
Plant *
Tissue
Error
Total

Sum of
Squares
1.772
16.295

2.493
0.732
23.452

NN

20
29

Mean
Square
0.886
8.147

0.623
0.037

F
24.214
222.7111

17.039

Sig.
0
0

0

Figure 6-7. Mean radial growth of T. harzianum (T5) exposed to volatiles derived from freeze-dried tissues

of Brassica plants

Source
Plant
Tissue
Plant *
Tissue
Error
Total

Sum of
Squares
4,943
63.503

3.708
1.94
80.879

Mean
Square
2471
31.751

0.927
0.097

F
25479
327.335

9.557

Sig.
0
0

0

Figure 6-8. Mean radial growth of R. solani (Rs) exposed to non-volatiles derived from freeze-dried tissues

of Brassica plants

Source
Plant
Tissue
Plant *
Tissue
Error
Total

Sum of
Squares
2.677
9.465

1.984
0.185
23.222

Mean
Square
1.339
4,733

0.496
0.009

F
144.715
511.622

53.634
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Sig.
0
0



Figure 6-9. Mean radial growth of T. hamatum (T8) exposed to non-volatiles derived from freeze-dried

tissues of Brassica plants

Sum of Mean
Source Squares  df Square F Sig.
Plant 4.88 2 2.44 155.745 0
Tissue 0.487 2 0.243 15.532 0
Plant *
Tissue 2.153 4 0.538 34.362 0
Error 0.313 20 0.016
Total 7.835 29

Figure 6-10. Mean radial growth of T. harzianum (T5) exposed to non-volatiles derived from freeze-dried

tissues of Brassica plants

Sum of Mean
Source Squares  df Square F Sig.
Plant 1.407 2 0.704 301587 0
Tissue 50312 2 25.156 10781.11 0
Plant *
Tissue 0.033 4 0.008 3.492 0.026
Error 0.047 20 0.002
Total 60.155 29

Figure 6-11. Inhibition of growth of R. solani in dual culture with Trichoderma isolates exposed to volatiles

from freeze-dried Brassica tissues

Sum of Mean
Source Squares  df Square  F Sig.
Plant 2634.694 2 1317.347 3195 0
Part 4470.183 2 2235.091 54218 0
Isolate 354128 1 354,128 8.59 0.006
Plant * Part 5523.784 4 1380.946 33499 0
Plant * Isolate 1529.434 2 764.717  18.55 0
Part * Isolate 1300402 2 650.201 15772 0
Plant * Part * Isolate  490.893 4 122.723  2.977 0.032
Error 1484.063 36 41.224
Total 17787.58 53
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Figure 6-12. Inhibition of growth of R. solani in dual culture with Trichoderma isolates exposed to non-

volatiles from freeze-dried Brassica tissues

Sum of Mean
Source Squares  df Square F Sig.
Plant 30.22 2 15.11 0.983 0.387
Part 214176 2 107.088  6.967 0.004
Isolate 273.857 1 273.857 17.816 0
Plant * Part 1035.206 4 258.802  16.837 0
Plant * Isolate 29.869 2 14.935 0.972 0.391
Part * Isolate 44973 2 22.486 1.463 0.249
Plant * Part * Isolate ~ 37.404 4 9.351 0.608 0.66
Error 430.398 28 15.371
Total 2143.709 45

Figure 6-13. Inhibition of growth of R. solani in dual culture with Trichoderma isolates exposed to non-

volatiles from cabbage and broccoli roots

Sum of Mean
Source Squares  df Square F Sig.
Root 159.577 2 79.789 13.398  0.001
Fungus 2.11 1 2.11 0.354 0.563
Root *
Fungus 71343 2 35672  5.99 0.016
Error 71.465 12 5.955
Total 304496 17

Figure 6-14. Dry mycelial biomass from T. hamatum T8 after 10 days growth in a liquid medium

supplemented with various parts of plant tissue

Sum of Mean
Source Squares  df Square  F Sig.
Plant 5.27E-05 2 2.63E-05 3.235 0.062
Tissue 0 2 9.54E-05 11725 0
Plant *
Tissue 7.84E-05 4 1.96E-05 2.409 0.085
Error 0 19 8.14E-06
Total 0.001 28
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Figure 6-15. Dry mycelial biomass from T. harzianum T5 after 10 days growth in a liquid medium

supplemented with various parts of plant tissue

Sum of Mean
Source Squares  df Square F
Plant 0 2 6.69E-05 6.812
Tissue 0 2 549E-05 5.591
Plant *
Tissue 0 4 0 11.907
Error 0 19 9.83E-06
Total 0.001 28

Sig.
0.006
0.012

Figure 6-16. Dry mycelial biomass from R. solani AG-3PT after 10 days growth in a liquid medium

supplemented with various parts of plant tissue

Sum of Mean
Source  Squares df Square F
Plant 0.001 2 0.001 22.501
Tissue 0.005 2 0.003 106.049
Plant *
Tissue 0 4 8.94E-05 3.584
Error 0 19 2.49E-05
Total 0.009 28

Sig.

0.024

Figure 6-17. Imhibition of R. solani in dual culture by root-exudates derived from broccoli, cabbage and

potato plants, and isolates of Trichoderma

Sum of Mean
Source Squares  df Square  F
Antagonist 2285.193 2 1142.596 162.854
Exudate  6658.263 2 3329.132  474.501
Antagonist
“Exudate 73219 4 18.305  2.609
Error 126.289 18 7.016
Total 9142.964 26
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Figure 6-18. The effect of carrier materials on biocontrol agent of 7. fiamatum (T8) on shoot dry weight of

cabbage seedlings
Source
Treatment 2143125
Error 358650
Total 2501775

Sum of Squares

df
3

12
15

Mean Square F Sig.
714375 23.902 0
29887.5

Figure 6-19. The effect of carrier materials on biocontrol agent of 7. hamatum (T8) on root dry weight of

cabbage seedlings
Source
Treatment 5850
Error 1050
Total 6900
Chapter 7

Sum of Squares

df
3

12
19

Mean Square F Sig.
1950 22.286 0
87.5

Table 7-1. Effects of intercropping with cabbage or broccoli and inoculation withR#hizoctonia solani AG-

3PT and Trichoderma hamatum T8 on root dry weight and number of tubers of potato plants in two repeats

of a glasshouse experiment

Root dry weight, experiment 1

Sum of
Source Squares
Fungus 1.294
Crop 0.244
Fungus * Crop 0.152
Error 2.014
Total 3.704

Number of tubers, experiment 1

Sum of
Source Squares
Fungus 2.113
Crop 0.255
Fungus * Crop 11.523
Error 46.111
Total 60.001

18
26

df

]

26

Mean Square F Sig.
0.647 5.781 0.012
0.122 1.09 0.357
0.038 0.34 0.847
0.112

Mean Square F Sig.
1.056 0.412 0.668
0.128 0.05 0.952
2.881 1.125 0.376
2.562
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Root dry weight. experiment 2 (log transformed)

Sum of
Source Squares df Mean Square F Sig.
Intercrop 0.103 2 0.051 10.182 0.001
Treatment 0.066 2 0.033 6.539 0.007
Intercrop * Treatment 0.061 4 0.015 3.01 0.046
Error 0.091 18 0.005
Total 0.32 26

Number of tubers, experiment 2

Sum of
Source Squares df Mean Square F Sig.
Intercrop 156.306 2 78.153 16 0.004
Treatment 22.28 7, 11.14 1.083 0.36
Intercrop * Treatment 137.947 4 34 487 3.354 0.032
Error 185.108 18 10.284
Total 501.641 26

Figure 7-1. Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8) on

shoot dry weight of potato intercropped with broccoli and cabbage

Sum of
Source Squares df Mean Square F Sig.
Fungus 63.543 2 31.772 4735 0.022
Crop 110.193 2 55.096 8.211 0.003
Fungus *Crop  20.307 4 2.077 0.757 0.567
Error 120.778 18 6.71
Total 314.821 26

Figure 7-2. Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8) on

tuber fresh weight of potato intercropped with broccoli and cabbage (log transformed)

Sum of
Source Squares df Mean Square F Sig.
Fungus 0.12 2 0.06 4.06 0.035
Crop 0.137 2 0.068 4643 0.024
Fungus *Crop  0.102 4 0.025 1.726 0.188
Error 0.265 18 0.015
Total 0.623 26
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Figure 7-3. Effect of inoculation with Rhizectonia selani AG-3PT (Rs) and Trichoderma hamatum (T8) on

shoot dry weight of cabbage and broccoli intercropped with potato

Broceoli

Source
Fungus
Error
Total

Cabbage

Source
Fungus
Error
Total

Sum of
Squares
1.688
129.956
131.644

Sum of
Squares
21.724
10.468
32183

o o MO

Mean Square F
0.844 0.039
21.659

Mean Square F
10.862 6.226
1.745

Sig.
0.962

Sig.
0.034

Figure 7-4. Effect of inoculation with Rhizoctonia selani AG-3PT (Rs) and Trichoderma hamatum (T8) on

root dry weight of cabbage and broccoli intercropped with potato

Broceoli

Source
Fungus
Error
Total

Cabbage

Source
Fungus
Error
Total

Sum of
Squares
2.626
2.092
4678

Sum of
Squares
0.591
0.261
0.852

o o M

oo D M

Mean Square F
1.313 3.839
0.342

Mean Square F
0.296 6.794
0.044
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Sig.
0.084

Sig.
0.029



Figure 7-5.

Effect of inoculation withRhizectonia selani AG-3PT (Rs) and Trichoderma hamatum (T8) on

shoot dry weight of potato intercropped with broccoli and cabbage in a repeat assay (log transformed)

Source

Intercrop

Treatment

Intercrop * Treatment
Error

Total

Sum of
Squares
0.692
0.155
0.311
0.335
1.493

Mean Square F

0.346 18.566
0.077 4.151
0.078 4171
0.019

Sig.

0
0.033
0.015

Figure 7-6. Effect of inoculation with Rhizoctonia selani AG-3PT (Rs) and Trichoderma hamatum (T8) on

tuber fresh weight of potato intercropped with broccoli and cabbage in a repeat assay

Source

Intercrop

Treatment

Intercrop * Treatment
Error

Total

Sum of

Squares
31.723

361.632
241.082
339.311
973.748

Mean Square F

15.862 0.841
180.816 9.592
60.271 3.197
18.851

Sig.

0.447
0.001
0.038

Figure 7-7. Effect of inoculation with Rhizoctonia solani AG-3PT (Rs) and Trichoderma hramatum (T8) on

shoot dry weight of cabbage and broccoli intercropped with potato in a repeat assay

Broceoli

Source
Fungus
Error
Total

Cabbage

Source
Fungus
Error
Total

Sum of Squares
28

20.74

48.74

Sum of Squares
72.698
27.188
99.886

o h M

Mean Square F
14 405
3457

Mean Square F
36.349 8.022
4531
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0.077

0.02



Figure 7-8. Effect of inoculation with Rhizectonia selani AG-3PT (Rs) and Trichoderma hamatum (T8) on

root dry weight of cabbage and broccoli intercropped with potato in a repeat assay

Broccoli
Source Sum of Squares  df
Fungus 0.354 2
Error 0.462 6
Total 0.816 8
Cabbage
Source Sum of Squares  df
Fungus 0.351 2
Error 0.327 6
Total 0.678 8

Mean Square F Sig.
0177 2.3 0.181
0.077

Mean Square F Sig.
0.175 3.218 0.112
0.054

Figure 7-9. Effects of intercropping with cabbage and inoculation with Rhizoctonia solani AG-3PT (Rs)

and Trichoderma hamatum (T8) on shoot dry weight of potato plants in a field trial

Source

Pathogen

T8

Intercrop

Pathogen * T8

Pathogen * Intercrop

T8 * Intercrop

Pathogen * T8 * Intercrop
Error

Total

Sum of
Squares
1.829
1893.74
2714.924
315.319
26.993
166.486
521.887
280.582
5921.759

df Mean Square F

1 1.829 0.156

1 1893.74 161.984
1 2714.924 232.225
1 315.319 26.971
1 26.993 2.309

1 166.486 14.241

1 521.887 44 64
24 11.691

31
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Sig.
0.696

0.142
0.001



Figure 7-10. Effects of intercropping with cabbage and inoculation with Rhizoctonia selani AG-3PT (Rs)

and Trichoderma hamatum (T8) on number of tubers of potato plants in a field trial

Sum of
Source Squares df Mean Square F Sig.
Pathogen 22.781 1 22.781 6.856 0.015
T8 9.031 1 9.031 2718 0.112
Intercrop 52.531 1 52.531 15.809 0.001
Pathogen * T8 19.531 1 19.531 5.878 0.023
Pathogen * Intercrop 7.031 1 7.031 2.116 0.159
T8 * Intercrop 0.031 1 0.031 0.009 0.924
Pathogen * T8 * Intercrop 19.531 1 19.531 5.878 0.023
Error 79.75 24 3323
Total 210.219 3

Figure 7-11. Effects of intercropping with cabbage and inoculation withRhizoctonia selani AG-3PT (Rs)

and Trichoderma hamatum (I8) on tuber fresh weight of potato plants in a field trial

Sum of
Source Squares df Mean Square F Sig.
Pathogen 83508.65 1 83508.65 28.401 0
T8 466025.129 1 466025.129 158493 0
Intercrop 898225.5 1 898225.5 305483 0
Pathogen * T8 58183.986 1 58183.986 19.788 0
Pathogen * Intercrop 95594.874 1 95594.874 32.511 0
T8 * Intercrop 145504.5 1 145504.5 49.486 0
Pathogen * T8 * Intercrop 143087.089 1 143087.089 48.663 0
Error 70568.246 24 2940.344
Total 1960697 974 3

Figure 7-12. Effect of inoculation withRAizoctonia solani AG-3PT (Rs) and Trichoderma hamatum (T8)

on shoot dry weight of cabbage intercropped with potato in a field trial

Sum of Mean
Source Squares  df Square F Sig.
Tricho 2026673 1 2026673 55.102 0
Rhizoc 1619.459 1 1619.459 0.044 0.837
Tricho *
Rhizoc 33.843 1 33.843 0.001 0.976
Error 4413609 12 36780.07

Total 2469687 15
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